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Abstract:	 The Segawe municipal solid waste (SW) landfill in Tulungagung Regency, In-
donesia, has currently exceeded its capacity. This study aimed to determine 
the potential use of dumped  SW at the landfill as raw material for the pro-
duction of refuse derived fuel  (RDF). Buried SW  samples were collected at 
a passive zone of the landfill in six locations. The samples were sieved using 10 
and 30 mm mesh sieves. A composition analysis was conducted following the 
ASTM D5231-92 method to sample fractions of greater than 30 mm size. The 
density was measured according to the weight and volume. The moisture and 
volatile matter contents were analyzed using the ASTM D2216-10 and D3175-07 
methods, respectively. The calorific value was measured using a Parr C3000 
bomb calorimeter following the ASTM D5865 method.

	 The buried SW composition was dominated by a fraction size that was greater 
than 30 mm (79.4%). This fraction was dominantly composed of plastics (71.2%) 
and had average volatile matter and calorific values which met RDF criteria as 
a fuel. However, the ash and moisture contents exceeded the standards and, 
therefore, required appropriate treatments before their applications.
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1.	 Introduction
The generation rate of solid waste (SW) is increasing along with the increasing 

rate of the world’s population. In addition, the increase in the industrial sector has 
also affected household income and caused impacts on people’s consumption pat-
terns. These facts have resulted in changes in not only the SW-generation rate but 
also the compositions and characteristics of SW from time to time [1].

Tulungagung Regency, which is located in East Java Province, had a population 
of 1.09 million in 2020. This regency has a municipal SW landfill in Segawe District 
that is 6 ha in size. Based on National Solid Waste Management Information System 
data, the SW generation rate in Tulungagung Regency was 544.89 t/day in 2020; this 
increased from 519.51 t/day in 2019 [2]. The SW is generally collected from residen-
tial areas and other sources by handcarts and brought to transfer facilities; then, it is 
transported to the Segawe landfill by SW transport trucks. The current condition of 
the landfill shows that it has exceeded its capacity [3]. The purpose of this study is to 
seek the possibility of reusing the landfill as a raw material source for refuse derived 
fuel (RDF) due to limited land availability. Landfill mining is an engineering process 
for extracting excavated materials or other solid natural resources from waste ma-
terials that have been disposed of and are buried in a landfill [4]. Landfill mining is 
applied not only for extending landfill capacity but also for valorizing the excavated 
materials [5–7]. Due to the diminishing availability of coal resources for cement in-
dustries and coal-fired steam power plants, the national demand of an energy substi-
tute is urgently needed. Moreover, the use of SW as an alternative fuel in Indonesia 
has become prioritized since the enactment of Presidential Decree No. 35 Year 2018 
concerning the Acceleration of the Construction of Solid Waste Processing Instal-
lations into Electrical Energy Based on Environmentally Friendly Technology  [8].

Actually, the landfill-mining concept was regulated by the Minister of Public 
Works Decree No. 03/PRT/M/2013 concerning the Implementation of Infrastructure 
and Facilities for the Handling of Household Solid Waste and Household Solid Waste 
Alike (Indonesia Ministry of Public Works, 2013)  [9]. Yet, the first landfill-mining 
project was only implemented in Indonesia in 2020 in the Bantargebang landfill in 
Jakarta Province [10]. Therefore, this study aimed to determine the potential use of 
dumped municipal SW at the Segawe landfill as raw material for RDF production. 
RDF is one of the SW-processing products for energy sources that hold high econom-
ical values [11, 12]. This research was implemented due the high demand of using 
fossil fuels for cement industries and coal-fired electricity power plants in Indonesia.

2.	 Methods
This research was conducted from March through June 2023. Sample analyses 

were conducted at the Laboratory of Solid Waste and Hazardous Waste Manage-
ment, Department of Environmental Engineering of ITS in Surabaya City. The fol-
lowing were the stages of the research work.
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2.1.	 Sample Collection

Six sample locations were selected based on the landfilling time periods of 2012, 
2015, and 2018 (Fig. 1). The selections of the sampling locations were also based on 
practical considerations for conducting the sampling procedures. Buried SW sam-
ples were collected during the month of March 2023 by manual excavation at the 
passive zone in the Segawe landfill. The buried SW was excavated from SW pile sur-
faces of a 0.6 m × 1.0 m × 0.6 m size. The excavations were done in order to determine 
the densities of the waste heaps. The excavation depth was 1 m [11, 12] under the 
cover soil. The cover soil was separated from the SW and not mixed with the exca-
vated SW samples. Based on the pre-survey data, the area of the passive zone at the 
Segawe MSW landfill was ca. 4 ha. Figure 1 shows the sampling locations.

