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ABSTRACT

Refuse-derived fuel (RDF) utilization as an alternative fuel has encountered obstacles in complying with industrial
quality standards. This study aimed to improve landfill-mined RDF quality for acceptable calorific values (CV),
moisture, volatile, ash, fixed carbon, chlorine, and sulfur contents by the cement industry and coal-fired steam
power plant. For eight consecutive working days, a minimum of 100 kg of mined material was sampled randomly
from transport trucks. Each sample was separated into three fractions: fine (< 10 mm), medium (10-30 mm),
and rough (> 30 mm). RDF ratio of plastic : wood and garden waste, originating from a rough fraction, were set
at 20:80 to 80:20 with a 10-point interval, including controls at 0:100 and 100:0. Moisture, CV, volatile solids,
ash, and fixed carbon contents of RDF were determined by ASTM codes, while chlorine and sulfur used APHA/
AWWA/WEF standard methods. The RDF optimum ratio was 40:60, which produced CV, air-dried moisture,
volatile solids, ash, fixed carbon, chlorine, and sulfur contents were 25.23 + 0.53 MJ kg'', 26.11 £ 2.84%, 75.20 £
1.21%, 21.18 £ 0.76%, 3.62 £ 0.63%, 0.129 £ 0.009%, and 0.058 £ 0.004%, respectively. These results met indus-
trial RDF quality standards except for moisture, ash, and fixed carbon contents, which needed process improve-

ments at the RDF processing plant.
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INTRODUCTION

Landfill mining (LM) is an engineering ap-
proach for extending landfill capacity and valo-
rizing landfill-mined materials (LMM) (Marquez
et al., 2019; Jagodzinska et al., 2021; Jain et al.,
2023). More than 112 LM projects have been
operated in 21 countries between 1953 and 2021
(Marquez et al.,, 2019). LM process separates
LMM into soil-like material (SLM), combusti-
ble fraction, inert fraction, and remaining mate-
rial (Kurian et al., 2003; Jain et al., 2023). Some
technologies were used in the LM’s production
line, including screens, shredders, metal separa-
tors, wind sifters, and handling equipment (Jain et
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al., 2023). The classical LM concept focused on
LMM reduction and extraction, land reclamation,
remediation, gas collection, and metal recovery
(Krook et al., 2012). This old concept has been
developed into full utilization of LMM, known
as enhanced LM. Enhanced LM is a strategy for
implementing safe landfill conditioning, excava-
tion, and innovative landfill-mined material valo-
rization while considering rigorous social and en-
vironmental criteria (Kurian et al., 2003; Gerven
et al., 2010; Jones et al., 2013; Lopez et al., 2018;
Jagodzinska et al., 2021).

From an environmental point of view,
LM plays a role in global warming (Krook et
al., 2018). Each Mg LMM contributes —1550
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(savings) to 640 kg CO,e (burden) (Laner et al.,
2019). This discrepancy depends on the extent
to which LM contributes to lowering long-term
landfill gas emissions and replacing energy and
material generation (Krook et al., 2018).

A former study found that LM has limited eco-
nomic potential (Esguerra et al., 2021). Only 20%
of the economic performance modeling of 531,441
LM scenarios in Europe was lucrative. In these
scenarios, the most crucial cost elements driving
LM’s economics were waste-to-energy treatment
and mined material disposal (Laner et al., 2019).

The use of MSW as an alternative fuel (AF)
in Indonesia has attracted attention since the
promulgation of Presidential Regulation No. 35
of 2018 concerning the Acceleration of Con-
struction of Solid Waste Processing Installations
into Electrical Energy Based on Environmentally
Sustainable Technology (Indonesia Ministry of
Law and Human Rights, 2018). However, the
implementation of this regulation encountered
obstacles due to the high-cost burden on the gov-
ernment in the future. As an alternative, MSW
processing is directed to provide AF for the ce-
ment industry and coal-fired steam power plants
as RDF and solid recovered fuel (Isaac and Bada,
2020; Sharma et al., 2022; Shin et al., 2023). The
most popular AFs for cement kilns are waste
oils, shredded residues, waste plastics, waste
tires, and sewage sludges from conventional and
nitrifying-enriched activated sludge (Sepehri
and Sarrafzadeh, 2018; Sepehri and Sarrafzadeh,
2019; El-Salamony et al., 2020). The utilization
rate of AF in the cement industry in the world,
Europe, and Southeast Asia, as evaluated by ther-
mal substitution rate, was 18%, 46%, and 9%, re-
spectively (Sharma et al., 2022), while Indonesia
was less than 1% (Jayawati and Taufik, 2021).
This circumstance describes a strong chance for
landfill-mined RDF to be used as AF in cement
plants, substituting coal/petroleum coke in a cal-
ciner/kiln. The permissible calorific value (CV)
for RDF in a cement kiln in Thailand was 15 MJ
kg! (Prechthai et al., 2008), while in Indonesia
was 12.5 MJ kg! (Paramita et al., 2018). Both
standards were lower than the CV of petroleum
coke for cement production at 32.6 MJ kg (Kara
et al., 2010).

Since 2013, the LM concept in Indonesia has
been regulated by the Ministerial Regulation of
Public Works No. 03/PRT/M/2013 on the Imple-
mentation of Infrastructure and Facilities for Han-
dling of Household Solid Waste and Household

Solid Waste Alike (Indonesia Ministry of Public
Works, 2013). However, the first LM pilot proj-
ect was not carried out in Indonesia until 2020 at
the Jakarta Province-integrated MSW treatment
facility (MSWTF) (Prihartanto et al., 2023a). The
growing need for landfill-mined RDF as a sub-
stitute for coal in the cement industry has driven
efforts to develop LM in Indonesia.

