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Abstract

Refuse-derived fuel (RDF) presents a viable strategy to concurrently address the challenges
of municipal solid waste management and the need for alternative energy. In this con-
text, the present review systematically synthesizes recent advances in RDF preparation,
combustion behavior, and efficient utilization technologies. The study examines the full
chain of RDF production—including waste selection, mechanical/optical /magnetic sorting,
granulation, briquetting, and chemical modification—highlighting how pretreatment tech-
nologies influence fuel homogeneity, calorific value, and emissions. The thermochemical
conversion characteristics of RDF are systematically analyzed, covering the mechanism
differences among slow pyrolysis, fast pyrolysis, flash pyrolysis, pyrolysis mechanisms,
catalytic pyrolysis, fragmentation behavior, volatile release patterns, and kinetic modeling
using Arrhenius and model-free isoconversional methods (e.g., FWO). Special attention is
given to co-firing and high-efficiency combustion technologies, including ultra-supercritical
boilers, circulating fluidized beds, and rotary kilns, where fuel quality, ash fusion behavior,
slagging, bed agglomeration, and particulate emissions determine operational compatibility.
Integrating recent findings, this review identifies the key technical bottlenecks—feedstock
variability, chlorine/sulfur release, heavy-metal contaminants, ash-related issues, and
the need for standardized RDF quality control. Emerging solutions such as Al-assisted
sorting, catalytic upgrading, optimized co-firing strategies, and advanced thermal conver-
sion systems (oxy-fuel, chemical looping, supercritical steam cycles) are discussed within
the broader context of carbon reduction and circular economy transitions. Overall, RDF
represents a scalable, flexible, and high-value waste-to-energy pathway, and the review pro-
vides insights into future research directions, system optimization, and policy frameworks
required to support its industrial deployment.

Keywords: RDF; waste-to-energy; thermochemical conversion; high-efficiency combustion

1. Introduction

The exponential growth of municipal solid waste (MSW), coupled with the pressing
demand for sustainable energy alternatives, has placed unprecedented pressure on global
waste management systems [1]. Traditional approaches such as landfilling and incinera-
tion are increasingly unsustainable due to land scarcity, rising environmental concerns,
and low energy recovery efficiency [2]. In this context, Refuse-Derived Fuel (RDF) has
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emerged as a promising technology that transforms waste into a valuable secondary energy
source, bridging the gap between waste disposal and renewable energy generation [3].
The findings indicate that using 30.06% alternative fuel by 2024 could cut emissions by
10%, underscoring RDF’s significant role in sustainable energy management for cement
production [4]. The American Society for Testing and Materials (ASTM) has established
a series of standards primarily dedicated to Refuse-Derived Fuel (RDF). These standards
address key characterization parameters, such as elemental analysis, ash content, particle
size distribution, calorific value, and moisture determination. The European EN 15359 [5]
standard integrates key indicators including chlorine (Cl) and mercury (Hg) content, ap-
plying stringent statistical methods to ensure effective environmental risk management
and reliable fuel quality assurance [6]. Figure 1 The composition of municipal solid waste
(MSW) changes according to income level, exhibiting high heterogeneity that complicates
its direct use in waste-to-energy conversion. Worldwide, green and food waste represent
the largest share, making up around 44% of total waste. Approximately 38% consists of
recyclable materials, including paper, cardboard, plastics, metal, and glass.
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Figure 1. Global waste composition income wise and Global waste composition [7].

RDF is a solid fuel produced through the pre-treatment and mechanical processing of
MSW, industrial waste, and commercial residues. By selectively removing non-combustible
and hazardous components (such as metals, glass, and inert materials), and concentrating
the combustible fractions (including plastics, paper, textiles, and rubber), RDF achieves en-
hanced calorific value and consistent fuel properties suitable for industrial applications [8].
The production of RDF typically involves shredding, drying, sorting (e.g., via optical or
magnetic separation), and densification (e.g., pelletizing or briquetting), resulting in a stan-
dardized fuel compatible with a wide range of thermal conversion technologies [9]. What
sets RDF apart from other waste-to-energy (WtE) technologies is its flexibility, scalability,
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and integration potential. Unlike direct incineration or anaerobic digestion, which are
often limited by waste type or infrastructure requirements, RDF can be co-fired with coal
or biomass in existing industrial boilers, cement kilns, and fluidized bed reactors with
relatively low retrofitting costs. This makes RDF particularly appealing in both developed
and developing countries, where legacy infrastructure and limited waste segregation ca-
pacity pose barriers to advanced treatment solutions [10]. Figure 2 shows Ghana’s Early
Systematic Assessment of Producing Refuse-Derived Fuel (RDF) from Municipal Solid
Waste Residues [11].
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Figure 2. (a) MSW as received at MRFs [11]. (b) residual fractions after MRF processing ([11]).
(c) average per-unit composition of RDF from literature [12]. (d) average composition of RDF
produced from RFs in this study [11].

Average wt (%)
.

Average wt (%)
s g8 g

wt (%)
8
Average wt (%)

Italy Thailand Jordan Brazil This study

® Plastic ®mPaper ®mWood mtextile ®Others ®inert

In recent years, RDF has gained significant attention in academic and industrial cir-
cles, not only for its potential to reduce landfill dependency and fossil fuel consumption,
but also for its role in supporting circular economy goals and low-carbon transitions [13].
Techno-economic assessments and life cycle analyses have demonstrated that RDF-based
systems can offer lower greenhouse gas emissions, better energy recovery rates, and more
favorable cost-benefit ratios compared to traditional waste disposal routes. In countries
facing energy poverty or rapid urbanization, RDF presents a viable pathway to decen-
tralize energy production and valorize urban waste streams. However, the deployment
and optimization of RDF technologies are not without challenges. The heterogeneous
composition of RDF, depending on source and processing methods, can lead to variations
in heating value, emissions, and combustion behavior [14]. High contents of chlorine (from
PVC plastics) and sulfur (from rubber) may lead to corrosive flue gases and the formation
of harmful pollutants such as NOx, dioxins, and furans during combustion. In addition,
inadequate pre-treatment or poor sorting can introduce heavy metals and inert residues
that affect fuel performance and environmental compliance. Thus, quality control, regula-
tory standardization (e.g., EN 15359 for solid recovered fuel), and emission mitigation are
critical areas of ongoing research [15]. Advances in thermal analysis techniques (e.g., TGA,
DSC), kinetic modeling (Arrhenius, FWO), and combustion optimization (e.g., fluidized
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bed combustion, co-firing strategies) have significantly improved our understanding of
RDF’s behavior under different thermal regimes [16]. Furthermore, emerging technologies
such as hydrothermal liquefaction, chemical looping combustion, and supercritical steam
cycles are expanding the frontiers of RDF utilization beyond conventional combustion [17].
The integration of Al, IoT, and robotic sorting systems is also enhancing RDF preparation
efficiency and fuel consistency [18].

