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Abstract
The most extensive use of coal in Indonesia is for electricity generation. Due to increasing concerns about climate change 
and the need to reduce emissions caused by burning coal, biomass-based fuels are becoming more competitive. The bio-
mass carbonization process, or torrefaction, to produce solid fuel has been introduced elsewhere. This research uses 
sub-bituminous coal and rice husks, considering Indonesia’s large potential for both. The primary objective of this re-
search was to determine the optimal temperature and residence time for the rice husk torrefaction process, intending to 
reduce the alkali oxide content that led to ash deposition. This was necessary due to the limited information available, 
particularly for local rice husks from Indonesia. We carried out the rice husk torrefaction at 300, 350, and 400°C tem-
peratures for 30, 60, and 90 minutes. The results show that a temperature of 350°C and a residence time of 60 minutes 
were the optimal conditions. In these conditions, the potassium and sodium oxides decreased, and the calorific value 
increased. To get a coal-rice husk blending with a calorific value greater than 5,000 cal/g (ADB), the proportion of coal to 
rice husk should be 90 and 10%, respectively. The rice husk torrefaction process did not have much influence on the oc-
currence of ash deposition. However, the torrefaction process increased the calorific value, reduced transportation costs 
due to the lower moisture content, and improved grindability so that it was easy to blend with coal.
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1. Introduction

The need for energy, especially electricity, in Indone-
sia increases yearly. Human life, population growth, 
evolving lifestyles, and the proliferation of industries all 
contribute to energy problems. In 2022, electricity pro-
duction from coal-fired power plants (CFPPs) was 
around 71% of the total production (Suharyati et al., 
2023). Coal is the focus, as it is among the primary 
sources of carbon emissions that can accelerate the rate 
of temperature rise on Earth. Coal is responsible for over 
40% of CO2 emissions per year, making it essential to 
make efforts to cut global emissions by 45% by 2030 
and none by the middle of the century. At the 2023 Unit-
ed Nations Climate Conference (COP 28) in Dubai, 
United Arab Emirates, the use of coal should gradually 
reduce in a fair, orderly, and equitable manner to achieve 
zero emissions by, before, or around 2050. There are 
also several other options, such as increasing renewable 
energy capacity up to three times by 2030 and develop-

ing technology to capture CO2 emissions so they do not 
pollute the atmosphere.

Some strategic steps are needed to optimize the use of 
the produced coal to anticipate various potential decreas-
es in income from coal mining due to reduced coal use. 
Currently, Indonesia’s industry uses coal, aside from 
CFPP, at a rate of around 20%. Therefore, the industry 
continues to require coal for its production operations. 
An alternate method of reducing coal use is co-firing coal 
with biomass, which involves substituting some coal 
with biomass while monitoring the fuel’s quality to meet 
requirements. This program not only supports the addi-
tion of renewable energy to the country’s energy mix, but 
it also has a positive effect on the development of a thriv-
ing circular economy or people’s economy by creating an 
electricity ecosystem in which the community is actively 
involved in its implementation.

Numerous CFPPs worldwide have started using bio-
mass as an alternative to partially replace coal in co-fir-
ing systems. It is also well known that using coal-bio-
mass co-firing power production technology reduces 
greenhouse gas (GHG) emissions (Nonaka et al., 2011; 
Teixeira et al., 2014; Umar & Rohayati, 2021; Klein-
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hans et al., 2018; Preradovic et al., 2023). However, 
there are specific issues with co-firing technology. Raw 
biomass has a high content of moisture, low bulk densi-
ty, low heating value, and varying composition (Singh 
et al., 2016). Furthermore, biomass exhibits hydrophilic 
characteristics, rendering it weather-sensitive. Unpro-
cessed biomass has the propensity to break down rapid-
ly. Furthermore, storing new biomass promotes microbe 
development and material decomposition (Álvarez et 
al., 2018). One of the most promising methods for valu-
ing biomass is torrefaction, sometimes called high-tem-
perature drying or low-temperature pyrolysis (Stępień 
et al., 2017; Ribeiro et al., 2018). Toorefaction is con-
ducted at temperatures between 300 and 400°C at at-
mospheric pressure in an oxygen-free environment (Ba-
jcar et al., 2018; Doddapaneni & Kikas, 2023). The 
absence of oxygen prevents torrefied biomass’s thermal 
breakdown, thus preventing combustion (Chen et al., 
2015).

This research used abundant rice husk biomass and 
sub-bituminous coal to ensure supply. Rice husk refers 
to the outer shell of rice grains separated from the rice 
through milling. In several areas of Indonesia, rice husks 
are used as an alternative fuel for producing husk char-
coal. People use husk charcoal as a cooking fuel or a 
mixture to make organic fertilizer.

The primary goal of this study was to determine the 
optimal temperature and residence time for the rice husk 
torrefaction process. Given the lack of existing knowl-
edge on this topic, especially for rice husks from Indone-
sia, we conducted this study to enhance the calorific 
value and minimize the incidence of ash deposition dur-
ing coal-rice husk combustion in a co-firing system.

2. Material and Methods

2.1. Coal characterization

This study used sub-bituminous coal from South Su-
matra as a coal sample. The coal sample was milled and 
sieved through a 250-m (No. 60) sieve to determine its 
proximate, ultimate, and calorific values. The proximate 
of inherent moisture (IM), ash, volatile matter (VM), 
and fixed carbon (FC) were according to the ASTM 
D7582-15 Standard Test Methods for Proximate Analy-
sis of Coal and Coke by Macro Thermogravimetric 
Analysis.