The top five Southeast Asian MSW produc-
ers, namely Indonesia, Thailand, Vietnam, the
Philippines, and Malaysia, used open dumping
and controlled-landfill techniques rather than
sanitary landfills (Arumdani et al., 2021). The
controlled landfill technique is a transition be-
tween open dumping and sanitary landfills. The
deployment of LM in controlled landfill sites in
Indonesia distinguishes it from other LM opera-
tions in Southeast Asia, such as Thailand, which
used open dumping (Rattanaoudom et al., 2008).

By 2020, at least 20 Indonesian landfills poten-
tially produce RDF for cement kilns AF. In 2022,
the LMM recovery potential for RDF production
was 26,950 t d!' (Zaenudin, 2023). The Indonesian
Cement Group identified at least 21 cement plants
in Indonesia that might use RDF as AF in their 34
kilns in 2020 (Jayawati and Taufik, 2021).

The inaugural RDF product in 2020 produced
a CV 0f9.89-16.07 MJ kg that partially met the
RDF quality standards for the Indonesian cement
industry at 12.5 MJ kg' (Paramita et al., 2018).
Nonetheless, some CVs only met the second and
third classes of the Indonesian RDF standards
for coal-fired steam powerplants at 10 and 10-15
MJ kg'! (Ismawati et al., 2022; Zaenudin, 2023).
Previous study investigated the highest portion
of combustible components of LMM was plastic
component at 34.36-36.33% (Prihartanto et al.,
2023a). This component had a high CV of 20.49—
54.39 MJ kg! (Chiemchaisri et al., 2010; Novita
and Damanhuri, 2010; Zhou et al., 2014; Qua-
ghebeur et al., 2018; Cheela et al., 2021) suitable
for RDF raw material. However, the presence of
high-content chlorine from polyvinyl chloride
(PVC) plastic has the potential to produce poly-
chlorinated dibenzo-p-dioxins/dibenzofurans
(PCDDs/PCDFs) gases at unsuitable combustion
temperatures (Safavi et al., 2021; Kaniowski et
al., 2022). The initial RDF product trial in 2019
yielded moisture, chlorine, and ash contents of
38.4-42.55%, 0.2-8.17%, and 17.39-23.80%,
respectively, These values partially exceeded the
RDF quality standards of 25%, 0.3%, and 15%,
respectively (Cahyadi, 2006; Kara et al., 2010;
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Ismawati et al., 2022), indicating a suboptimal
physical-chemical characteristic of RDF, which
required improvement. High ash content in RDF
causes increased fouling, slagging, and corrosion
at the heat exchanger surfaces of power plant boil-
ers (Kaniowski et al., 2022). Besides, the combus-
tion of a large proportion of chlorine-containing
materials at temperatures 200-300 °C produces
corrosive HCI (Ma et al., 2020), whereas tem-
peratures 200—-800 °C stimulate PCDDs/PCDFs
gas generation, causing human health problems
(Safavi et al., 2021).

Although the potential use of LMM as an
RDF raw material in Southeast Asia has been
investigated in several studies (Prechthai et al.,
2008; Zhao et al., 2016; Prihartanto et al., 2023a),
comprehensive research on optimizing RDF
composition and the need for data on the specific
factors impacting RDF quality is still lacking.
Hypothetically, raw materials re-composition will
optimize the CV and physical-chemical contents
of the RDF to comply with the cement industry
and coal-fired steam power plant’s specifications.
Hence, the scientific question is to what extent
recomposed RDF quality optimization can be
achieved to meet both industrial specifications
and how it affects the production process, product
quality, and environment.

Therefore, the study aimed to improve RDF
composition for acceptable CV, moisture, volatile,
ash, fixed carbon, chlorine, and sulfur contents by
the cement industry and coal-fired steam power
plant. Analysis of the possible effects of burning
RDF on cement kilns and coal-fired steam power
plant boilers focused on the impact on machines
and process conditions and product quality pro-
duced. The consequences of particulate, PCDDs/
PCDFs, and SO, emissions on human health and
the environment were compared to the likelihood
of future increases in ash, chlorine, and sulfur
content in RDF.

The results of this research are expected to
provide recommendations for the authorities re-
garding acceptable RDF quality for industries.
However, the limitation of this study is that it
has not yet tested the combustion performance
of RDF under existing conditions in cement kilns
and coal-fired power plant boilers. Besides, due
to the difficulty of eliminating impurities from
the RDF raw material surface, RDF samples were
prepared without pre-cleaning, resulting in lower
accuracy of CV, volatile solids, and ash content in
RDF (Cheela et al., 2021).
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MATERIAL AND METHODS

Study area description

In 2022, more than 8.527 t d' of MSW from
six administrative cities in Jakarta Province, name-
ly West Jakarta, Central Jakarta, South Jakarta,
East Jakarta, North Jakarta, and Thousand Islands,
were transported to the Jakarta landfill in 2022
(Figure 1a) (Indonesia Ministry of Environmental
and Forestry, 2020). About 88% (7.543 t d™') of this
MSW was buried in an 81.4 ha landfill site located
51 kilometers southeast of North Jakarta.

The landfill is divided into six zones compris-
ing twelve sub-zones (Figure 1b). Four of these
zones (I, I, 111, and V) continue to receive fresh
MSW, but zones IV and VI have been closed
since 2003 and 2006. Zone IV received MSW
from 1997 to 2003, with an estimated volume,
density, and total waste mass of 21,218.464 m?,
0.485 t m?, and 10.29 Mt, respectively.