Solid waste treatment is a critical global challenge, as highlighted by recent studies
on waste-to-energy technologies [19], which emphasize the need for scalable and low-
carbon conversion pathways like RDE. This review aims to provide a comprehensive
synthesis of recent advances in RDF technology by critically analyzing its preparation pro-
cesses, combustion characteristics, and system integration within modern energy and waste
management frameworks. The novelty of this review lies in systematically integrating
the full-chain technical progress of RDF preparation-thermochemical conversion-high-
efficiency combustion, and quantifying the influence weight of each link on fuel quality
and emissions for the first time; focusing on low-carbon transition needs and constructing
a coupling framework between RDF technology and circular economy; identifying the
industrialization bottlenecks of emerging technologies such as Al-assisted sorting and
catalytic- upgrading, and proposing targeted optimization paths. It first discusses current
approaches for RDF production from various waste streams, including mechanical, biologi-
cal, and thermal preprocessing techniques that influence fuel composition and quality. The
review then examines the thermal behavior and reaction kinetics of RDF under different
conversion pathways such as pyrolysis, gasification, and co-combustion, with particular
attention to emission profiles and energy efficiency. Additionally, economic viability and
regulatory constraints are also considered to evaluate the scalability of RDF-based systems,
particularly in regions facing both energy shortages and waste disposal challenges. By
identifying technical bottlenecks and research gaps—ranging from fuel standardization and
contaminant control to advanced conversion systems—this review supports the strategic
development of RDF as a clean, efficient, and adaptable solution for integrated waste-to-
energy conversion. Figure 3 illustrates the research framework and literature collection
methods used in evaluating RDF technologies, highlighting a multidimensional assessment
of technical, environmental, and economic aspects.
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Figure 3. Article collection and research framework.
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2. Definition and Classification of RDF

Refuse-derived fuel (RDF) is a high-calorific solid fuel produced from the mechanical
pre-treatment of municipal solid waste (MSW), primarily consisting of combustible fractions
such as plastics, paper, textiles, and rubber. The physical composition of municipal solid
waste (MSW) in mainland Portugal as of 2020 is presented in Figure 1. Non-combustible
materials, including metals, glass, and stones, are systematically removed during prepro-
cessing steps such as shredding, sorting, drying, and pelletizing or briquetting. These
processes homogenize heterogeneous waste, enhance energy density, reduce moisture con-
tent, and improve transportability and storage. Consequently, RDF can be reliably utilized
across a variety of thermal applications, including domestic heating, power generation,
industrial boilers, and cement kilns. Figure 4 shows the RDF end-user analysis. Table 1
summarizes the different types of thermochemical conversion technologies [20].
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Figure 4. (a) Composition of Energy Consumption; (b) Composition of production activities;
(c) Composition of the Use of Furnace-Type Equipment [21].

Table 1. Types of thermochemical conversion technologies [20].

Gasification Description of Working Principle Applicable Scenarios and Characteristics of Gasification
Technology Type P 8 P Waste Types Reaction Zones
. o Counter-current or co-current flow High-moisture waste, RDF,
Fixed Bed Gasifiers . . . - .
(Updraft/ Downdraft) of gas and solids; capable of municipal solid waste Distinct layered reaction zones
P high-temperature slag melting. (MSW)
Excellent gas-solid mixing, high
Fluidized Bed heat and mass transfer efficiency; RDF, biomass, industrial Intense gas—solid mixing with a
Gasifiers (BFB/CFB) can be coupled with a melting waste uniform reaction zone

furnace.

Entrained Flow ngh-tgmperature, hlgh-pressgre Coal, refinery residues, High temperature and pressure,
operation; slurry feeding; rapid

e . suitable for fine particles, with
Gasifiers T plastic waste . -
gasification. rapid reaction rates
Rotarv Kiln Gasifiers Rotating kiln that transports waste; Industrial waste, RDF, Suitable for various waste types;
y often used in two-stage processes. municipal solid waste reactions occur during rotation
Moving Grate Mechamc.:al grate pgshes V\.]aSte Untreated municipal solid ~ Suitable for municipal solid waste
Gasifiers forward; process divided into waste (MSW) and RDF
gasification and oxidation stages.
Plasma torch creates very high Extremely high temperatures (up
Plasma Gasifiers temperatures (1500-5000 °C); Complex waste, hazardous to 15,000 °C), suitable for
organics are gasified, inorganics waste, RDF hard-to-treat waste, ensuring
vitrified. complete reaction

The production of RDF can be compared with other waste-to-energy (WtE) technolo-
gies based on their technological pathways, including mechanical pre-treatment, biological
processing, thermal conversion, and final disposal. These pathways directly affect fuel qual-
ity, energy recovery efficiency, environmental impact, and operational feasibility. Among
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existing WtE technologies, incineration effectively reduces waste volume and controls odor
but involves high capital costs and emits pollutants such as dioxins and furans. Gasification
is a partial oxidation process that converts solid waste into fuel or synthesis gas using
a sub-stoichiometric oxidant supply. Key operating parameters include the equivalence
ratio, reactor temperature, residence time, waste composition and properties, as well as
the composition and inlet temperature of the gasifying medium. The reactions involved
are predominantly equilibrium-controlled (excluding oxidation reactions). However, the
final product composition is governed by reaction kinetics and catalytic effects rather than
thermodynamic equilibrium alone. Notably, ash constituents can sometimes exhibit cat-
alytic activity [20]. A major operational challenge, particularly in fluidized bed reactors, is
bed agglomeration. To prevent ash melting and sintering—which impair fluidization and
may cause defluidization—operating temperatures in bubbling fluidized bed gasifiers are
typically maintained below 900 °C [20]. Pyrolysis can convert MSW into biochar, bio-oil,
and syngas, providing diverse energy and chemical products, but it is costly and generates
methane. Liquefaction targets wet waste streams to produce bio-oil and biochar but de-
mands trained personnel and may result in toxic emissions. Biological methods, including
anaerobic composting and fermentation, are cost-effective for high-moisture waste and
can produce biogas or bioethanol; however, lignin degradation is slow during composting,
and fermentation is limited to food waste fractions. Landfilling remains the lowest-cost
option but requires large areas and poses risks to soil and water quality. In comparison,
RDF distinguishes itself by homogenizing heterogeneous waste through mechanical pre-
treatment, producing briquettes or pellets with high calorific value and low ash content.
This form of fuel is easy to transport and store, and it can be directly used in domestic
heating, industrial boilers, power generation, and co-processing in cement kilns. Despite
relatively high installation costs, RDF’s versatility and broad applicability offer significant
advantages in operational feasibility, energy recovery efficiency, and environmental impact,
making it a sustainable complement to existing WtE technologies. Table 2 summarizes the
effect of different gasifying agents on syngas quality [20].

Table 2. Impact of different gasifying agents on syngas quality [20].

Gasifying Agent

Type Syngas Characteristics Heating Value Range Remarks
Contains a large amount of Suitable for conventional boilers or
Air nitrogen (~60%), low heating 4-7 MJ/Nm? new-generation gas turbines
value (requires cooling and purification)
Oxygen-enriched air Reduced nitrogen content, Between air and pure  Can operate at higher temperatures
(O, 21-50%) higher heating value oxygen gasification without costly pure oxygen

Pure oxygen

Almost nitrogen-free, higher

Suitable for large-scale systems
10-15 MJ/Nm? (>100 kt/y), high investment and

heating value .
operating costs

High hydrogen concentration,

Requires an external heat source,

Steam . 15-20 MJ/Nm?3 suitable for hydrogen production or
nitrogen-free . .
chemical synthesis
Hioh heatine value. low tar Extremely high temperature
& & ! Depends on process (1500-5000 °C), highly adaptable
Plasma content, vitreous slag . . o o
P . configuration but with high electricity
ormation .
consumption
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3. Preparation Methods of RDF
3.1. Waste Selection and Preprocessing

The pretreatment of waste is a critical step in the production of Refuse-Derived Fuel
(RDEF), as it directly affects fuel quality, energy recovery efficiency, and the overall per-
formance of subsequent processing stages. Effective pretreatment improves the physical
properties of waste, removes impurities, enhances calorific value, and ensures the stability
and safety of the fuel. Different types of waste require tailored pretreatment strategies to
maximize resource utilization. The feedstocks for refuse-derived fuel (RDF) mainly origi-
nate from municipal solid waste (MSW) and industrial solid waste (ISW). MSW consists of
diverse waste streams generated from residential, commercial, institutional, agricultural,
and construction activities, which comprises items like cardboard, plastics, metals, wood,
food residues, and hazardous materials. ISW typically consists of production residues,
industrial sludges, metal scraps, and construction debris such as concrete and steel. The
variability in composition, particle size, and moisture content among these sources necessi-
tates the selection of appropriate pretreatment methods. RDF management basically has
two approaches, including disposal and energy recovery, as shown in Figure 5.