In thermogravimetric analysis, a sample’s mass is 
regularly measured as a function of temperature in a 
controlled environment. A coal sample of about 1 g is 
used (Song et al., 2017). The system continuously 
tracked every mass measurement during the process. 
The temperature of the furnace is raised to 110°C and 
maintained isothermally. This guarantees that the mois-
ture in the coal was the cause of any mass loss. Then, it 
is ramped up to 900°C and maintained isothermally. The 
volatiles’ disappearance entirely caused this isotherm re-

gion’s mass reduction. In a nitrogen atmosphere, the first 
two processes are carried out. The third section uses 
oxygen as the atmosphere. The remaining material was 
collected as ash once the coal had burned entirely. Every 
analysis was completed when the sample reached a con-
sistent mass as indicated by the device’s parameters. 
Fixed carbon was determined indirectly by subtracting 
the total value of ash, and volatile matter from 100, as in 
Equation 1 (Speight, 2005).

  (1)

The ultimate analysis was conducted according to 
ASTM D3176-08, Standard Practice for Ultimate Anal-
ysis of Coal and Coke. In this analysis, a coal sample 
was combusted in an ultimate analyzer, which measures 
the weight percent of total carbon (C), hydrogen (H), 
nitrogen (N), and sulfur (S) at the same time from the 
same sample in the analyzer. The oxygen (O) was esti-
mated by difference, as in Equation 2.

  (2)

The calorific value measures the amount of energy 
produced from a unit weight of coal when combusted in 
oxygen. A measured sample of coal was completely com-
busted in a bomb calorimeter, a device for measuring 
heat (ASTM method D5865-04 Standard Test Method 
for Gross Calorific Value of Coal and Coke). One gram of 
coal was put into a metal sample cup. After that, the cup 
was inserted into a retaining slot between two electrodes 
that protruded from a stainless steel container’s cover. A 
thin, loop-shaped metal wire fuse was affixed to the elec-
trodes and inserted into the coal sample. After that, the 
electrode and cup were inserted into the “bomb”-shaped 
container. Subsequently, the bomb containing the sample 
was placed in a water bath, and the sample was ignited 
within the bomb using an electrical current. The water 
bath was heated as a result of the sample’s ignition. The 
calorific value of the sample was determined based on 
the change in water-bath temperature.

The main chemical components of the coal ash are 
identified as silica, alumina, iron oxide, and alkalis of 
SiO2, Al2O3, Fe2O3, TiO2, P2O5, CaO, MgO, Na2O, K2O, 
MnO, and SO3 (Trivedi & Sud, 2004). The sample of 
ash was melted using Lithium Meta Borate (LibO2) at 
900°C. After melting, the sample was dissolved with 
HNO3. This solution was examined for various elements 
following Standard Analytical Procedures (Medham et 
al., 2000). For the SO3 determination, it was dissolved 
separately with HNO3 which previously the sample was 
mixed with KBR. The SiO2 was determined by gravim-
etry, the Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, and MnO 
were determined by Atomic Absorption Spectrometry 
(AAS), TiO2, and P2O5 were determined by spectropho-
tometry and SO3 by turbidimetry (Yu et al., 2012).
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2.2. Rice husk torrefaction

The raw rice husk sample was obtained from a rice 
mill in the Bandung Regency area (sample mark: RS). 
The rice husk sample was washed with water before tor-

refaction to remove impurities like soil and dust, then 
was dried in an oven at 200°C for 2 hours and cooled to 
room temperature. To be characterized, the rice husk 
sample was milled and sieved to pass 250 µm.

In our previous research, a palm kernel shell (PKS) 
biomass was used. The torrefaction process was carried 
out at a temperature of 450°C for 1 hour (Umar et al., 
2024). This torrefaction temperature, if applied to rice 
husks, will be overheated because rice husks are more 
flammable than PKS. In literature, the optimum torrefac-
tion process of rice husk was 360°C (Tsai et al., 2021). 
In this study, the experimental variables were carried out 
at temperatures of 300, 350, and 400°C, and residence 
times of 30, 60, and 90 minutes. The experiment was 
done at room temperature and free of oxygen.

The rice husk sample was put in a closed container 
and heated at the specified temperature and time accord-
ing to the experimental variables. The design of the ex-
periment is shown in Table 1. The torrefied rice husk 
was then cooled, milled, and sieved for characterization. 
The raw and torrefied rice husks were characterized by 

Table 3: Ash chemical composition analysis results on weight percent (w %)

Raw
Torrefied rice husk

TR-303 TR-306 TR-309 TR-353 TR-356 TR-359 TR-403 TR-406 TR-409
SiO2 94.53 96.68 96.71 96.82 96.75 96.8 97.4 97.2 96.35 96.9
Al2O3 0.22 0.071 0.068 0.066 0.077 0.069 0.064 0.069 0.081 0.081
Fe2O3 0.17 0.06 0.062 0.074 0.075 0.18 0.76 0.061 0.078 0.71
K2O 2.1 0.72 0.69 0.67 0.7 0.62 0.58 0.6 0.6 0.62
Na2O 0.052 0.008 0.007 0.007 0.007 0.007 0.006 0.007 0.011 0.02
CaO 0.43 0.64 0.68 0.70 0.37 0.69 0.71 0.7 0.84 0.94
MgO 0.33 0.24 0.23 0.24 0.25 0.26 0.26 0.26 0.32 0.34
MnO 0.15 0.12 0.12 0.13 0.12 0.14 0.12 0.12 0.12 0.12
TiO2 0.013 0.004 0.004 0.005 0.005 0.004 0.004 0.003 0.006 0.004
P2O5 0.63 0.16 0.17 0.15 0.15 0.19 0.18 0.15 0.17 0.14
SO3 0.19 0.098 0.04 0.028 0.13 0.03 0.03 0.032 0.028 0.031

Table 1: Rise husk torrefaction experimental design

Experiment Temperature 
°C

Time
minutes

Torrefied rice 
husk

Sample code
1 300 30 TR-303
2 300 60 TR-306
3 300 90 TR-309
4 350 30 TR-353
5 350 60 TR-356
6 350 90 TR-359
7 400 30 TR-403
8 400 60 TR-406
9 400 90 TR-409