The unavailability of land for landfill expan-
sion has encouraged the Jakarta Provincial Gov-
ernment to operate LM in 2020. LM was carried
out in Sub-Zone IVB, with a landfill area of 1.45
ha and a heap height of 17 m in 2020. This pilot
project integrated sequent processes of excavat-
ing, transporting, stockpiling, screening, wind
sifting, and shredding to produce RDF and SLM
(Figure 1c). The RDF has been used as AF in the
cement industry, while the SLM has not been
used optimally. The average weight of LMM pro-
cessed was 81.07-150.46 t d!' with an average of
115.25£24.50 t d!' in 2022.

The screening processes using 10 mm and 30
mm trommel screens produced fine, medium, and
rough fractions of < 10 mm, 10-30 mm, and >
30 mm, respectively. Fine and medium fractions,
dominated by SLM component, were used for
non-energy purpose. A rough fraction containing
a high content of combustible materials was used
for RDF raw material. This fraction was split into
heavy and light fractions using a wind sifter. A
rough-light fraction was blown to the RDF stock-
pile and then crushed with a fine shredder until
the size was < 3 cm, while the residue was re-
turned to the landfill.

Sample collection and RDF preparation

Samples were collected at the RDF process-
ing plant location for eight consecutive days fol-
lowing the ASTM-D5231-92 (ASTM, 2016).
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Figure 1. (a) Transport of the Jakarta Province MSW to an integrated MSWTF; (b) landfill zones;
(c) process flow of RDF processing plant

The daily sample was analyzed separately every
day, and then the values obtained were averaged
for each parameter analyzed. Not less than 100
kg of daily LMM samples were taken from ran-
domly selected transport trucks operated at this
plant site for the sifting process. Each sample
was sifted using 10 mm and 30 mm sieve screens
and classified into fine, medium, and rough frac-
tions of < 10 mm, 10-30 mm, and > 30 mm, re-
spectively. Based on rough fraction composition
analysis results in a previous study (Prihartanto
et al., 2023a), some components were selected as
RDF raw materials. The criteria for determining
the suitable rough fraction components for RDF
raw materials are combustible components with
a large portion and a CV above the industrial
quality standards of 12.5 MJ kg'. Using these

selection criteria will simplify the RDF raw mate-
rial sorting and mixing in the production line.

Figure 2 shows that combustible materials
in a rough fraction were dominated by plastic,
followed by wood and garden waste (W+GW)
components of 33.97-34.47% and 16.22-17.11%
(Prihartanto et al., 2023a). The CV of plastic was
20.49-54.39 MJ kg, while W+GW was 18.20—
22.40 MJ kg! (Rattanaoudom et al., 2008; Chiem-
chaisri et al., 2010; Quaghebeur et al., 2014; Er-
iska et al., 2017; Cheela et al., 2021). Therefore,
plastic and W+GW components were selected as
RDF raw materials.

Both components were shredded by the 0.5
mm cutting mill to get a homogenous RDF mix-
ture (Zhao et al., 2016). An experiment was car-
ried out to determine the optimum CV of nine ratio
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Fine fraction Component Composition
<10 1

(<10 mm) Soil-like material 9.83—18.71%

Component Composition
. . . Soil-like material 9.83-18.71%
Landiibmined | N{‘i‘:;‘i“; g’if;‘l;’“ —>| Plastic 039 1.87%
matenal sampre Rubber and leather 0.69 - 2.06%
Glass 0.09 -0.33%
Metal 0.03 - 0.16%

Rough fraction N Component Composition
(> 30 mm) Plastic * 33.97- 34.47%
Wood and garden waste * 16.65-17.11%
Fabric/textile 2.44-2.65%
Rubber and leather 1.92-2.21%
Glass 1.20-1.31%
Metal 0.48 - 0.63%
) . tyrofoam .67 —0.83%
. : Combustible component Hazardous wastes 0.23 - 0.39%
: RDF raw material Paper and cardboard 0.02-0.32%
Food waste 0.08 — 0.29%
Rocks and building material waste 5.19 - 6.09%

Figure 2. Landfill-mined material categorization based on particle size distribution and component composition
(Prihartanto et al., 2023a)

variations of plastic: W + GW components of RDF
samples. Ratios of both components were between
20:80 and 80:20. A proportion of 10 points was
added for each ratio increment of the plastic com-
ponent, accompanied by a proportion reduction of
10 points for the W+GW component. Besides, ra-
tios 0:100 and 100:0 were also used as controls.

Calorific value and physical-chemical
contents determination

All parameters in Table 1 were analyzed on
a dry basis, except for initial moisture content.
ASTM-D5865 (ASTM, 2019) determined CV us-
ing a bomb calorimeter model PARR 1261. Deter-
mination of the initial moisture, which was mea-
sured immediately after RDF raw materials were

mixed, is critical for evaluating the moisture con-
tent reduction potential in open air. RDF sample
was dried for two days at room temperature (26—
34 °C) before being measured for the air-dried
moisture content. RDF samples were dried in an
oven at 110 £ 5 °C for 12 hours to measure mois-
ture content, as per ASTM D2216-98 (ASTM,
1998). The volatile solids content was determined
by burning the sample at 950 °C for 7 minutes
in a crucible with a lid according to ASTM-
D3175-07 (ASTM, 2007a). Meanwhile, the ash
content was determined using ASTM-D3174-02,
which required burning the sample at 600 °C in
a muffle furnace (ASTM, 2002). ASTM-D3172-
07a defined fixed carbon content as the differ-
ence between 100% and the total percentage of
moisture, ash, and volatile solids content (ASTM,