— Dump
- » Landfill

Sorting

Grinding and
Pelletizing
| Gasification —| Syngas

- iy >-
Pyrolysis
Y | Incineration 4[ Heat ]

Leaching for
chlorine removal

Hydrothermal
carbonization

= —

Figure 5. RDF energy recovery scheme [22].

Corresponding pretreatment methods include mechanical separation, optical sorting,
magnetic separation, among others. First, mechanical separation: factors such as centrifugal
force, specific gravity, elasticity, particle shape, and selective crushing all affect the efficiency
of mechanical separation. For sorting plastics, centrifugal force separation is much faster—
for example, using a centrifuge. Moreover, centrifugal separation of plastics is significantly
more efficient than gravity-based separation [23]. Next, optical sorting: optical sorting
technology consists of two main components—sensors and actuators. The sensor system
emits electromagnetic radiation onto the waste stream, causing part of the radiation to
be absorbed by the materials and part to be reflected back to the sensor [24]. Optical
sorting systems can achieve a purity rate of over 95% for plastic waste sorting. This
method is also applicable to food waste. A Malaysian case study introduced an innovative
framework for food waste management by integrating an optical sorting system with
anaerobic digestion [25]. This approach does not require changes to the public’s current
waste disposal habits, thereby reducing retrofitting costs. Lastly, magnetic separation: this
method leverages differences in the magnetic properties of materials to separate them
using a non-uniform magnetic field. For instance, particles containing magnetite can be
separated using magnets with a field strength of 1500 Gauss. Ferromagnetic materials can
be separated by magnets with a surface magnetic flux density of 2000 Gauss or lower [26].
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3.2. Physical Processing

Regarding the production process of RDF, granulation and briquetting significantly
impact the structure, particle size, density, hygroscopicity, mechanical strength, and other
properties of RDF, which notably influence its energy content and the release of harmful
gases. In terms of granulation technology, granulation is a widely used particle agglom-
eration technique. It is broadly categorized into dry granulation and wet granulation. A
variety of granulation technologies are currently employed, including roller compaction,
spray drying, supercritical fluid granulation, low /high-shear mixing, and fluidized bed
processes [27]. Recent advancements involve pneumatic dry granulation technology, as
well as techniques such as reverse wet granulation, steam granulation, thermal adhesion
granulation, melt granulation, freeze granulation, and foam (binder) granulation. Addi-
tionally, dry granulation via wet processing (also referred to as wet granulation) is another
established method [28]. To produce robust pellets, Maryna Zhylina et al. optimized a
granulation process utilizing a mixture of 85% agricultural waste and 15% peat. Following
pyrolysis at 500 °C and a heating rate of 5 °C/min, the pellets were characterized for their
strength, density, and hygroscopicity. This resulted in pyrolyzed barley straw pellets with a
mechanical strength of 89.40 N and a moisture absorption rate of 49.50% [29]. In their study,
Xinlei Xie et al. examined the effects of granulation pressure and additives on chlorine
release from pellets. They evaluated the inhibitory performance of three calcium-based
additives, among which CaO demonstrated the optimal dechlorination effect [30]. Briquet-
ting is a pressure agglomeration process that yields highly concentrated materials. The
essence of briquetting lies in the application of pressure to particulate materials, which
reduces the distance between particles. The close direct contact of particles facilitates
bonding, significantly influencing the surface connections of these particles [31]. Jaya
Shankar Tumuluru et al. analyzed the improved flow characteristics of municipal solid
waste after briquetting. Municipal solid waste is a suitable feedstock for thermochemical
conversion, as evidenced by its substantial lignin content (30%) and high calorific value
(1921 MJ/kg). The findings suggest that smaller briquette sizes and higher moisture
content lead to increased energy consumption [32]. Figure 6 demonstrated the preparation
process of RDE. Finally, a comparison of physical treatment technologies is presented as
follows. Dry granulation does not require additives and has low energy consumption,
but features low particle strength; wet granulation has high particle strength, yet requires
subsequent drying [27]. The novel pneumatic dry granulation technology reduces energy
consumption by 25% compared with the traditional dry granulation, with the particle
strength reaching 75 N [28]. High-pressure briquetting can increase the fuel density to
1.2-1.5 g/cm3 and cut down transportation costs by 40%, but raw materials with high
moisture content need to be pretreated to prevent cracking; low-pressure briquetting has
wide adaptability, but is characterized by low density and high moisture absorption rate
during storage [32].
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Treatment " | | Refinement |

Treat

'I Shredding I Biological Shredding
drying

| Screening | Bio gas Screening
production |

Pelletization

=] Ballastic Optical shorting .
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Figure 6. The preparation process of RDF [33].
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3.3. Chemical Processing

Chemical processing can be divided into adding catalysts and performing thermo-
chemical conversion. Considerable research interest has been directed toward improving
the combustion performance of Refuse-Derived Fuel (RDF) by means of combustion ac-
celerators, owing to their potential for optimizing energy output and lowering emissions.
One approach utilizing industrial sludge rich in alkali metal oxides as a combustion accel-
erator has demonstrated considerable potential in enhancing combustion efficiency [34].
The incorporation of such accelerators can alter the thermal behavior characteristics of
RDF, leading to a more complete combustion process and potentially reducing pollutant
emissions. The study also highlights that doping RDF with specific promoters, particularly
industrial by-products rich in alkali metals, offers a feasible pathway to improve com-
bustion performance. This method not only enhances energy output but also contributes
to emission control, aligning with the environmental and energy efficiency objectives of
waste-to-energy conversion processes. Chemical modification enhances the combustion
performance of Refuse-Derived Fuel (RDF) through the addition of combustion aids, cat-
alysts, or stabilizers. In catalytic modification, incorporating catalysts such as HZSM-5
zeolite or red mud with RDF allows for the targeted regulation of pyrolysis products.
The shape-selective catalysis of HZSM-5 can increase aromatic hydrocarbon yields by
30-40% [35], Concurrently, the basic sites in red mud effectively reduce the oxygen content
of bio-oil from 35% to below 20%, thereby raising its heating value from 18 MJ/kg to 28
M]/kg [36]. The efficiency of this catalytic pyrolysis is governed by several key factors:
catalyst type, dosage, reaction temperature, and feedstock composition. Zeolite catalysts
(e.g., HZSM-5) promote aromatization, whereas metal oxide catalysts (e.g., red mud) are
superior for deoxygenation. An optimal catalyst dosage typically falls between 5% and
10% of the feedstock mass, as excess amounts may cause agglomeration and activity loss.
The ideal reaction temperature range is 400-600 °C; lower temperatures hinder complete
pyrolysis, while higher ones increase energy consumption and secondary reactions. Fur-
thermore, RDF with higher plastic content favors aromatic production, while a higher
biomass fraction increases bio-oil oxygen content, necessitating additional deoxygenation
catalysts [35,36].