Table 2: Proximate, ultimate, and calorific values on air dried basis

 Raw 
Torrefied rice husk

TR-303 TR-306 TR-309 TR-353 TR-356 TR-359 TR-403 TR-406 TR-409
IM. % 10.4 2.84 2.75 2.77 2.62 2.66 4.22 2.16 2.14 1.09
Ash. % 21.7 46.34 46.22 46.31 42.60 42.34 42.98 51.85 44.91 51.05
VM. % 54.65 23.49 23.41 23.47 22.57 22.24 20.39 20.67 20.1 18.32
FC. % 13.25 27.33 27.62 27.45 32.21 32.76 32.41 25.32 32.85 29.54
C. % 33.29 37.55 37.61 37.64 37.74 37.8 37.66 28.06 35.88 32.67
H. % 5.25 2.92 2.87 2.84 2.89 2.93 2.26 1.89 2.63 2.13
N. % nd 0.1 0.12 0.11 0.08 0.08 0.15 0.18 0.06 0.14
S. % 0.14 0.04 0.03 0.04 0.04 0.02 0.04 0.04 0.02 0.03
O. % 39.62 13.05 13.15 13.06 16.65 16.83 16.91 17.98 16.5 13.98
CV cal/g 3,107 3,257 3,316 3,264 3,383 3,401 3,331 2,932 3,255 2,817
CV MJ/kg 14,529 14,406 14,287 14,066 14,556 14,640 14,572 9,858 13,937 11,933

Note: nd, not detected
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proximate, ultimate, calorific value, and chemical ash 
composition according to the standards used for coal 
analysis above.

2.3. Coal-torrefied rice husk characterization

The torrefied rice husk at optimum temperature and 
time was blended with coal in several compositions, 
with the ratios of coal to rice husk in weight percentages 
of 95:5, 90:10, 85:15, 80:20, and 75:25, respectively. 
The proximate, ultimate, calorific value and ash chemi-
cal composition of the blended coal-rice husk were cal-
culated based on the analysis results of each composi-
tion. The characterization of the blended coals was in-
vestigated to study the impact of rice husk torrefaction 
on ash deposition in a co-firing system.

3. Results and Discussion

Table 2 shows the proximate, ultimate, and calorific 
value analysis results, and Table 3 shows the ash chemi-
cal composition of the raw and torrefied rice husk at sev-
eral temperatures and residence times.

3.1.  Effect of temperature on the torrefaction 
process

The inherent moisture content was drastically dropped 
due to the torrefaction process, resulting in only 1–3% for 
the torrefied rice husk. Furthermore, the torrefied bio-
mass lost the hydroxyl groups required for moisture 
binding and absorption. Consequently, the characteris-

tics of the biomass change from hygroscopic to hydro-
phobic (Ribeiro et al., 2018).

The volatile matter content of the rice husk signifi-
cantly decreased after the torrefaction process. Regard-
ing the volatile materials, it was observed that the vola-
tiles decreased as the process temperature rose. Matali et 
al. also looked into this dependence (Matali et al., 
2016). Fuels with a lower volatile matter content were 
more difficult to ignite. Because of this, additional ener-
gy had to be applied to the torrefied rice husk to start the 
auto-ignition process. More flammable and luminescent 
compounds from the fuel were released during the ther-
mal processing at the higher torrefaction temperature 
(Dyjakon et al., 2019).

The raw rice husk ash content was 21.7%. After the 
torrefaction process, the ash content was higher. The 
temperature during the torrefaction process correlated 
with the ash amount, as shown in Figure 1. A portion of 
the volatile stuff was released due to the higher tempera-
ture. The consequence was an increase in the fuel’s ash 
content due to solid material concentration (Stępień et 
al., 2017). The ash content of torrefied rice husk rose at 
300°C at each processing time, then decreased when the 
temperature was increased to 350°C and rose again at a 
temperature of 400°C. The rise in ash content when 
heated to 400°C might be caused by excessive heat so 
that some of the biomass becomes ash. The lowest ash 
content was achieved by torrefied rice husks at a tem-
perature of 350°C at each processing time.

Concerning the impact of the torrefaction process 
temperature on the torrefied rice husk’s calorific value, 

Figure 1: Effect of processing temperature on ash content and calorific value
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the calorific value rose from 300 to 350°C and then de-
creased again at 400°C. The increase in ash content cor-
related with this decrease in calorific value. The heating 
value decreased as the residence time of the torrefaction 
process increased from 60 to 90 minutes at 400°C. This 
decrease resulted from reduced volatile matter and in-
creased ash content caused by excessive heat.

After the torrefaction process, the rice husk’s carbon 
content increased. When the torrefaction process reach-
es a temperature of 350°C, the carbon content increases; 
at 400°C, it decreases. The carbon content in torrefied 
rice husks at a temperature of 400°C for 30 minutes was 
lower than that of raw coal (see Figure 2). Overheating 
the torrefaction process resulted in a significant increase 
in ash content, leading to a decrease in fixed carbon, in-
cluding elemental carbon. Compared to carbon, the pro-
portion of oxygen and hydrogen has also decreased. The 
Van Krevelen diagram in Figure 3 (Nunes et al., 2018) 
illustrates how the H/C and O/C atomic ratios decreased 
and approached coal after torrefaction.

The chemical composition of biomass ash is the pri-
mary factor influencing ash deposition. We used the 
non-combustible components created when burning bio-
mass to acquire the ashes’ chemical composition in ox-
ide form. The primary factors influencing the formation 
of slag are Fe2O3, CaO, MgO, K2O, Na2O, SiO2, Al2O3, 
and TiO2 (Samsudin et al., 2021). There were three 
types of oxides found: bases (Na2O, K2O, CaO, MgO, 
and MnO), amphoteric oxides (Al2O3 and Fe2O3), and 
acids (SiO2, TiO2, and P2O5). Alternatively, we can di-
vide these oxides into two groups: Al2O3 belongs to the 

acidic oxide group, while Fe2O3 belongs to the basic ox-
ide group (Zierold & Odoh, 2020).