Table 1. Standard methods for determining CV and physical-chemical contents of RDF

No. Parameter Method Standard Reference

1. Calorific value Calorimetry ASTM-D5865 ASTM, 2019

2. Moisture content * Gravimetry ASTM D2216-98 ASTM, 1998

3. Volatile solids Gravimetry ASTM-D3175-07 ASTM, 2007a

content

4. Ash content Gravimetry ASTM-D3174-02 ASTM, 2002

5. Fixed carbon Gravimetry ASTM-D3172-07a ASTM, 2007b

6. Chlorine lodometry APHA/AWWA/WEF part 4500-CI-B APHA/AWWA/WEF, 2018
7. Sulfur Spectrophotometry APHA/AWWA/WEF part 4500-S D APHA/AWWA/WEF, 2017

Note: *Moisture content was measured on an air-dried basis, except for the initial moisture content on a wet basis.
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2007b). Chlorine content was determined us-
ing the iodometry method according to APHA/
AWWA/WEF part 4500-CI-B (APHA/AWWA/
WEF, 2018), while sulfur content by APHA/
AWWA/WEF part 4500-S D (APHA/AWWA/
WEF, 2017). For sulfur content analysis, samples
were reacted with ferric chloride and dimethyl-
p-phenylenediamine to produce methylene blue
before being analyzed using a spectrophotometry
method at wavelength 664 nm.

RESULTS AND DISCUSSION

Calorific value

At a ratio of plastic : W + GW components
of 0:100, RDF produced the lowest CV of 19.18
+ 0.99 MJ kg! (Table 2). This value met RDF
quality standards in the Indonesian cement in-
dustry, India, Italy, and the United Kingdom by
10-18.7% M1J kg (Saha et al., 2017; Paramita et
al., 2018; Pakpahan, 2024). However, it was low-
er than Thailand’s highest standards of 20.71 MJ
kg! (Itsarathorn et al., 2022) and Indonesia’s high-
est standards for coal-fired steam power plants at
20 MJ kg (Ismawati et al., 2022). This CV was
comparable to a previous study that showed a CV
of wood at 18.20-18.30 MJ kg (Rattanaoudom
et al., 2008; Eriska et al., 2017) and garden waste
at 18.7-22.4 MJ kg! (Duruaku et al., 2016).

Conversely, at a ratio of 100:0, RDF pro-
duced the highest CV of 44.82 + 0.89 MJ kg,
which met all RDF quality standards. This value
was close to previous studies at 41.29-44.75 MJ
kg' (Zhou et al., 2014). In comparison, numerous

types of plastic waste in Indonesia, including
HDPE, LDPE, PP, PVC, and PS, generated CVs
ranging from 41.00 to 51.54 MIJ kg, whereas
PET bottles only 22.81 MJ kg!' (Novita and Dam-
anhuri, 2010). Except for PET, the data confirmed
that plastic components had double the CV of W
+ GM components.

The increase of the plastic component portion,
which was coupled with the W + GW component
portion reduction, increased rather than decreased
the CV of RDF. Therefore, CV optimization of
RDF can be achieved by maximizing the plastic
component portion while reducing risk to the in-
dustrial process, product quality, and the environ-
ment. Table 2 shows that a CV of RDF at a ratio of
plastic : W + GW components of 40:60 generated
aCV 0f25.23 +£0.53 MJ kg'!. This value exceeded
the premium RDF quality standards of more than
25 MJ kg (Sarc and Lorber, 2013). Meanwhile,
with plastic content ranging from 0 to 30%, typi-
cal CVs were lower than premium. One factor to
consider while adjusting RDF composition is the
probability of PCDD/PCDF emissions in the fur-
nace due to improper combustion temperatures
(Tomsej et al., 2018). As a result, the proportion of
plastic components required to be kept to a mini-
mum while achieving the highest feasible CV. It
was expected that the RDF ratio of 40:60 would
generate a high CV with a small plastic portion,
which is defined as the optimum ratio.

Moisture contents

On an air-dry basis, RDF moisture content
ranged from 20.75 + 0.91% at a ratio of 70:30 to
32.13 £ 1.25% at 30:70 and 26.11 + 2.84% at the

Table 2. Calorific values, moisture, volatile solids, ash, fixed carbon, chlorine, and sulfur contents of RDF

Composition RDF Parameter
) Calorific ) Volatile Fixed )
No. | Plastic | W+GW Moisture . Ash content Chlorine Sulfur
values solids carbon

(%) (%) (MJ kg") (%) (%) (%) (%) (%) (%)
1. 0 100 19.1840.99 | 23.05+2.05 | 67.62+1.26 | 25.94+1.77 | 6.43+0.72 |0.102+0.009 | 0.047+0.005
2. 20 80 22.04+0.57 | 27.46+1.00 | 72.58+3.59 | 24.05+3.21 | 3.36+0.39 |0.117+0.005 | 0.039+0.005
3. 30 70 21.1940.55 | 32.13+1.25 | 74.57+1.24 | 21.63+0.98 | 3.80+0.36 |0.090+0.005 | 0.040+0.001
4. 40 60 25.2340.53 26.11+2.84 | 75.20+1.21 | 21.18+0.76 | 3.62+0.63 |0.129+0.009 | 0.058+0.004
5. 50 50 27.1440.54 | 22.35+1.40 | 76.26+1.49 | 20.55+1.49 | 3.19+0.59 |0.098+0.006 | 0.059+0.002
6. 60 40 26.51+1.21 23.34+3.77 | 75.62+4.69 | 19.98+4.01 | 4.39+1.24 |0.128+0.004 | 0.060+0.001
7. 70 30 28.4340.96 | 20.75+0.91 | 77.67+1.58 | 17.85+1.11 | 4.48+0.77 |0.082+0.004 | 0.042+0.004
8. 80 20 32.84+1.02 | 25.64+3.25 | 77.85+0.79 | 18.00+0.64 | 4.15+0.55 |0.089+0.002 | 0.059+0.005
9. 100 0 44.82+0.89 | 24.06+£1.97 | 84.45+0.95 | 11.25+0.34 | 4.30+1.06 |0.105+0.008 | 0.050+0.006