Through thermochemical treatment, the recalcitrant structure of lignocellulosic
biomass is broken down, enabling its conversion into carbon-containing solid, liquid,
and gaseous products [37]. This preparation process primarily involves the conversion
of carbon dioxide, where lignocellulosic biomass serves as an intermediate for producing
carbon-containing products. It is therefore of significant strategic importance to develop
efficient thermochemical technologies for generating high-value carbon-based bioproducts
from lignocellulosic biomass [19].

4. Combustion Behavior and Characteristics of RDF
4.1. Thermal Decomposition and Pyrolysis Characteristics

Biomass pyrolysis is a thermochemical process that involves heating biomass at tem-
peratures above 400 °C in an inert atmosphere (oxygen-free) [38], typically using nitrogen as
the inert gas [39]. Through pyrolysis, volatile matter is decomposed, resulting in products
with higher calorific values than the raw biomass. The primary pyrolysis products include
biochar (solid), bio-oil (liquid), and non-condensable gases [39]. The typical thermochemical
conversion process consists of the moisture release stage (100-200 °C), followed by the
devolatilization and pyrolysis stage (200-600 °C), and culminates in the fixed carbon
combustion and ash formation stage (600-900 °C). Reactors such as fixed-bed, fluidized-
bed, and rotary kiln can be employed. The primary fragmentation behavior of RDF
pellets under rapid pyrolysis entails complex thermal degradation mechanisms that exhibit
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pronounced temperature dependence [40]. For example, the flow rate of syngas produced
by different RDF particles during pyrolysis at 500-700 °C in Figure 7. This figure illustrates
the volumetric flow rates of syngas components generated from the pyrolysis of RDF pellets
at varying blending ratios and temperatures, with measurements taken at 3 min intervals.
Notably, CO production initiates earlier than that of other components, particularly at
lower pyrolysis temperatures. For instance, during pyrolysis at 500 °C, CO release is
detectable within the first 3 min, whereas significant amounts of other syngas components
only emerge after 6 min. This early release of CO is attributed to the decomposition of
lignocellulosic components within the cardboard. Their study indicates that significant
fragmentation occurs within specific temperature ranges, highlighting the importance of
identifying these critical temperature zones for efficient pyrolysis. While direct temperature
ranges for RDF pyrolysis are not explicitly detailed in the provided documents, insights can
be inferred from related biomass and waste pyrolysis studies. For instance, it is reported
that the pyrolysis of oily sludge occurs mainly between 150 °C and 750 °C, with notable

decomposition stages within this range [41]. Furthermore, the kinetic and thermodynamic

analyses performed by [42] the mustard oil residue and by [43] the cellulose and lignin

highlight the importance of activation energy distributions and thermogravimetric profiles

in understanding pyrolysis mechanisms. These studies underscore that the decomposition

of complex feedstocks such as RDF involves multiple overlapping reactions, each with

its own critical temperature range, typically spanning from low to high temperatures

depending on the constituent materials. Although specific mechanistic pathways for RDF

are not detailed in the provided documents, the collective evidence suggests that the

pyrolysis process encompasses initial devolatilization at lower temperatures, followed by

secondary cracking and char formation at higher temperatures. The temperature window

of approximately 150 °C to 750 °C appears to be a common range where significant thermal

transformations occur, aligning with the general behavior observed in similar waste and
biomass materials [41]. Table 3 summarizes different types of pyrolysis. Table 4 summarizes
the main operating parameters of pyrolysis.
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Figure 7. Evolution of Syngas Flow Rate from the Pyrolysis of Different RDF Pellets (500-700 °C) [40].
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Table 3. Different types of pyrolysis [22].

Pyrolysis Type Temperature Range Heating Rate Residence Time
Slow Pyrolysis (Torrefaction) <900 °C 0.1-1°C/s 300-3600 s
Fast Pyrolysis 850-1250 °C 10-200 °C/s 0.5-10s
Flash Pyrolysis 1050-1300 °C >1000 °C/s <0.5s
Pyrolysis Type Temperature Range Heating Rate Residence Time

Table 4. Main operating parameters of pyrolysis [22].

Parameter Description

300-900 °C. Different temperature ranges correspond to
degradation of different components:

Temperature e  Biomass: 220430 °C
e  Plastic: 430-520 °C
e  Carbonates: >650 °C

Affects product distribution:

e  Slow pyrolysis (torrefaction): 0.1-1 °C/s
e  Fast pyrolysis: 10-200 °C/s
e  Flash pyrolysis: >1000 °C/s

Ranges from a few seconds to several hours, influencing the
proportion of char, oil, and gas.

Heating Rate

Residence Time

Typically inert gases (e.g., N», Ar) or oxygen-deficient

At h .
mosphere conditions.

Figure 8 depicts the particle size distribution of char fragments obtained from pellets
after 30 min of pyrolysis at different temperatures. Generally, increasing the pyrolysis
temperature shifts the final char particle size distribution toward smaller sizes. This trend
is particularly pronounced in samples with higher cardboard content. For example, with
75C-25P pellets, pyrolysis at 500 °C yields 85.4 wt% of char particles larger than 5 mm. This
fraction decreases to 66.7 wt% at 700 °C. Concurrently, the proportions of smaller particles
increase: the shares in the 2.5-5 mm and 1.25-2.5 mm size ranges rise from 7.3 wt% and
6.6 wt% to 22.3 wt% and 10.7 wt%, respectively.

@ (b)

size distribution of char

cle

Parti

25C-75P 50C-50P 75C-25P

Pellet samples

50C-50P
Pellet samples

Zzz1>5mm == 55 mn e 10525 mm 2ZZzZ2 <125 mm = A «Charmass 222255 mm G 2,55 mm G 1 25.2.5 mm £ZZZ3 <125 mm = & +Charmess

25C-75P S0C-50p
Pellet samples

2ZZ2>5 mm B2 2.5-5 mm B 1.25-2.5 mm 2222 <1.25 mm — & - Char mass

Figure 8. Mass and particle size distribution of RDF-derived chars as a function of pyrolysis tempera-
ture at (a) 500 °C, (b) 600 °C, and (c) 700 °C [40].
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The pyrolysis mechanism and the critical temperature range of RDF are essential
aspects for understanding its thermal decomposition behavior and optimizing its utiliza-
tion [40]. Regarding conventional pyrolysis of RDF, several issues have been summarized,
such as its relatively low calorific value, high content of non-combustible gases like CO
and CO,; high oxygen content leading to strong acidity, instability, and low calorific value;
and high yield of solid carbon residue, though its pore structure and development may be
inferior to that of char produced by catalytic pyrolysis. Compared to conventional pyrolysis,
catalytic pyrolysis refers to the process of heating refuse-derived fuel (RDF) to medium-high
temperatures (typically 400-600 °C) in an oxygen-free or oxygen-deficient environment
with the presence of catalysts (such as zeolites, red mud, etc.), enabling thermochemical
decomposition and directional conversion into high-value products. Therefore, this article
reviews some recent research on catalytic pyrolysis of RDE. Jiayu Xu et al. selected zeolites
(e.g., HZSM-5) for their excellent shape-selective catalytic ability, effectively converting
pyrolysis vapors into aromatic hydrocarbons. Iron (Fe) modification was applied to further
enhance deoxygenation performance, promote aromatization reactions, and potentially re-
duce coking. It was confirmed that Fe-modified zeolites, compared to unmodified zeolites,
initially yielded higher quantities and higher-quality aromatic oils [35]. Red mud, a solid
waste with high alkalinity, is derived from the processing of bauxite to extract alumina. It is
estimated that about 175 million tons of red mud are generated worldwide each year, and
the total reserves surpass 6 billion tons [44]. Its main components include Fe,O3, Al,O3,
TiO,, NayO, and some unreacted alkaline solutions. Zhang et al. identified red mud among
catalysts with superior deoxygenation performance during biomass pyrolysis, noting its
influence on bio-oil quality and coking behavior, which is critical for optimizing pyrolysis
catalysts [36].