Fig. 1. Sampling locations

LEGEND

Sampling site
Estimated border
of landfilling year

Table 1 shows the sampling location coordinates and landfill ages.

Table 1. Coordinates and SW dumping age of each sampling location

Year of landfill Sampling location Latitude Longitude Age of dumped SW [years]

2012
1A 8° 0’ 47.15” S 111° 49’ 49.64” E

ca. 12
2A 8° 0’ 47.93” S 111° 49’ 48.65” E

2015
1B 8° 0’ 46.45” S 111° 49’ 49.70” E

ca. 9
2B 8° 0’ 47.16” S 111° 49’ 48.97” E

2018
1C 8° 0’ 43.83” S 111° 49’ 47.88” E

ca. 5
2C 8° 0’ 42.91” S 111° 49’ 47.60” E
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2.2.	 Composition and Density Measurements
The composition analyses of the SW samples were performed in two stages: the 

first was a composition analysis that was based on particle size, and the second was 
a composition analysis that was based on the SW component types of the large particles.

In the first stage, a not-less-than-100-kg sample was sieved from each site by us-
ing 10 and 30 mm mesh sieves. Each fraction was weighed, and the particle size composi-
tion was calculated based on the percentage of the wet weight. The second stage was per-
formed for analyzing the SW composition with fractions that were greater than 30 mm 
in size; these were considered to become RDF raw material. The composition analysis 
was done according to ASTM D5231-92 [13]. The samples were manually separated into 
several components such as food waste, garden waste, plastic, wood, textile, rubber 
and leather, metal, glass, diapers, hazardous waste, and others. Each sorted component 
was weighed for determining the material compositions in wet weight percentages.

2.3.	 Density Measurement
The density of the excavated material was measured by weighing the samples 

from each site hole of a size of 0.6 m × 1.0 m × 0.6 m (Section 2.1). The density of 
the SW was calculated by using Equation (1):

	 wd
v

= 	 (1)

where:
	d	–	density of SW material,
	w	–	weight of excavated SW material,
	v	–	hole volume.

2.4.	 Characterization of Mined SW Material as RDF Raw Material
The physical-chemical characterizations of the >30 mm-sized fractions were 

performed for determining the moisture, volatile matter, ash, and calorific values. 
The samples were placed in a cool box during transport to the laboratory and kept 
in a refrigerator prior to our analyses.

Moisture
A moisture analysis was performed according to ASTM D2216-10 [14]. The 

moisture content was calculated by using Equation (2):

	 [%] 100%b cmoisture content
b a
−

= ⋅
−

	 (2)

where:
	a	–	weight of dried empty crucible [g],
	b	–	weight of crucible and fresh sample [g],
	c	–	weight of crucible and sample after drying [g].
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Volatile Matter

A volatile matter analysis was carried out based on the dry weight of each sam-
ple (following ASTM D3175-07) [15]. The samples were heated in a furnace at 550°C 
for one hour. The volatile matter was calculated by using Equation (3):

	 [%] 100%a bvolatile matter
a
−

= ⋅ 	 (3)

where:
	a	–	dry weight of sample [g],
	b	–	weight of sample after heated in furnace [g].

Ash Content

The ash content was measured based on the dry weight of each sample by using 
Equation (4):

	 [%] 100%b cash content
a
−

= ⋅ 	 (4)

where:
	a	–	dry weight of sample [g],
	b	–	weight of sample after heated in furnace [g],
	c	–	weight of empty crucible [g].

Calorific Value

The calorific value was determined as a high heating value according to 
ASTM D5865 [16] using a Parr C3000 bomb calorimeter.

The results of the SW characterization were compared to the RDF quality stan-
dards (Table 2).

Table 2. RDF quality standards

Parameter Quality standards

Calorific value [MJ/kg] 10.0–35.0

Moisture content [%] 7.0–35.0

Volatile matter [%] 65.9–68.0

Ash content [%] 5.0–25.0

Source: [10, 17, 18]
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3.	 Results and Discussion

3.1.	 Composition of Excavated SW Material

The composition of the excavated SW samples based on particle size is shown 
in Figure 2. The main component of the mined SW was the fraction of the >30 mm 
size  (79.4%). The fraction of the 10–30 mm size  (10.8%) comprised uncountable 
components such as soil, plastic, twigs, and glass. The SW fraction of the <10 mm 
size (9.8%) was soil-like material that consisted of biodegradable organic waste and 
other small particles (which were difficult to separate).