Note: Ref.: ¢ Pakpahan, 2024; ® Ismawati et al., 2022; © Itsarathorn et al., 2022; ¢ Saha et al., 2017; ¢ Paramita et al., 2018.
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optimum ratio (Table 2). These results partially
exceeded RDF quality standards in Indonesia,
India, Italy, and the United Kingdom by 7-25%
(Saha et al., 2017; Paramita et al., 2018; Ismawati
et al., 2022; Pakpahan, 2024) but still meet Thai-
land’s standards of 30-45% (Itsarathorn et al.,
2022). This study found a constant moisture con-
tent with a narrow range of fluctuation unaffected
by changes in the RDF ratio.

RDF had an initial moisture content ranging
from 47.86 + 2.55 to 64.74 = 23%, exceeding all
quality standards. The difference between initial
and air-dried moisture contents was required for
estimating the possible moisture content reduc-
tion in open-air dryers in RDF processing plants.
Drying RDF in the open air for two days at 25—
35°C potentially reduces moisture content by
one-third to half compared to the initial moisture.

Volatile solids content

The volatile solids content of RDF fluctuated
in the range 67.62 £ 1.26% — 84.45 + 0.95% and
at the optimum ratio was 75.20 + 1.21%. All val-
ues met the RDF quality standards of the United
Kingdom, and Indonesian coal-fired steam power
plants of 65-75% (Paramita et al., 2018; Ismawa-
ti et al., 2022). The highest value was close to the
volatile solids content of landfill-mined plastic
component at the Yingchun landfill, China, at
87.09 £ 0.55% (Zhou et al., 2014), but unburied
ordinary plastic waste had 98.5% (Tchobano-
glous et al., 2000). Table 2 shows that increasing
the proportion of plastic components leads to an
increase in RDF’s volatile solids content.

The volatile solids content of an LMM de-
creases with age, but the ash content increases
(Sathyanarayanan et al., 2010; Wang et al., 2021).
RDEF’s high volatile solids content was most
likely produced by a high amount of combustible
plastic and W+GW components at 33.97-34.47%
and 16.22-17.11% (Prihartanto et al., 2023a).
Previous research found that the volatile sol-
ids content in the LMM plastic component was
87.09% (Zhou et al., 2014) and 74.44% in wood
(Widyarsana and Tambunan, 2022), similar to the
present study.

The high volatile solids content reflects RDF’s
large proportion of easily ignited combustible
components (Larney et al., 2005; Gebreslassie et
al., 2020; Widyarsana and Tambunan, 2022). This
condition affects the residence time of fuel par-
ticles in the combustion chamber.
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Ash content

The ash content of RDF varied in the range
11.52 + 0.34% — 25.94 + 1.77%, and at the opti-
mum ratio was 21.184+0.76%. Table 2 shows that
some countries set RDF quality standards for ash
content of 12-25% (Saha et al., 2017; Paramita et
al., 2018; Ismawati et al., 2022; Itsarathorn et al.,
2022; Pakpahan, 2024), whereas the cement indus-
try in Indonesia has set a maximum ash content for
RDF at 15% (Solusi Bangun Indonesia, 2019). At
a ratio from 20:80 to 100:0, ash content was 11.25
+ 0.34 — 24.05 £ 3.21%, which met all RDF qual-
ity standards, while at a 0:100 ratio was above the
standards. At the optimum ratio, the ash content
was 21.18 £ 0.78%, meeting the standards. Nev-
ertheless, the ash content in all ratios exceeded the
cement industry’s specification of 15%.

Table 2 demonstrates that increasing the plas-
tic component portion coupled with decreasing
the wood component portion resulted in a de-
crease in ash content. The ash content of plastic
waste in the Yingchun landfill in China was 9.70-
12.50% (Zhou et al., 2014), nearly similar to the
ash content of RDF at a ratio of 100:0 of 11.25
+ 0.34%. For comparison, regular non-landfilled
PE plastic waste contained 1.2% ash (Tchobano-
glous et al., 2000). This comparison demonstrated
the effect of impurities from the SLM component
on the landfilled plastic ash content. The SLM
contained a high ash content of 20.97-30.83%
(Widyarsana and Tambunan, 2022; Prihartanto et
al., 2023b). Previous research showed that sev-
eral W + GW components had an ash content of
0.10-12.73%. (Duruaku et al., 2016; Eriska et al.,
2017; Widyarsana and Tambunan, 2022). Table 2
shows that the ash content at a ratio of 0:100 was
25.94 + 1.77%, double as high as previous study
results. The high ash content was caused by im-
purities from the SLM and nutrient-plant miner-
als in the W + GW component (Neina et al., 2020;
Smolka-Danielowska and Jablonska, 2022).