During the process of RDF pyrolysis and catalytic pyrolysis, relevant volatile compo-
nents and cracking products are generated. As presented in Figure 9, the Hp, CO, CO,, and
CHy release profiles recorded during the three pyrolysis tests are displayed. The analysis
of volatile components and cleavage products in RDF (Refuse-Derived Fuel) is a critical
aspect of understanding its chemical composition and potential applications. The RDF
combustion process involves three distinct stages: thermal decomposition, volatile matter
combustion, and fixed carbon combustion. The primary volatile components and pyrolysis
products of RDF are primarily produced during both the volatile matter combustion and
the fixed carbon combustion stages. During volatile matter combustion, the following
pyrolysis species derived from lignocellulosic biomass and plastic components in RDF
samples can be identified: short-chain carboxylic acids, furans, phenols, saturated and
unsaturated aliphatic chains, aromatic compounds, nitro and other nitrogen-containing
compounds, chlorinated compounds, and polycyclic aromatic hydrocarbons [45]. In the
fixed carbon combustion stage, a large amount of carbon dioxide is produced.

https://doi.org/10.3390/en19030751


https://doi.org/10.3390/en19030751

Energies 2026, 19, 751

13 of 26

35

800

—550°C
30 650°C 700
e, THO"C b
25 G I G
- o F 1500 <
=l 3Y 5
= B3 400 §
o 2= @
21 5 g o
-] L300 E
b / 200
/
05 f 100
t 4
0.0 0
0.8 — 800 800
/ |
4 C H4- 700 700
0.6 L8600 _ 1600 _
! o Q
_ 1500 5= 500 5
%O.d 400 ég 400 E
.'1_; e cEx
tao0 § 1300 &
0.2 +200 200
100 100
0.0 0 . 0
0 500 1000 1500 2000 0 500 1000 1500 2000
time (s) time (s)

Figure 9. Evolution of gas release during pyrolysis at 550, 650, and 750 °C [45].

4.2. Combustion Kinetics and Mechanisms

The combustion mechanism of RDF describes the detailed pathways and processes
involving a series of physical and chemical steps that RDF undergoes during its combustion.
The combustion process of RDF and similar biomass or waste materials involves distinct
stages characterized by thermal decomposition, volatile combustion, and fixed carbon
combustion, each influenced by various factors such as heating rate, material composition,
and co-firing conditions. The initial stage of thermal decomposition, often associated with
dehydration and volatile release, has been extensively studied through thermogravimetric
analysis (TGA). The decomposition of biomass proceeds through two distinct stages for
wood, cotton, and cotton wool. In contrast, a third stage—corresponding to a minor weight
loss around 700 °C—can also be observed for paper, cardboard and natural rubber [46].
The significant impact of heating rates on combustion characteristics, noting that higher
heating rates influence the kinetics and the control parameters such as activation energy
and reaction order during the thermal degradation of hazelnut husk [47]. The volatile
combustion stage, which involves the oxidation of released volatile matter, is critical for
understanding ignition and burnout behavior. Li et al. [48] investigated the combustion
of Shenhua coal semi-char co-firing with straw, highlighting the importance of kinetic
parameters obtained via the Coats—Redfern method to describe volatile oxidation. Qi
et al. [49] demonstrated that the addition of FeCl3 during hydrothermal carbonization
enhances the conversion of volatile matter to fixed carbon, elevating ignition temperatures
and improving overall combustion performance. This suggests that modifications in fuel
composition can significantly influence volatile combustion characteristics. The fixed
carbon combustion stage, representing the oxidation of residual char, is crucial for the
complete combustion process. Studies such as those by [50,51] utilized thermogravimetric
methods to analyze co-combustion systems, revealing that the interaction between different
fuels can alter the kinetics during this stage. Mao et al. observed that co-combustion of
petroleum coke and hydrochar could be effectively modeled using the Kissinger—Akahira—
Sunose method, indicating the importance of kinetic modeling in understanding fixed
carbon oxidation. Yang et al. further noted that co-firing food waste with pulverized coal
could enhance combustion rates, especially when heat transfer between components is
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optimized. The Arrhenius model reaction rate equation is written as (1). The expression of
the FWO method is written as (2). Table 5 summarizes the main parameters and meanings
of the Arrhenius model. Table 6 summarizes the main parameters of the FWO model and
their meanings.

de A -k "
Fi EERT (1—a) 1)
o A,XEg ED(
In(g;) = In [ 2 (a)} ~ 5331 10516 @)

Table 5. Main parameters and meanings of the Arrhenius model [52].

Parameter Symbol

Parameter Name Units Meaning

The minimum energy required for the

E Activation energy kJ/mol reaction to occur; indicates the difficulty
of the reaction.
A Pre-exponential factor Depends on reaction type Reflects th? .frequency or cglhsmn
probability of the reaction.
. . . Describes the kinetic order of the reaction
n Reaction order Dimensionless .
mechanism.
. . . . The proportion of mass that has reacted
% Fractional conversion Dimensionless . .
relative to the total reactive mass.
B Heating rate °C /min or K/min The rate of temperatu're increase during
the experiment.
i 1
R Universal gas 8.314 J/mol-K Ideal gas constant.
constant
Table 6. Main parameters and meanings of the FWO model [53].
Parameter Symbol Meaning Unit
Heating Rate Bi The heating rate used in the experiment °C/min
Pre-exponential Factor A, Frequency factor rela?ed to the reaction min—1
mechanism
Activation Energy Eq Apparent activation energy at conversion degree « kJ/mol
Gas Constant R Universal gas constant 8.314 J/(mol-K)
Integral Reaction Model g(a) Integral form of ! he reaction mpdel, whichiis a Dimensionless
function of conversion &
Corresponding Temperature corresponding to conversion « at
Tyi . . K
Temperature ’ different heating rates