Figure 4 illustrates the effect of the torrefaction pro-
cessing temperature on the basic and acidic oxides. The 
acidic oxides of the torrefied rice husk were higher than 
those of the raw husk, and the basic oxides were lower 
than those of the raw husk. At a residence time of 30 min-
utes, acidic oxide increased with an increase in tempera-
ture. Meanwhile, at residence times of 60 and 90 minutes, 
it increased at temperatures of 300 and 350°C and de-
clined when the temperature was 400°C. Unlike the acidic 
oxides, the basic oxides, at a residence time of 30 minutes, 
decreased when the temperature rose from 300 to 350°C 
and increased again if the temperature rose to 400°C. The 
basic oxides at a residence time of 60 and 90 minutes 
slightly increased with an increase in temperature.

Figure 2: Effect of processing temperature on carbon, hydrogen, and oxygen content

Figure 3: Van Krevelen’s diagram of raw and torrefied rice 
husk (Nunes et al., 2018)
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With the increase of acid oxides and the decrease  
of basic oxides, the basic-acidic ratio (B/A) decreases. 
The ratio of B/A was defined based on Equation 3.  
The ash has low slagging when B/A is less than 0.5, 

Figure 4: Effect of processing temperature on basic and acidic oxides

Figure 5: Effect of processing temperature on potassium and sodium oxide contents

 medium when B/A is between 0.5 and 1, high when B/A 
is between 1 and 1.75, and severe when B/A exceeds 
1.75. Thus, we anticipate a decrease in the propensity for 
ash deposition, slagging, and fouling when burning coal 
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and rice husks in a co-firing system (Kamara et al., 
2022).

  (3)

There are several reasons why the application of the 
co-firing technique for coal and biomass is currently 
limited worldwide. Some of these are brought on by cor-
rosion and ash deposition resulting from elevated 
amounts of alkali metals potassium (K) and sodium (Na) 
within biomass (Liu et al., 2022). When high alkali bio-
mass is utilized thermally, some alkali metals are re-
leased into the flue gas. The ash deposition layer increas-
es due to the released alkali metals condensing and 
forming a sticky layer on the heat transfer surface at 
relatively low temperatures (Liu et al., 2018). This case 
causes the heat transmission capacity to decrease, heat 
loss to increase, boiler operation to deviate, and boiler 
efficiency to drop significantly (Mlonka-Mędrala et al., 
2019). The effect of the temperature torrefaction process 
on alkali oxide contents, especially potassium and sodi-
um, can be seen in Figure 5.

The potassium and sodium oxides of rice husk de-
creased due to the torrefaction process. Potassium con-
tents decreased by increasing the processing tempera-
ture, while sodium content decreased when the tempera-
ture rose from 300 to 350°C but increased again if the 
temperature rose to 400°C. This case is in line with the 

literature review (Li et al., 2016) that states that the 
transformation behavior of alkali metals is influenced by 
reaction conditions such as atmosphere combustion, re-
action time, temperature, pressure, etc.

From these findings, it is possible to assume that ideal 
circumstances for the rice husk torrefaction process 
were achieved at a temperature of 350°C for 60 minutes. 
This result follows a statement by (Nunes et al., 2018) 
that 250–350°C is the ideal temperature range for bio-
mass torrefaction for 0.5 to 2 hours. Therefore, the pro-
cess at 400°C was too high.

3.2.  Effect of residence time on the torrefaction 
process

The torrefaction process was conducted at 300, 350, 
and 400°C temperatures for 30, 60, and 90 minutes. As 
previously discussed, the temperature optimum of the 
process was achieved at 350°C. Therefore, we would 
only explore the influence of the residence time at 
350°C. Figure 6 illustrates how the residence time af-
fected the ash content and calorific value. It shows that 
at a temperature of 350°C, the residence time had no 
discernible change in ash content. The ash content 
slightly decreased when the residence time was extend-
ed to 60 from 30 minutes, then slightly increased at 90 
minutes. So, the calorific value increases upon extending 
the residence time from 30 to 60 minutes and decreases 
if the residence time increases to 90 minutes. A rise fol-

Figure 7: Effect of residence time on carbon, hydrogen, and oxygen contents

Figure 6: Effect of residence time on ash content and calorific value
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lowed the decrease in heating value in the ash content. 
Despite the amount of ash, the residence time did not 
significantly affect the torrefied rice husk’s carbon, hy-
drogen, and oxygen content at a temperature of 350°C, 
as shown in Figure 7.

The carbon content rose from 30 to 60 minutes and 
then dropped at 90 minutes. While hydrogen content re-
mained mainly constant over time, oxygen content de-
creased as time was extended. After the torrefaction pro-
cess, the atomic ratio of O/C and H/C decreased due to 
the rising carbon content and decreasing oxygen and 
hydrogen. As a result, the torrefied rice husk was similar 
to sub-bituminous coal, as illustrated in Figure 3 of van 
Krevelen’s diagram.

Figure 8 illustrates how the residence time affects 
acidic and basic oxides. These oxides affect the B/A ra-
tio, which causes ash deposition in a boiler when the 
biomass is burned (Kamara et al., 2022).

At 350°C, the acidic oxide slightly increased with an 
increase in residence time from 30 to 60 minutes and 
significantly increased at 90 minutes. Meanwhile, the 
basic oxide increased with the increase in residence 
time. This means that a longer residence time causes an 
increase in basic oxide and the ratio of B to A. Therefore, 
the tendency for ash deposition also increases.

Potassium oxide contents decreased with increased 
residence time, whereas sodium oxide content remained 

relatively unchanged, as shown in Figure 9. Based on the 
results and discussions, the optimum condition of the rice 
husk torrefaction was achieved at 350°C for 60 minutes.

3.3. Coal-torrefied rice husk blending

Coal was blended with rice husk that had been torre-
fied at a temperature of 350°C for 60 minutes to study 
the characteristics of blended coal and rice husk as fuel 
in a co-firing system. This study aims to replace a por-
tion of coal with torrefied rice husks as boiler fuel for 
electricity or other industries. As a fuel, coal’s calorific 
value should be high to ensure high combustion efficien-
cy. Therefore, emissions from coal combustion can be 
reduced. The coal’s calorific content strongly impacts 
the boiler’s efficiency and dependability. Therefore, to 
prevent more severe damage, appropriate maintenance 
actions are required (Yudisaputro et al., 2022).