RDF with a high ash content is not preferred
because it causes slagging, disrupts the combus-
tion process and affects particulate matter emis-
sions (Sun et al., 2016). Particulate matter is a
critical air pollution parameter which requires
best removal technology. Its exposure leads to hu-
man heart or lung illness, as well as nonfatal heart
attacks (US EPA, 2023). As consequence, air pol-
lution control equipment is required to reduce the
harmful impact of particulate matter emissions
from RDF combustion on the environment (Sun
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et al., 2016). RDF’s high ash content can have an
impact on boiler performance. At coal-fired steam
power plants, RDF’s aggressive ash components,
such as potassium, sodium, sulfur, chlorine, and
ash agglomeration, cause increased fouling, slag-
ging, and corrosion on boiler heat exchanger sur-
faces (Kaniowski et al., 2022). Potassium is a key
macronutrient for plants produced during the ash
phase. Therefore, increasing the quantity of W +
GW components in RDF will increase the potas-
sium content of the biomass ash. The potassium
in the aerosol phase may be absorbed by the fly
ash or directly condense on the cooler surfaces
of the heat exchangers, resulting in a low melting
deposit. The accumulation of these deposit reduc-
es boiler efficiency by decreasing the heat transfer
coefficient (Kaniowski et al., 2022). ). The pres-
ence of high potassium content in soluble salt
forms such as Kl, K,CO,, or K SO, increases the
risk of corrosion in metal boilers at 600 °C (Pet-
tersson et al., 2011; Kaniowski et al., 2022).

The ash content, which exceeded the indus-
trial RDF standards of 15%, remains an issue in
Indonesia, India, and China (Cheela et al., 2021;
Jain et al., 2023; Prihartanto et al., 2023a). Conse-
quently, it is necessary to remove SLM containing
high ash content attached to RDF raw materials
using the best available pre-cleaning techniques,
such as sorting, cleaning, drying, and washing
(Zhou et al., 2014; Jain et al., 2023). Although the
washing procedure could not enhance the CV of
landfill-mined plastic components, it did reduce
ash content by up to 10.84+1.19% (Zhou et al.,
2014). For comparison, the ash content of non-
cleaned landfill-mined plastic components ranged
between 20% and 35% (Quaghebeur et al., 2014).
The ash content of landfill-mined plastic com-
ponent was predicted to match cement industry
specification of 15% through the washing process.

Fixed carbon content

The fixed carbon content of RDF fluctuated
in the range 3.19 £+ 0.59% — 6.43 + 0.72%, and
at the optimum ratio was 3.62 + 0.63%. At a ra-
tio of 0:100, the fixed carbon content was 6.43 +
0.72%, meeting the lowest RDF quality standards
for coal-fired steam power plants of 5 — 15% (Is-
mawati et al., 2022). Meanwhile, fixed carbon
contents were below the standards in other ratios.
A previous study found a highly significant rela-
tionship between the amount of lignin in biomass
and the percentage of fixed carbon (Demirbas,

2003). Therefore, the fixed carbon content of
RDF should decrease in line with the reduction in
the W + GW component. However, Table 2 shows
that the fluctuation of fixed carbon content exhib-
ited no particular trend.

The plastic-dominated RDF, at a ratio of
100:0, had a fixed carbon content 0of4.30 + 1.06%.
These values were higher than the study at the
Yingchun landfill, China, at 2.07% (Zhou et al.,
2014). In contrast, non-landfilled regular PE plas-
tic waste had a constant solid composition of less
than 0.1% (Tchobanoglous et al., 2000). There-
fore, the high fixed carbon content of landfilled
plastic components could be attributed to a lig-
nin-containing impurity given by LMM biomass.
A biomass proportion in the form of the W+GW
component of the LMM at 16.91— 19.17% in this
study (Prihartanto et al., 2023a) was higher than
in Yingchun at 2.43% (Zhou et al., 2014), poten-
tially contributing to the higher fixed carbon con-
tents than in Yingchun.

Table 2 shows that increasing the W + GW
component portion approaching 100% will in-
crease a fixed carbon content to above the RDF
quality standards of 5%. However, this effort will
escalate the ash content to above RDF quality
standards of 25% and reduce the CV approach-
ing the minimum value. Therefore, the optimum
ratio was set at 40:60 to achieve the highest CV
while complying with RDF quality standards for
ash and fixed carbon contents.

Despite being affected by the LMM’s age and
composition, raising fixed carbon content remains
a challenge for improving RDF quality in the fu-
ture. Higher fixed carbon content results in longer
combustion retention times, resulting in a rapid
and more intense thermal response (Mboowa et
al., 2017; Nasiri et al., 2023). The fixed carbon
content of RDF in present study, India, China,
and Iran were 3.19-6.43%, 3.1-8.1%, 2.10%, and
2.85%, respectively (Cheela et al., 2021; Nasiri
et al., 2023), some of which were categorized as
low-quality RDF below 5% and needed improve-
ment. The addition of zeolite to RDF pellets has
been proven to increase the fixed carbon content
by 2.85% to 3.70% (Nasiri et al., 2023).

Chlorine content

The chlorine content of RDF slightly fluctuat-
ed in the range 0.082 +0.004—0.129 £ 0.009%, and
at the optimum ratio was 0.129 + 0.009%, meet-
ing all RDF quality standards of 0.2—1% (Saha et
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al., 2017; Paramita et al., 2018; Ismawati et al.,
2022; Itsarathorn et al., 2022; Pakpahan, 2024).
RDF quality standards for the cement industry
and coal-fired steam power plant are aligned with
chlorine content. The RDF chlorine content stan-
dards for the Indonesian cement industry is 0.8%
(Solusi Bangun Indonesia, 2019), while coal-fired
power plants use 0.2—1% (Ismawati et al., 2022).
Therefore, the results of this study complied with
both industrial quality standards.