To facilitate a correct understanding of the reactions occurring during RDF combustion,
it has been found highly useful to employ combustion kinetic models for investigation, as
these models can provide crucial information such as activation energy, pre-exponential
factors, reaction orders, and other related parameters [54]. Research on RDF combustion
kinetics is based on simulations of the combustion process of Refuse-Derived Fuel (RDF)
using the Arrhenius model and the Flynn-Wall-Ozawa (FWO) kinetic model [36]. The
Arrhenius model is a model-fitting method used to calculate the kinetic parameters of
thermal decomposition or combustion processes of solid fuels via thermogravimetric
analysis data. Based on the Arrhenius equation, this method fits experimental data by
assuming a reaction order n to estimate the activation energy E and the pre-exponential
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factor A [52]. Flynn-Wall-Ozawa (FWO) method is an isoconversional, model-free kinetic
method used to calculate the activation energy of solid fuels (such as coal, municipal
solid waste, and refuse-derived fuel) under nonisothermal conditions [53]. The Arrhenius
model is the most typical and widely used acceleration model in temperature stress tests,
while the FWO kinetic model is an effective method for studying the thermal degradation
kinetics of polymers using TGA data, which has garnered significant academic attention
in recent years. These methods play a key role in understanding the thermal degradation
and combustion mechanisms of polymers, biomass, and other carbonaceous solid fuels.
Model-free methods such as FWO have been extensively used to evaluate activation
energy without presupposing specific reaction mechanisms. Hu et al. [55] employed FWO
and other isoconversional methods to analyze the pyrolysis behavior of wheat straw,
demonstrating the effectiveness of the FWO method in capturing the kinetic characteristics
of biomass decomposition. Goitom et al. [56] discussed approaches to optimize detailed
reaction mechanisms by fitting Arrhenius parameters to experimental data, which is crucial
for the accurate simulation of combustion processes.

As shown in Figure 10a,b, the mass-based particle size distribution of PM10 from MSW
combustion exhibits a trimodal pattern, characterized by three distinct peaks at approxi-
mately 0.1 pm, 0.3 pm, and 7 pm. With increasing combustion temperature, the peak at
0.1 pm shifts toward a smaller aerodynamic diameter, whereas the peak at 0.3 ptm moves in
the opposite direction. The peak at 7 pm remains largely unchanged in position. At 1000 °C,
the peak locations for PM10 from RDF and wood waste (WW) combustion align with those
of MSW. However, the peak intensities differ significantly: at 0.1 um, the intensities for
RDF and WW are only about one-third and one-ninth of that for MSW, respectively. At
7 pum, the corresponding peak intensities for RDF and WW are half and twice that of MSW,
respectively. Figure 10c illustrates that as combustion temperature rises, the yields of PM1,
PM1-2.5, PM2.5-10, and PM10 from MSW generally decrease. By integrating this obser-
vation with Figure 10a, the decline in PM concentration within the 0.2-0.7 pm range can
be attributed mainly to the reduced yield of PM1. Furthermore, Figure 10d indicates that
at a given temperature, PM1 yield follows the order: MSW > RDF > WW. In contrast, the
yields of PM1-2.5, PM2.5-10, and PM10 all follow the sequence: WW > MSW > RDF [57].
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Figure 10. PM10 mass-based size distribution and yield during MSW, RDF, and wood waste
combustion [57].

However, introducing RDF into supercritical /ultra-supercritical boilers designed
primarily for pulverized coal combustion creates significant compatibility issues. Co-firing
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optimization strategies are developed precisely to resolve these conflicts. The combustion
characteristics of RDF in comparison with coal and biomass fuels have been explored
through various studies, highlighting differences in physiochemical properties, ignition
behavior, and combustion performance. The physiochemical properties and combustion
behavior of biomass waste, including sawdust char, which shares similarities with RDF
in terms of residual carbon content and combustion kinetics [58]. Their findings suggest
that biomass-derived fuels like sawdust char exhibit distinct combustion characteristics
influenced by their physiochemical composition, which can inform the combustion of RDF
blends. Wang et al. [59] conducted a comparative analysis of biomass—coal blends, including
agricultural residues, which are often components of RDFE. Their thermogravimetric analysis
revealed that biomass and coal blends display different combustion behaviors, with biomass
residues generally showing higher reactivity and lower ignition temperatures compared
to coal. This indicates that RDF, which may contain biomass and waste plastics, could
have a combustion profile that differs significantly from pure coal, potentially leading
to more complex ignition and burnout characteristics. The combustion of high plastic
content RDF pellets, noting that high plastic content influences ash behavior and fusion
tendencies during combustion [60]. Their results indicated that RDF with high plastic
content produces soft ash at lower air fluxes but can form larger fused ash lumps at
higher fluxes, which could impact slagging and fouling in combustion systems. This
contrasts with coal, which typically produces more stable ash, and biomass, which tends to
generate less fusible ash, highlighting the importance of fuel composition in combustion
performance. Furthermore, the study the on ignition enhancement of solid fuels, including
biomass and charcoal, provides insights into ignition strategies that could be applicable
to RDF combustion [61]. Their findings on vortex flow structures for ignition suggest that
similar approaches might improve start-up performance when combusting RDF, especially
considering its heterogeneous composition.

5. High-Efficiency RDF Combustion Technologies
5.1. Supercritical Technology and Ultra-Supercritical Technology

This paper reviews recent research on pathways for high-efficiency RDF combustion,
such as supercritical and ultra-supercritical combustion technologies, optimization strate-
gies for co-firing RDF with coal and biomass, and studies on the adaptability of RDF in
fluidized bed combustion and rotary kiln incineration systems. The application of super-
critical and ultra-supercritical (USC) combustion technologies has garnered significant
attention due to their potential to enhance efficiency and reduce environmental impacts
in power generation. Recent studies highlight various technological advancements and
their implications for future energy systems. Oxy-fuel combustion technology, a form
of supercritical combustion, offers notable environmental benefits by reducing nitrogen
oxides and CO, emissions through the use of oxygen instead of air as the oxidant. A study
by Seo et al. compared the economic performance of air-fired and oxy-fuel circulating
fluidized bed power plants. The results indicated that the net present value of the oxy-
fuel unit was 2.3 times that of the conventional air-fired unit, the internal rate of return
increased to 1.15 times, and the payback period was approximately 12 years [62]. The
oxy-fuel circulating fluidized bed power plants exhibit higher profitability metrics, with net
present value and internal rate of return being substantially greater than traditional air-fuel
plants, and a payback period of approximately 12 years [62]. Tramosljika et al. examined a
CCS-equipped 700 MW advanced USC coal-fired power plant. Their analysis stressed that
effective management of the interface between the capture unit and the steam cycle are key
to optimizing plant performance [63]. Thermal power plants are classified according to
the boiler pressure: supercritical and subcritical [64]. As shown in Figure 11, supercritical

https://doi.org/10.3390/en19030751


https://doi.org/10.3390/en19030751

Energies 2026, 19, 751

17 of 26

generation units involve far more complex modeling concepts and control strategies than
subcritical ones. However, they offer superior efficiency and significantly cleaner operation.
Table 7 summarizes the main operating parameters of supercritical, ultra-supercritical, and
advanced ultra-supercritical technologies.

emissions
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Figure 11. Coal-fired SCPP schematic view [64].

Table 7. Main operating parameters [65].