Table 4 displays the results of blended coal-torrefied 
rice husks’ proximate, ultimate, and calorific value anal-
yses. The sample code CTR 95:5 means that the ratio in 
weight of coal was 95% and torrefied rice husk was 5%; 
likewise for the following code. The analysis results of 
proximate, ultimate, and calorific values were calculated 
based on each result’s composition.

To obtain the blended coal-torrefied rice husks having 
a heating value greater than 5,000 cal/g, adding the tor-
refied biomass to the coal was no more than 10% in 

Figure 8: Effect of processing time on basic and acidic oxides

Figure 9: The impact of processing time on potassium and sodium oxide content
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weight. This composition has a calorific value of 5,071 
cal/g, 8.49% inherent moisture, 15.44% ash content, and 
38.21% fixed carbon (see Table 4).

According to the chemical composition of the ash, 
various indices can be used to assess the ash deposition 
tendency of the fouling index (Fu) and slagging/Bab-
cock index (Rs). Slagging and fouling are related to the 
accumulation of deposits in a boiler. Slagging typically 
occurs on the furnace walls due to the melting or soften-
ing of ash particles caused by high temperatures, form-
ing slag deposits. In areas with low flue gas velocity, like 
at the boiler’s heat transfer surfaces, the possibility of 
slagging is high. The accumulation of ash, soot, or other 
solid particles can form a layer on the surfaces. Both 
slagging and fouling reduce heat transfer efficiency and 
potentially lead to corrosion (Panagiotidis et al., 2015).

The fouling index’s base ratio is B/A, highly depend-
ent on the potassium and sodium oxide content (Yang et 
al., 2017) predict that low fouling tendencies, defined as 
a mild fouling tendency between 0.6 and 40 and a solid 
fouling propensity above 40, occur when the value of Fu 
is less than 0.06. The content of sulphur on a dry basis 
and the coal ash ratio of B to A were used to predict the 
Babcock slagging index (Rs) during the boiler opera-
tion. Higher Rs levels suggest a higher slagging propen-
sity (Kamara et al., 2022). A low slagging tendency oc-
curs for values of Rs less than 0.3, between 0.6 and 2.0 
is medium, and severe for Rs greater than 2.6.

The Bed Agglomeration Index (BAI) was applied to 
assess issues during the combustion of fluidized beds. 
Bed agglomeration occurs when the BAI is less than 10 
(Lee et al., 2017). A high SR index indicates low slag-
ging due to its high slag viscosity. When the SR exceeds 
72, contaminants are less likely to occur. The potential to 
generate contaminants averages out when the range of 
SR index is from 65 to 72. The propensity to produce 
contaminants is quite strong if the SR index is below 65 
(Yang et al., 2019). The BAI, Fu, SR, and Rs were de-
termined using Equations 4–7.

  (4)

  (5)

  (6)

  (7)

Table 5 displays the chemical ash composition result 
which includes the ash deposition tendencies of fouling, 
slagging, bed agglomeration, and slag viscosity of the 
blended coal-raw husk and coal-torrefied rice husk, 
which were torrefied at 350°C for 60 minutes with a 
90:10 weight ratio of coal to rice husk.

Table 4: The proximate, ultimate, and calorific value of the blended coal and torrefied rice husks

 Coal TR-356 CTR 95:5 CTR 90:10 CTR 85:15 CTR 80:20 CTR 75:25
IM. % 9.14 2.66 8.82 8.49 8.17 7.84 7.52
Ash. % 12.45 42.34 13.94 15.44 16.93 18.43 19.92
VM. % 39.59 22.24 38.72 37.86 36.99 36.12 35.25
FC. % 38.82 32.76 38.52 38.21 37.91 37.61 37.31
C. % 55.82 37.80 54.92 54.02 53.12 52.22 51.32
H. % 5.17 2.93 5.06 4.95 4.83 4.72 4.61
N. % 0.50 0.08 0.48 0.46 0.44 0.42 0.40
S. % 0.75 0.02 0.71 0.68 0.64 0.60 0.57
O. % 25.31 16.83 24.89 24.46 24.04 23.61 23.19
CV cal/g 5,257 3,401 5,164 5,071 4,979 4,886 4,793

Table 5: Ash chemical composition of the blended coal-raw 
and coal-torrefied rice husks

Coal
Raw 
rice 
husk

Blended 
coal-raw rice 
husk 90:10

Torrefied 
rice husk

Blended 
coal-torrefied 

rice husk 
90:10

SiO2 93.21 94.53 93.34 96.8 93.57
Al2O3 4.01 0.22 3.63 0.069 3.62
Fe2O3 1.28 0.17 1.17 0.18 1.17
K2O 0.17 2.1 0.36 0.62 0.22
Na2O 0.03 0.052 0.03 0.007 0.03
CaO 0.50 0.43 0.49 0.69 0.52
MgO 0.13 0.33 0.15 0.26 0.14
MnO 0.02 0.15 0.03 0.14 0.03
TiO2 0.08 0.013 0.08 0.004 0.08
P2O5 0.01 0.63 0.07 0.19 0.03
SO3 0.28 0.13 0.27 0.14 0.27
LOI 0.68 0.53 0.67 0.73 0.69
SO3 0.07 0.19 0.08 0.03 0.07
B/A 0.02 0.03 0.02 0.02 0.02
Fu 0.11 0.02 0.10 0.03 0.10
Rs 0.02 0.0046 0.015 0.0004 0.015
BAI 6.37 0.03 5.74 0.29 5.76
SR 97.99 99.03 98.10 98.85 98.08
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Both the used coal and rice husk have a high SiO2 
content, which is why the blend of coal and rice husk 
also has a high SiO2 content. High SiO2 coal has a high 
ash fusion temperature, so the ash deposition tendency is 
low (Li et al., 2013). Coal ash with a high iron content 
encourages the deformation of liquids and the transfor-
mation of Fe3+ into Fe2+. Furthermore, the content of 
Fe2O3 in coal ash influences its feasibility under various 
circumstances. As the iron content decreases, the poten-
tial for ash deposition to occur reduces (He et al., 2022).