Previous research has identified plastic, spe-
cifically PVC, as a primary source of chlorine in
MSW (Ma et al., 2020). Therefore, the high plas-
tic content should contribute to the high chlorine
content in RDF. However, Table 2 shows the low
and constant chlorine content without any par-
ticular trend. A low chlorine content below the
standards indicates a small portion of PVC in
the composition of plastic components. A narrow
fluctuation was probably caused by the uneven
distribution of samples collected during the study.

The combustion of an excessive chlorine
content in kiln or boiler at a temperature of 200—
800 °C potentially generates PCDDs/PCDFs
(Zhang et al., 2015; Safavi et al., 2021; Kanio-
wski et al., 2022). PCDDs/PCDFs are catego-
rized as persistent, bio-accumulative, and toxic
pollutants that cause human health problems
(Picone et al., 2020). These pollutants exposures
to human cause obesity, skin diseases, immune
and nervous system disorders, negative effects
on reproduction, teratogenicity, endocrine dis-
ruption, and a predisposition to cancer (Loga-
nathan and Masunaga, 2009). Therefore, low
chlorine contents of RDF in this study indicated
a minimum risk of PCDDs/PCDFs emissions
produced during the combustion of RDF in the
cement kiln and coal-fired steam power plant’s
boiler. However, when the chlorine concentra-
tion raised exceeding the quality standards, air
supply and temperature adjustment during com-
bustion is required to lower the PCDDs/PCDFs
formation (Ma et al., 2020). A thermochemical
reaction of the high chlorine content of fuels and
cement raw materials at a temperature of 200—
300 °C potential to form HCI, which is corrosive
to metal constructions of power plant boilers and
rotary kiln (Zhang et al., 2015; Ma et al., 2020;
Kaniowski et al., 2022)

Using high-ash RDF with cement raw mate-
rials during the clinker formation process results
in crude clinker (Dahliar et al., 2014). The pri-
mary chemical reaction in a cement kiln converts
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calcium oxide and silicate oxide into calcium
silicate (Horkoss, 2008). Excessive chlorine in-
put to the cement kiln will damage cement qual-
ity due to the reaction between chlorine and CaO
from raw materials, which produces CaCl,. This
combination creates an excess of chlorine ions
in the cement, resulting in concrete freeze-thaw
and steel reinforcement corrosion. This condition
will eventually impact the service life and safety
of the concrete structure (Wang et al., 2019). Be-
sides, the salt compound formed from the reac-
tion between chlorine and alkali-silica generates
microcracks, causing compressive strength deg-
radation of concrete (Kara et al., 2009). A reaction
between chlorine and alkali metals or their oxides
in the cement kiln creates NaCl and KCI, which
causes the formation of low-temperature melt and
crusts, generating different levels of blockage in
the rotary kiln. (Wang et al., 2019).

The higher the kiln temperature, the greater
the chlorine content in flue gas and fly ash. The
chlorine was primarily found in flue gas and re-
sidual solids, with fly ash content of less than
3.5% (Wang et al., 2019; Ma et al., 2020). At a
cement kiln temperature of 1100 °C, increasing
the chlorine concentration above 0.50% causes
an increase in chlorine in flue gas, followed by a
decrease in residual solids due to the decrease in
Ca/Cl and CaO de-chlorination efficiency in the
cement kiln. Besides, the chlorine content in flue
gas and fly ash escalates as retention time increas-
es from 0 to 30 minutes, then stabilizes after 30
minutes due to the termination of chlorine release
(Wang et al., 2019).

Sulfur content

Table 2 shows that sulfur content of RDF
fluctuated in the range 0.039 + 0.005% — 0.060
+ 0.001%, and at the optimum ratio was 0.058
+ 0.004%, meeting all RDF quality standards of
0.1-1.5% (Saha et al., 2017; Paramita et al., 2018;
Ismawati et al., 2022; Itsarathorn et al., 2022; Pak-
pahan, 2024). RDF sulfur contents were nearly
similar for all ratios, with no particular trend. A
narrow fluctuation of sulfur contents was most
likely due to the uneven distribution of samples
during the study. The primary sources of sulfur in
LMM include food waste, paper, and wastewater
treatment plant sludge (Ko et al., 2015), as well as
from cover soil material.

The sulfur content of RDF was predicted
to emit SO, content below the emission quality
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standards for coal-fired steam power plants. How-
ever, it was necessary to anticipate sulfur contents
increasing possibility, correlated to SO, incre-
ment, exceeding quality standards in the future.
High emission of SO, may contributes to acid
rain formation, causing disserved impacts on soil
and water quality due to acidification.

The primary source of sulfur at the cement
kiln comes from cement raw materials and fuels.
Combustion of sulfur from both sources poten-
tially produces SO,. In the rotary kiln, the SO,
reacts with CaO, K,0, and Na,O (in cement raw
materials mix), reacts with the intermediate and
final crystals of clinker, or leaves a kiln as flue
gas. Besides, another undesirable possibility ap-
pears when sulfur is retained in the kiln system
as deposits, resulting in kiln system blockage
(Horkoss, 2008).