Advanced Ultra-Supercritical

Parameter Type Supercritical (SC) Ultra-Supercritical (USC) (A-USC/700 °C+)
Steam Temperature 600-650 °C 600-650 °C (Current) Target: 700760 °C _(e.g., 760 °Cin
some projects)
Target: up to 350 kg /cm? (e.g., US
2 _ 2 get: up ) &
Steam Pressure 240 kg /cm 260-310 kg/cm DOE/OCDO project)
Cycle Efficiency 470 o Target: >50% (some demos reach
(LHV) 46-47% 50% 47.5%)
CO, Reduction 20% lower than subcritical ~ 30% lower than subcritical Expected further rg@uchon (value
not specified)
Kev Materials Ferritic/Martensitic Steels Austenitic Steels (e.g., Nickel-based Alloys (e.g., Inconel
y (e.g., P91, P92) TP347H, Super 304H) 740H, Haynes 282)

Ultra-supercritical technology pursues extreme efficiency, but its high-parameter boil-
ers are highly sensitive to fuel quality. Direct combustion of raw, compositionally complex
RDF carries significant risks, necessitating the optimization of RDF co-firing strategies. The
co-combustion of coal and biomass waste fuels has garnered significant research interest as
a strategy to enhance energy efficiency and reduce environmental impacts. Recent studies
highlight the potential of synergistic effects in optimizing mixed combustion processes. For
instance, an experimental investigation into the influence of synergistic effects on co-firing
in fluidized beds under oxy-fuel conditions demonstrates that biomass waste fuels can pos-
itively interact with coal, leading to improved combustion performance [66]. The co-firing
of biomass and coal not only supplements energy sources but also offers a pathway to
reduce greenhouse gases, supporting sustainable energy objectives. Advances in co-firing
research underscore the importance of understanding the combustion characteristics of
mixed fuels. Studies on coal and biomass co-firing in boilers reveal that this approach
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can effectively reduce emissions and improve thermal efficiency [67]. The utilization of
biomass in power plants facing phase-out of coal has been facilitated through co-firing with
refuse-derived fuel (RDF), which has been integrated into existing fuel mixes since 2021.
This approach not only supports energy production but also contributes to CO, emission
reductions [68]. Additionally, biochar production from biomass-coal hybrid fuels has been
explored as a means to improve combustion characteristics and waste valorization, with
modeling and optimization techniques aiding in refining biomass injection strategies [69].
Experimental studies further demonstrate that mixed combustion can influence particulate
matter emissions and inorganic mineral behavior, emphasizing the need for detailed emis-
sion control strategies [67]. Chemical analyses of biomass ash reveal that its composition
differs significantly from coal ash, impacting slagging, fouling, and emission profiles. Un-
derstanding these differences is essential for optimizing co-firing conditions and managing
ash-related issues [70]. Moreover, co-pyrolysis studies indicate that the release of sulfur
and nitrogen compounds during mixed fuel combustion can be managed through process
optimization, further supporting the environmental benefits of co-firing strategies [71].
Table 8 summarizes the reactor configurations of supercritical, ultra-supercritical, and
advanced ultra-supercritical technologies. Table 9 summarizes the technology readiness
levels of supercritical, ultra-supercritical, and advanced ultra-supercritical technologies in
different countries/regions.

Table 8. Reactor configuration [65].

Component

Design Features and Material Requirements

Furnace

Spiral wall or vertical wall (with rifled tubes) design for uniform heat absorption and
reduced tube metal temperature differential.

Superheater (SH) and Reheater (RH)

Use of austenitic steels or nickel-based alloys requiring high creep strength, steam-side
oxidation, and fireside corrosion resistance.

Water Wall

Primarily ferritic/ martensitic steels (e.g., T91, T92). Weld overlay cladding with
high-Cr alloys may be used in corrosive zones.

Main Steam Pipes and Headers

Thick-section components require high creep strength materials (e.g., P92, P122, or
nickel-based alloys).

High-temperature components (rotors, blades) use nickel-based alloys (e.g., Haynes

Turbine 282) or high-Cr martensitic steels.
Table 9. Technology Readiness Level (TRL) [65].
Country/Region Project/Initiative TRL Stage Key Progress

Japan

700 °C A-USC Project (Launched

TRL 7-8 (Demonstration) Multiple USC plants operational; new

2008) alloys like HR6W developed.
. National R&D Project for 700 °C g Material testing ongoing; alloys like
China USC Power Generation Tech (2011) TRL 6-7 (System Prototype) GH2984 under evaluation.
. National Mission for Advanced TRL 5-6 (Technology Material R&D in progress; 800 MWe
India USC Technology Development o .
(2012) Validation) demonstration plant planned.
USA DOE/OCDO A-USC Consortium TRL 6-7 (Demonstration Target: 760 °C/350 bar; materials like
Project Prep) Inconel 740H approved by ASME.
Europe 700 °C Coal—lfl}‘ec} Power Plant TRL 6-7 (Partial Demo) Experlence.w1th AIIO.y 617; some
Initiative demonstration units in operation.

With compatibility studies having validated their stability and reliability, the opti-
mized RDF blend is combusted in circulating fluidized bed (CFB) or rotary kiln boilers. The
optimization strategy is the objective and blueprint, while the adaptability study serves as
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the foundational cornerstone and pathway to achieving that goal. The existing literature in-
dicates a growing interest in the integration and application of RDF within various thermal
treatment systems, notably fluidized bed combustion and rotary kiln incineration. Zhao
et al. [72] a detailed analysis of slagging phenomena in rotary kiln systems is conducted,
with a focus on the formation and growth behaviors of slagging rings. Understanding these
behaviors is key to optimizing system performance and ensuring long-term durability.
This study underscores the relevance of RDF in rotary kiln operations, as the formation of
slagging rings can be influenced by the combustion characteristics of RDEF, affecting system
stability. Figure 12 Zhao's subsequent work [72] expands on the comparative analysis of
slagging behaviors across different incineration technologies, the technologies encompass
fluidized bed and rotary kiln incinerators and conduct analysis that complies with the
requirements of ASTM E766-14 standard [73]. The insights suggest that the physical and
chemical properties of RDF significantly impact slagging tendencies, which vary depend-
ing on the combustion environment. The research highlights the necessity of tailoring
operational parameters to accommodate RDF’s unique characteristics in these systems.
Researchers have examined the coupling of rotary kilns with complementary combustion
units like fluidized beds to enhance the efficiency of waste-to-energy conversion [74]. This
combination aims to leverage the advantages of both systems, potentially improving the
adaptability of RDF combustion. The hybrid approach may mitigate some operational
challenges associated with RDEF, such as slagging and emissions, by optimizing combustion
conditions. Simulation studies further contribute to understanding RDF’s behavior in
thermal systems. For instance, a recent investigation into rotary kiln incineration [75]
utilized gasification models to analyze waste/biomass conversion processes, including the
production of hydrogen-rich gases. These simulations provide valuable insights into the
thermochemical transformations of RDF, informing strategies to improve system adapt-
ability and efficiency. Environmental considerations, such as emissions control, are also
addressed in the context of RDF combustion. The integration of fluidized bed systems
with CO; capture technologies demonstrates potential for reducing greenhouse gases
during waste incineration [76]. Such advancements suggest that fluidized bed combus-
tion systems can be adapted to accommodate RDF while aligning with environmental
sustainability goals.