At a composition of coal and both raw and torrefied 
rice husks (90:10), the tendency of ash deposition re-
mains almost the same. However, the torrefaction pro-
cess reduces the presence of some basic oxides that in-
fluence ash deposition. However, torrefaction has sev-
eral advantages compared to other biomass conversion 
technologies. It can improve biomass’s fuel characteris-
tics, making it a more suitable option for energy produc-
tion. It is easier to mix liquefied biomass with coal be-
cause it has better physical properties, like being able to 
be ground into ash and not attracting water (Doddap-
aneni & Kikas, 2023; Preradovic et al., 2023), and it 
also has higher heating values and energy densities.

4. Conclusion

The research results and discussion indicate that the 
process reached its optimal condition at a temperature of 
350°C and a residence time of 60 minutes. In this condi-
tion, the torrefied rice husk has a calorific value of 3,401 
cal/g, an inherent moisture content of 2.66%, and an ash 
content of 42.34%. Based on the O/C and H/C atomic 
ratios, the torrefaction process raised the quality of the 
rice husk to be similar to that of the sub-bituminous coal. 
To get a calorific value of >5,000 cal/g, the torrefied rice 
husk added to the coal should not exceed 10% in weight. 
When combined with coal, the rice husk torrefaction 
process slightly affects ash deposition. However, torre-
fied rice husk has a higher calorific value, resulting in 
higher combustion efficiency and lower moisture con-
tent, reducing volume, transportation, and storage costs. 
In addition, rice husk resulting from the torrefaction pro-
cess is more straightforward to grind and blend with 
coal, thereby reducing handling costs.

Acknowledgement

The authors would like to express gratitude to the 
Head of the Indonesia Endowment Fund for Education 
Agency, the Ministry of Finance of the Republic of In-
donesia, and the Director of Research and Innovation 
Funding at the Agency of National Research and Inno-
vation of the Republic of Indonesia who has provided 
research funding through Research and Innovation for 
Advanced Indonesia (RIIM)-3, and the Head of the Min-
ing Technology Research Centre of the Agency of Na-
tional Research and Innovation of the Republic of Indo-

nesia for providing support, as well as all colleagues 
who have assisted in this research.

5. References

Álvarez, A., Gutiérrez, G., Matos, M., Pizarro, C., & Bueno, J. 
L. (2018): Torrefaction of Short Rotation Coppice of Pop-
lar under Oxidative and Non-Oxidative Atmospheres. The 
2nd International Research Conference on Sustainable 
Energy, Engineering, Materials and Environment, 1479. 
https://doi.org/10.3390/proceedings2231479

Bajcar, M., Zaguła, G., Saletnik, B., Tarapatskyy, M., & 
Puchalski, C. (2018): Relationship between Torrefaction 
Parameters and Physicochemical Properties of Torrefied 
Products Obtained from Selected Plant Biomass. Energies, 
11(11), 2919. https://doi.org/10.3390/en11112919

Chen, W.-H., Peng, J., & Bi, X. T. (2015): A state-of-the-art 
review of biomass torrefaction, densification and applica-
tions. Renewable and Sustainable Energy Reviews, 44, 
847–866. https://doi.org/10.1016/j.rser.2014.12.039

Doddapaneni, T. R. K. C., & Kikas, T. (2023): Advanced Ap-
plications of Torrefied Biomass: A Perspective View. Ener-
gies, 16(4), 1635. https://doi.org/10.3390/en16041635

Dyjakon, A., Noszczyk, T., & Smędzik, M. (2019): The Influ-
ence of Torrefaction Temperature on Hydrophobic Proper-
ties of Waste Biomass from Food Processing. Energies, 
12(24), 4609. https://doi.org/10.3390/en12244609

He, C., Bai, J., Kong, L., Li, X., Guo, J., Bai, Z., Qin, Y., & Li, 
W. (2022): Effect of iron valence distribution on ash fusion 
behavior under Ar atmosphere by a metallic iron addition 
in the synthetic coal ash. Fuel, 310, 122340. https://doi.
org/10.1016/j.fuel.2021.122340

Kamara, B., Kallon, D. V. Von, & Mashinini, P. M. (2022): 
Fouling and Slagging Investigation on Ash Derived from 
Sasol Coal Using ICP and XRF Analytical Techniques. 
Applied Sciences, 12(22), 11560. https://doi.org/10.3390/
app122211560

Kleinhans, U., Wieland, C., Frandsen, F. J., & Spliethoff, H. 
(2018): Ash formation and deposition in coal and biomass 
fired combustion systems: Progress and challenges in the 
field of ash particle sticking and rebound behavior. Pro-
gress in Energy and Combustion Science, 68, 65–168. htt-
ps://doi.org/10.1016/j.pecs.2018.02.001

Lee, Y., Kim, J., Kim, D., & Lee, Y. (2017): Experimental 
Study of Co-firing and Emission Characteristics Fueled by 
Sewage Sludge and Wood Pellet in Bubbling Fluidized 
Bed. Clean Technology, 23(1), 80–89. https://doi.org/10. 
7464/ksct.2017.23.1.080

Leonel JR Nunes, J. P. D. S. C., Joao Carlos De Oliveira Ma-
tias, & Joao Paulo Da Silva Catalao. (2018): Torrefaction 
of Biomass for Energy Applications (first ediition). Else-
vier. https://doi.org/10.1016/C2015-0-04530-0

Li, G., Wang, C., Yan, Y., Jin, X., Liu, Y., & Che, D. (2016): 
Release and transformation of sodium during combustion 
of Zhundong coals. Journal of the Energy Institute, 89(1), 
48–56. https://doi.org/10.1016/j.joei.2015.01.011