Process improvements of the RDF processing
plant

Table 2 shows that moisture, ash, and fixed
carbon contents partially exceed the RDF qual-
ity standards in Indonesia, Thailand, India, Italy,
and United Kingdom. Meanwhile CV, volatile
solids, chlorine, and sulfur contents meet these
standards. These results indicate the need for pro-
cess improvements at the RDF processing plant
to improve product quality. This improvement
was designed based on the physical and chemi-
cal characteristics of RDF. The need for process
improvement is to ensure that RDF quality meets
the cement industry and coal-fired steam power
plant standards, particularly for CV, moisture,
ash, chlorine, and sulfur contents. The process
flow was modified to obtain the optimum ratio of
RDF without significantly altering the current ini-
tial process (Figure 1).

Figure 3 shows that the proportion of rough
fraction to LMM reached 66.25% or 99.37 t d!
of the RDF processing plant’s full capacity of
150 t d! (Prihartanto et al., 2023a). The wind
sifter separated 99.37 t d! of rough fraction into
arough-heavy fraction 0f40.01 td!' and a rough-
light fraction of 59.36 t d!. Based on a ratio of
40:60, about 16.66 t d' of plastic component
was taken from a rough-light fraction, while
24.99 t d! of crushed W+GW component was
from a rough-heavy fraction. Both plastic and W
+ GW components were mixed using a mechani-
cal mixer to produce type 1 RDF. The remaining
plastic components from a rough-light fraction

of 34.66 t d! were mixed with non-plastic com-
ponents from a rough-light fraction of 8.04% to
produce type 2 RDF. The type 2 RDF analysis
was not discussed in this study. The residue of
non-W+GW components at 15.02 t d' was re-
turned to the landfill.

Figure 3 identifies additional equipment
required for process improvement, including
manual sorting equipment, crusher, mixer, dryer,
and excavator. According to an earlier study, 12
operators could manually sort 40.01 t d! rough-
heavy fraction to obtain the W+GW component
on a conveyor belt (Nafi’ah and Fadilah, 2023).
A single hydraulic excavator is sufficient for
handling RDF raw materials. For comparison,
handling 150 t d! LMM at ISWTF requires one
excavator. Because the shredder’s used capacity
was still less than 10% of its maximum capacity
of 150 t d', it is possible to use the remaining
capacity to crush W+GW components. With a
production capacity of 41.65 t d! and a working
time of 8 hours per day, a spiral mixer with a ca-
pacity of + 5 t h'! was recommended for mixing
RDF raw materials.

Additionally, the high moisture content of
RDF needs further drying to meet quality stan-
dards. Therefore, the proposed process improve-
ment includes the use of appropriate drying tech-
nology. Previous research concluded that solar
dryers are the most cost-effective option and
suited for tropical regions (Ismail et al., 2020;
Tun and Juchelkova, 2018). Although thermal
dryers have the quickest drying time, they are
recommended for use with external heat sources
or waste heat from power plants (Tun and Juchel-
kova, 2018). RDF drying experiments with con-
ventional and greenhouse solar dryers reduced
RDF moisture content from 30% to 21.58% and
16.25-17%, respectively (Arifianti et al., 2019).
Therefore, solar dryers are feasible to use for re-
ducing RDF moisture content.

During the production process, it is necessary
to carry out a careful production sorting process
at LMM to obtain the composition of RDF raw
materials with low chlorine and sulfur content.
Particular efforts to monitor RDF quality are
required to ensure RDF composition supports
optimum CV. In relation to environmental con-
cerns, setting a stable temperature above 800 °C
in the combustion zone of a furnace or boiler is
essential to reduce the environmental risks of
burning RDF. In addition, sufficient air supply
for the RDF combustion process is necessary to
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Figure 3. Proposed process improvement and mass balance of RDF processing plant

produce more HCL and less Cl,. In addition, the
use of scrubbers to control SO, emissions is cru-
cial to reduce the impact on human health and
the environment.

A previous study identified that of the 11
Southeast Asia countries, only Indonesia and
Thailand conducted LM for energy recovery
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(Marquez et al., 2019). Both countries still pro-
duce low-quality RDF (Suknark et al., 2022;
Prihartanto et al., 2023a). This study addresses
quality improvement of the RDF by adjustment
of raw material composition to increase the CV
and decrease moisture, ash, fixed carbon, chlo-
rine and sulfur contents.
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CONCLUSIONS

The optimum ratio of plastic : wood and
garden waste components for the RDF is 40:60.
At this ratio, the CV, initial moisture, air-dried
moisture, volatile solids, ash, fixed carbon,
chlorine, and sulfur contents was 25.23 MJ kg
1, 60.16%, 26.11%, 75.20%, 21.18%, 3.62%,
0.129%, and 0.058%, respectively. These re-
sults were close to their average values of 19.18
MJ kg', 57.80%, 24.98%, 75.76%, 20.05%,
4.19%, 0.104%, and 0.050%, respectively. All
values met the RDF quality standards, except
for moisture content. This condition requires an
additional drying unit in the RDF processing
plant to reduce moisture content.

Process improvements at the RDF process-
ing plant are required to accommodate the pro-
posed RDF optimization at a ratio of 40:60.
Sifting and mixing processes adjustment, either
in a sorted rough or light fraction of LMM in
the RDF processing plant, is required to obtain
an optimum ratio. By this improvement, about
16.66 t d' plastic component was mixed with
24.99 t d' crushed W+GW component to pro-
duce 41.65 t d' RDF.

Chlorine and sulfur contents of RDF met the
quality standards. However, anticipation of possi-
bilities of increasing chlorine and sulfur contents
exceeding standards needs concern, especially
when using a large extent of RDF. Burning high
chlorine and sulfur content RDF in furnaces and
boilers at unsuitable temperature increases risks
to the production process, product quality, and the
environment.
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