Fig. 2. Composition of mined SW material based on particle size

The mined SW material of the >30 mm size consisted of plastics (71.2%), tex-
tiles  (6.9%), diapers  (5.0%), wood  (3.9%), garden waste  (3.4%), rubber  (1.8%), 
glass (1.1%), metals (0.2%), undecomposed food waste (0.1%), hazardous waste (0.1%), 
and others (6.3%) (Fig. 3). The undecomposed garden waste was comprised of coir 
and coconut shells, whereas the food waste consisted of bones and hard fruit rinds. 
The metal-waste component was composed of beverage cans, spoons, and small 
metal pieces. The SW component that contained hazardous material consisted of 
electric wires and batteries. The SW component category of “others” was comprised 
of inseparable small particles such as stones, tiny organic matter, and dirt.

These results were similar to the compositions of the excavated SW from the 
other landfills; for example, the plastic component amounted to 35–51% from the 
Nonthaburi landfill, followed by fine particles (19–30%) [19], and plastics and fine 
particles of sizes that were less than 20 mm were the main components from Fin-
land’s Kuopio landfill [20].
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3.2.	 Density

The average densities of the excavated SW material samples varied 
between 245.41 and 356.74 kg/m3, with an overall average of 298.82 kg/m3 (Table 3).

Table 3. Weight, volume, and estimated density of mined material in each sampling location 
with different year of landfilling 

Starting year 
of landfill

Sampling 
location Volume [m3] Weight of each 

sample [kg]
Density 
[kg/m3]

Average density 
[kg/m3]

2012
1A 0.49 101.24 206.60

245.41 ±54.89
2A 0.36 102.32 284.22

2015
1B 0.36 146.17 406.03

356.74 ±69.71
2B 0.36 110.68 307.44

2018
1C 0.34 96.63 285.89

294.30 ±11.90
2C 0.34 102.32 302.72

Overall average [kg/m3] 298.82 ±63.98

The density of the excavated material was affected by the composition of 
the SW [19]. If the excavated material was dominated by soil-like material, the den-
sity was higher. As shown in Table 3, the average density of the excavated material 

Fig. 3. Composition of excavated SW material of >30 mm size
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was 298.82 kg/m3; this density data was lower than that from previous studies (ap-
proximately 400 kg/m3)  [19,  20]. This large difference could have been caused by 
the differences in the SW compositions. A high content of soil cover material could 
have increased the SW’s density, while high amount of plastics could have reduced 
the density. As shown earlier, the most dominant SW component was plastics. In 
addition, the cover soil of the landfill had been separated, so it was not counted as 
part of the excavated material; therefore, the excavated SW material density from the 
Segawe landfill was lower than those from the other landfills. Previous investigators 
concluded that the moisture content, the SW composition, the presence of cover soil, 
and compaction during the landfill’s operation affected the bulk density of the exca-
vated materials [19–21]

The bulk density data can be used estimate the quantity of RDF raw material 
from a landfill; however, precise estimations of RDF quantities in landfills require 
technical specifications as are outlined in the design plans of each landfill as well as 
its operation practices in order to obtain the buried SW spatial dimensions.

3.3.	 Potential of Excavated SW as Raw Material for RDF

The potential of mined SW for RDF was evaluated by placing some physical-
chemical characteristics into consideration; namely, the moisture, volatile matter, 
ash content, and calorific values.

Moisture
The average moisture contents of the samples varied between 32.62 and 46.62%, 

which mostly exceeded the quality standards for RDF (7–35%) (Table 4).