Li, Q. H., Zhang, Y. G., Meng, A. H., Li, L., & Li, G. X. (2013): 
Study on ash fusion temperature using original and simu-



135 Torrefaction of rice husk as preparation of coal-biomass co-firing and its propensity on ash deposition

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 125-136, DOI: 10.17794/rgn.2024.4.10

lated biomass ashes. Fuel Processing Technology, 107, 
107–112. https://doi.org/10.1016/j.fuproc.2012.08.012

Liu, Q., Zhong, W., Zhou, J., & Yu, Z. (2022): Effects of S and 
Al on K Migration and Transformation during Coal and 
Biomass Co-combustion. ACS Omega, 7(18), 15880–
15891. https://doi.org/10.1021/acsomega.2c00994

Liu, Y., Cheng, L., Zhao, Y., Ji, J., Wang, Q., Luo, Z., & Bai, Y. 
(2018): Transformation behavior of alkali metals in high-
alkali coals. Fuel Processing Technology, 169, 288–294. 
https://doi.org/10.1016/j.fuproc.2017.09.013

Matali, S., Rahman, N. A., Idris, S. S., Yaacob, N., & Alias, A. 
B. (2016): Lignocellulosic Biomass Solid Fuel Properties 
Enhancement via Torrefaction. Procedia Engineering, 148, 
671–678. https://doi.org/10.1016/j.proeng.2016.06.550

Medham, J., Denney, R., Barnes, J., Thomas, M., & Sivasankar, 
B. (2000): Textbook of Quantitative Inorganic Analysis in-
cluding Elementary Instrumental Analysis (5th ed.). Long-
man Group Limited, London and Longman INC, .

Mlonka-Mędrala, A., Magdziarz, A., Dziok, T., Sieradzka, M., 
& Nowak, W. (2019): Laboratory studies on the influence 
of biomass particle size on pyrolysis and combustion using 
TG GC/MS. Fuel, 252, 635–645. https://doi.org/10.1016/j.
fuel.2019.04.091

Nonaka, M., Hirajima, T., & Sasaki, K. (2011): Upgrading of 
low rank coal and woody biomass mixture by hydrother-
mal treatment. Fuel, 90(8), 2578–2584. https://doi.org/ 
10.1016/j.fuel.2011.03.028

Nunes, L. J. R., De Oliveira Matias, J. C., & Da Silva Catalão, 
J. P. (2018): Biomass Torrefaction Process. In Torrefaction 
of Biomass for Energy Applications (pp. 89–124). Elsevier. 
https://doi.org/10.1016/B978-0-12-809462-4.00003-1

Panagiotidis, I., Vafiadis, K., Tourlidakis, A., & Tomboulides, 
A. (2015): Study of slagging and fouling mechanisms in a 
lignite-fired power plant. Applied Thermal Engineering, 
74, 156–164. https://doi.org/10.1016/j.applthermaleng. 
2014.03.043

Preradovic, M., Papuga, S., & Kolundžija, A. (2023): Torrefac-
tion: Process Review. Periodica Polytechnica Chemical En-
gineering, 67(1), 49–61. https://doi.org/10.3311/PPch.20636

Ribeiro, J., Godina, R., Matias, J., & Nunes, L. (2018): Future 
Perspectives of Biomass Torrefaction: Review of the Cur-
rent State-Of-The-Art and Research Development. Sustain-
ability, 10(7), 2323. https://doi.org/10.3390/su10072323

Samsudin, S., Aziz, N. A., Hairuddin, A. A., & Masuri, S. U. 
(2021): A Study on Bituminous Coal Base Acid Ratio to 
the Slagging Factor at Large Scale Boiler. International 
Journal of Heat and Technology, 39(3), 833–840. https://
doi.org/10.18280/ijht.390317

Singh, R., Krishna, B. B., Kumar, J., & Bhaskar, T. (2016): 
Opportunities for utilization of non-conventional energy 
sources for biomass pretreatment. Bioresource Technolo-
gy, 199, 398–407. https://doi.org/10.1016/j.biortech.2015. 
08.117

Song, C.-Z., Wen, J.-H., Li, Y.-Y., Dan, H., Shi, X.-Y., & Xin, 
S. (2017): Thermogravimetric Assessment of Combustion 
Characteristics of Blends of Lignite Coals with Coal 
Gangue. Proceedings of the 3rd Annual International Con-
ference on Mechanics and Mechanical Engineering (MME 
2016). https://doi.org/10.2991/mme-16.2017.67

Speight, J. (2005): Handbook of Coal Analysis. John Wiley & 
Son Inc.

Stępień, P., Pulka, J., & Białowiec, A. (2017): Organic Waste 
Torrefaction–A Review: Reactor Systems, and the Biochar 
Properties. IntechOpen .

Suharyati, Nurina Indah Pratiwi, Sadmoko Hesti Pambud, Ja-
maludin Lastiko Wibowo, Azhari Sauqi, Joel Theodorus 
Damanik, Fawwaz Dzakwan Arifin, & Nanang Kristanto. 
(2023): Indonesia energy outlook 2023 (Yunus Saefulhak, 
Ed.; 1st Ed.). Bureau of Energy Policy and Assembly Fa-
cilitation, Secretariat General of The National Energy 
Council.

Teixeira, P., Lopes, H., Gulyurtlu, I., Lapa, N., & Abelha, P. 
(2014): Slagging and Fouling during Coal and Biomass 
Cofiring: Chemical Equilibrium Model Applied to FBC. 
Energy & Fuels, 28(1), 697–713. https://doi.org/10.1021/
ef4018114

Trivedi, A., & Sud, V. K. (2004): Collapse Behavior of Coal 
Ash. Journal of Geotechnical and Geoenvironmental 
 Engineering, 130(4), 403–415. https://doi.org/10.1061/
(ASCE)1090-0241(2004)130:4(403)

Tsai, W.-T., Jiang, T.-J., Tang, M.-S., Chang, C.-H., & Kuo, 
T.-H. (2021): Enhancement of thermochemical properties 
on rice husk under a wide range of torrefaction conditions. 
Biomass Conversion and Biorefinery. https://doi.org/10. 
1007/s13399-021-01945-5

Umar, D. F., & Rohayati, T. (2021): Study on chemical charac-
teristics of coal and biomass blend and the tendency of its 
ash deposition. Indonesian Mining Journal, 24(2), 113–
126. https://doi.org/10.30556/imj.Vol24.No2.2021.1242

Umar, D. F., Zulfahmi, Z., Suganal, S., Madiutomo, N., Wijaya, 
T., Huda, M., Setiawan, L., Daranin, E. A., Gu nawan, G., & 
Monika, I. (2024): Two-stage palm kernel shell washing 
with water and acetic acid as preparation of co-firing system 
with coal. Rudarsko-Geološko-Naftni Zbornik, 39(1), 1–10. 
https://doi.org/10.17794/rgn.2024.1.1

Yang, M., Xie, Q., Wang, X., Dong, H., Zhang, H., & Li, C. 
(2019): Lowering ash slagging and fouling tendency of 
high-alkali coal by hydrothermal pretreatment. Interna-
tional Journal of Mining Science and Technology, 29(3), 
521–525. https://doi.org/10.1016/j.ijmst.2018.05.007

Yang, X., Ingham, D., Ma, L., Srinivasan, N., & Pourkashanian, 
M. (2017): Ash deposition propensity of coals/blends com-
bustion in boilers: a modeling analysis based on multi-slag-
ging routes. Proceedings of the Combustion Institute, 36(3), 
3341–3350. https://doi.org/10.1016/j.proci.2016.06.060

Yu, J., Li, X., Fleming, D., Meng, Z., Wang, D., & Tahmasebi, 
A. (2012): Analysis on Characteristics of Fly Ash from Coal 
Fired Power Stations. Energy Procedia, 17, 3–9. https://doi.
org/10.1016/j.egypro.2012.02.054

Yudisaputro, H., Nur Yuniarto, M., Yohanes, & Wibawa, A. 
(2022): Analysis Study of Performance and Reliability Im-
pact in Boiler Through Differential Coal Calorific Value 
(Case Study: Pelabuhan Ratu Coal-Fired Power Plant) (pp. 
105–111). https://doi.org/10.1007/978-981-19-1581-9_12

Zierold, K. M., & Odoh, C. (2020): A review on fly ash from 
coal-fired power plants: chemical composition, regula-
tions, and health evidence. Reviews on Environmental 
Health, 35(4), 401–418. https://doi.org/10.1515/reveh- 
2019-0039



Umar, D. F.; Zulfahmi, Z.; Setiawan, L.; Gunawan,G.; Prakosa, A.; Wijaya, T.; Daranin, E. A. 136

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 125-136, DOI: 10.17794/rgn.2024.4.10

SAŽETAK

Torefikacija rižine ljuske kao priprema za suspaljivanje ugljena i biomase  
i njezina sklonost taloženju pepela

Ugljen se u Indoneziji najviše koristi za proizvodnju električne energije. Zbog sve veće zabrinutosti oko klimatskih pro-
mjena i potrebe za smanjenjem emisija uzrokovanih izgaranjem ugljena, goriva temeljena na biomasi postaju sve konku-
rentnija. Proces karbonizacije biomase za proizvodnju krutoga goriva, ili torefikacija, uveden je drugdje. U ovome istra-
živanju korišteni su subbitumenski ugljen i rižine ljuske s obzirom na velik potencijal tih resursa koji Indonezija posje-
duje. Primarni cilj ovoga istraživanja bio je odrediti optimalnu temperaturu i vrijeme zadržavanja za proces torefikacije 
rižine ljuske s namjerom da se smanji sadržaj alkalnih oksida koji dovode do taloženja pepela. To je bilo potrebno zbog 
ograničenih dostupnih informacija, osobito za lokalne rižine ljuske iz Indonezije. Proveli smo torefikaciju rižine ljuske 
na temperaturama od 300, 350 i 400 °C tijekom 30, 60 i 90 minuta. Rezultati pokazuju da su optimalni uvjeti pri tempe-
raturi od 350 °C i vremenu zadržavanja od 60 minuta. U tome stanju smanjili su se kalijevi i natrijevi oksidi, a povećala 
kalorijska vrijednost. Da bi se dobila mješavina ugljena i rižine ljuske s kalorijskom vrijednošću većom od 5000 cal/g 
(ADB), udio ugljena i rižine ljuske trebao bi redom biti 90 % odnosno 10 %. Proces torefikacije rižine ljuske nije imao 
velik utjecaj na pojavu taloženja pepela. Međutim, proces torefikacije povećao je kalorijsku vrijednost, smanjio troškove 
transporta zbog nižega sadržaja vlage i poboljšao mljevenje tako da se lako miješao s ugljenom.
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torefikacija, temperatura, vrijeme zadržavanja, lužina, taloženje pepela

Author’s contribution

Datin Fatia Umar (1) (Research Professor, Ph.D., Chemical Science and Engineering) provided the idea and methodo-
logy, conceptualization, interpretation, presentation of the results, research management, and writing, reviewing, and 
editing of the paper. Zulfami, Zulfahmi (2) (Researcher, Ph.D., Geological Engineering) data visualization, and writing 
and editing of the paper. Liston Setiawan (3) (Researcher, Bachelor, Mining Engineering) performed the fieldwork, and 
visualization of the data. Gunawan, Gunawan (4) (Researcher, Bachelor, Mining Engineering) performed the fieldwork, 
and visualization of the data. Agus Prakosa (5) (Researcher, Bachelor) visualization of the data, and reviewed the paper. 
Truman Wijaya (6) (Researcher, Bachelor, Geological Engineering) prepared the samples, and visualization of the data, 
Edwin Akhdiat Daranin (7) (Researcher, Magister, Geological Engineering) prepared the samples and reviewed the 
paper.