Table 4. Moisture contents in all samples

Year of 
landfilling

Sampling 
location

Moisture content [%]

Fraction >30 mm Average RDF quality standards  
[10, 17, 18]

2012
1A 49.51

46.62 ±4.08

7–35

2A 43.74

2015
1B 37.82

32.62 ±7.35
2B 27.42

2018
1C 49.12

43.18 ±8.40
2C 37.24
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Only the average moisture of the SW samples from the 2015 zone met the quali-
ty standards; however, this moisture data was lower than those from the Sukawina-
tan (68.39–69.23%) [12] and Bantargebang (48.73%) landfills [22]. The sample from 
Site 1A had the highest moisture content of all of the locations; this was due to the 
rain at the site the night before the samples were collected. This fact was confirmed 
by former researchers who stated that high moisture contents could be caused by 
rainfall  [22]. A high moisture content in RDF will affect its combustion efficiency 
and calorific value; therefore, it is necessary to conduct an additional drying stage 
for reducing the moisture content. One of these options is sun drying; however, 
this method can only be done during the dry season. During the rainy season, me-
chanical drying is required; however, mechanical drying requires an energy source, 
which increases fuel consumption and emits air pollutants. Therefore, the applica-
tion of moisture-control technology for RDF processing should consider energy effi-
ciency, the minimization of pollutant emissions, and the maintenance of operational 
reliability.

Volatile Matter
All of the samples showed high volatile matter contents of 70.67–70.92%, which 

were higher than the RDF quality standards (65–68%) (Table 5). The volatile matter 
contents of the samples in the study area were much higher than those from the 
Sukawinatan landfill (47.45–59.06%) [12]. The higher volatile matter content could 
have meant that the easier the material is to burn and ignite, the faster the combus-
tion rate [23].

Table 5. Volatile matter contents in all samples

Year of 
landfilling

Sampling 
location

Volatile matter content [% dry weight]

Fraction >30 mm Average RDF quality standards  
[10, 17, 18]

2012
1A 71.78

70.92 ±1.21

65–68

2A 70.06

2015
1B 71.04

70.67 ±0.53
2B 70.30

2018
1C 71.34

70.88 ±0.65
2C 70.42
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Ash Content
The ash contents of the excavated samples were 29.08–29.33%, which slightly 

exceeded the maximum quality standards for RDF (25%); this is shown in Table 6. 
The ash contents of the SW samples indicated the amounts of solid residue after 
combustion [23, 24]. This residue could have originated from the soil cover of the 
landfill, which was mixed with the excavated matter.

Table 6. Ash contents in all samples

Year of 
landfilling

Sampling 
location

Ash content [% dry weight]

Fraction >30 mm Average RDF quality standards 
[10, 17, 18]

2012
1A 28.22

29.08 ±1.21

5–25

2A 29.94

2015
1B 28.96

29.33 ±0.53
2B 29.70

2018
1C 28.66

29.12 ±0.65
2C 29.58

However, this ash content data was much lower than that from the Sukawina-
tan landfill (40.93–55.55%) [12]. These lower values of the ash contents in the sam-
ples in the study area might have been caused by the removal of the landfill cover 
soil prior to the analyses.

Calorific Value
The average calorific values of the samples from all of the dumping ages varied 

between 10.35 and 15.62 MJ/kg  (Table 7). These calorific values generally met the 
RDF quality standards (10–35 MJ/kg).

Table 7. Calorific values of excavated material

Year of 
landfilling

Sampling 
location

Calorific value RDF quality standards 
[MJ/kg]  

[10, 17, 18]Each location [MJ/kg] Average [MJ/kg]

2012
1A 8.17

10.35 ±3.09

10–35

2A 12.54

2015
1B 18.37

15.62 ±3.89
2B 12.87

2018
1C 10.00

11.98 ±2.81
2C 13.97
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The calorific values of the mined SW in this research were comparable to those 
of the Sukawinatan (9.69–15.61 MJ/kg) [12] and Bantargebang (13.72–15.14 MJ/kg) 
landfills [10, 25, 26].

Overall, the results of this research showed that excavated material of a >30 mm 
size from the Segawe landfill had the potential to be used as raw material for 
RDF production. The high ash and moisture contents seemed to be typical for the 
excavated matter from the landfills [10]. The removal of the cover soil is required 
for reducing the ash content during the implementation of any excavation practic-
es. Additionally, the drying stage of the excavated material is important to be per-
formed in order to meet the moisture standards for RDF.

4.	 Conclusion

The excavated material in the study area generally met the quality standards as 
raw material for RDF production; however, two parameters (namely, the ash and 
moisture contents) exceeded the quality standards. For this reason, excavated mate-
rial from the Segawe landfill requires careful separation from the soil cover in order 
to decrease the ash content. Additionally, an extra drying stage may be required for 
reducing the moisture content – especially during the rainy season.
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