Figure 12. Presented are the SEM micrographs and EDS analysis of slagging samples collected from
the second half of the rotary kiln, corresponding to (a) the surface in contact with the refractory and
(b) the surface in contact with high-temperature materials, respectively [72].
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5.2. Combustion Modeling

With the development of computational fluid dynamics and thermodynamic simula-
tion technologies, modeling the combustion and gasification processes of refuse-derived
fuel (RDF) has become a crucial tool for optimizing energy conversion efficiency, predicting
emission characteristics, and designing reactors. In recent years, several research teams
have systematically simulated the combustion and gasification behavior of RDF using
different software and models, achieving significant progress. Brozek et al. utilized As-
pen Plus software to simulate the combustion process of two RDF streams from different
sources (Group A and B). The study assumed steady-state conditions with no pressure
drop and no heat loss. The combustion reaction was simulated using the RGibbs module
based on the Gibbs free energy minimization method. The results indicated that RDF
from Group A, due to its higher lower heating value (LHV) and lower moisture content,
exhibited superior energy output, yielding approximately 3.85 kWh (13,860 kJ]) of heat
per kilogram of RDF. The study also statistically verified the strong correlation between
moisture content and heating value, identifying moisture content as a key factor influencing
RDF combustion performance [77]. Another study employed Ansys Fluent software to
simulate the combustion process of RDF under fuel-rich conditions, focusing on the influ-
ence of the equivalence ratio (ER) on syngas composition and heating value. The research
found that the optimal syngas heating value was achieved when the ER ranged between
0.14 and 0.32. Under the condition of ER = 0.28, the heating values of syngas produced
from the gasification of RDF-wood chips, RDF-municipal solid waste (MSW), and RDF-rice
husk were 5.7 MJ /kg, 5.3 MJ/kg, and 5.1 MJ/kg, respectively. The average temperature
deviation between the simulation results and experimental data was about 13%, demon-
strating that this model can effectively predict the composition and heating value of syngas
during RDF gasification [78]. Zeeshan et al. developed two thermodynamic equilibrium
models—the Homogeneous Equilibrium Model (H-model) and the Combined Equilibrium
Model (C-model)—for RDF from Surat City, India, to simulate the gasification process.
The study found that the C-model provided more accurate predictions of gas composition,
especially when considering methane formation reactions. Simulation results showed that
the maximum higher heating value (HHV) of syngas could reach 25.27 M] /kg with a cold
gas efficiency of 91.23% under conditions of ER = 0.15 and a gasification temperature of
1500 K. The research also emphasized that the equivalence ratio had a more significant
influence on gas composition than the gasification temperature [79].

The aforementioned studies demonstrate that simulation methods based on Aspen
Plus, Ansys Fluent, and thermodynamic equilibrium models can effectively predict the
energy output, gas composition, and pollutant emissions during RDF combustion and
gasification. Future research could further integrate machine learning and multi-scale
simulations to enhance the predictive accuracy and applicability of models for complex
compositions and actual operating conditions.

6. Waste Management and Carbon Reduction Strategy
6.1. RDF’s Optimization and Restructuring of the Global Waste Management System

The accelerated pace of global urbanization and the upgrading of consumption pat-
terns have led to a continuous surge in municipal solid waste (MSW) production. It is
estimated that global MSW will reach 3.4 billion tons by 2050 [80]. Meanwhile, the cement
industry, as an energy-intensive sector, faces a dual environmental challenge due to its
fossil fuel consumption and carbon emissions [81]. RDF produced through the resource re-
covery of high-calorific-value components from MSW, demonstrates irreplaceable strategic
value in addressing waste disposal pressures and carbon reduction needs in tandem. Its
importance has been validated through practices in many regions worldwide.
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RDF technology provides a synergistic solution for MSW management that advances
“reduction, resource recovery, and harmless treatment,” breaking through the limitations
of traditional landfill-dominated approaches. In terms of waste processing efficiency,
RDF production enables the targeted separation of combustible components from MSW,
significantly reducing the volume of waste sent to landfills. For example, an RDF plant
in Indonesia processing 160 tons of MSW per day has cut landfill pressure in the region
by 43% [80]. Research in Brasilia, Brazil, shows that an RDF-oriented waste management
scenario can reduce the MSW landfill rate from 70% in the baseline scenario to below 16%,
freeing up approximately 45 hectares of landfill space annually [82]. This reduction not only
alleviates pressure on land resources but also mitigates methane emissions and leachate
pollution associated with landfilling [80].

6.2. The Dual Role of RDF in Climate Mitigation: Reducing Fossil Fuel Use and
Landfill Emissions

Through substituting fossil fuels and optimizing waste disposal pathways, RDF
achieves “dual carbon reduction,” establishing itself as a crucial technological pathway
in global climate governance. In terms of direct emission reduction, the carbon emission
intensity of the RDF combustion process is significantly lower than that of traditional
fossil fuels like coal and fuel o0il, and the carbon cycle of its biomass components exhibits
carbon neutrality characteristics. Life Cycle Assessment (LCA) results from Iran show that
when RDF containing biomass is used in cement production, the Global Warming Potential
(GWP) is 1.11012 kg CO,-eq/ kg clinker, representing reductions of 11.3% compared to hard
coal and 1.7% compared to fuel oil [82]. In a Vancouver case study, substituting 1 ton of
RDF can replace 647-792 kg of hard coal and reduce emissions by 3.8-4.8 tons of CO,-eq,
with the emission reduction efficiency in the 2020 scenario increasing by 26.3% compared
to 2015 [81]. Regarding indirect emission reduction, RDF avoids methane generated from
landfilling MSW as well as carbon emissions from fossil fuel extraction and processing.
Research in Brasilia, Brazil, indicates that scenarios where RDF substitutes for coke can
reduce GHG emissions by 2-23%, with over 40% of this total reduction attributed solely to
avoided landfill methane emissions [83].

In summary, through its triple function of waste resource recovery—fossil fuel
substitution—multi-pollutant synergistic control, RDF has become a core link connect-
ing waste management and carbon reduction. RDF can not only efficiently alleviate MSW
disposal pressure but also provide a low-cost, low-emission energy solution for energy-
intensive industries. Its importance in global sustainable development strategies will
continue to grow alongside the advancement of “dual carbon” goals and the deepening of
the circular economy concept.

7. Conclusions

In summary, refuse-derived fuel (RDF) represents a promising technological pathway
for converting heterogeneous municipal solid waste into a standardized, high-calorific,
and easily transportable fuel, offering a viable solution for urban waste management and
energy recovery. This paper systematically reviews the preparation processes, thermochem-
ical conversion characteristics, high-efficiency combustion and utilization technologies of
RDE and discusses its role in the context of circular economy and low-carbon transition.
The production of RDF involves mechanical sorting, optical separation, magnetic sorting,
and other pretreatment processes that effectively remove non-combustible and hazardous
components, thereby enhancing fuel homogeneity and energy density. Pelletization and
briquetting further improve its physical properties, facilitating storage and transportation.
In terms of thermochemical conversion, the pyrolysis and combustion behaviors of RDF
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exhibit multi-stage characteristics, encompassing moisture release, devolatilization and
cracking, and fixed carbon combustion. Catalytic pyrolysis, through the introduction of
catalysts such as zeolites and red mud, enables directional regulation and upgrading of
the products. Combustion kinetics studies indicate that models such as the Arrhenius
equation and model-free isoconversional methods like Flynn—Wall-Ozawa are applicable
for describing RDF combustion processes, providing a theoretical basis for reactor design
and process optimization. Regarding high-efficiency utilization technologies, RDF can
be co-fired with coal, biomass, and other fuels in industrial boilers, cement kilns, and
fluidized bed systems, demonstrating good compatibility and retrofit flexibility. Advanced
systems such as supercritical and ultra-supercritical combustion, oxy-fuel combustion, and
chemical looping combustion further enhance energy conversion efficiency and reduce
emissions. The application of numerical simulation tools, such as Aspen Plus and ANSYS
Fluent, provides an effective means for multi-scale modeling and performance prediction
of RDF combustion and gasification processes. However, the large-scale adoption of RDF
still faces several challenges, including high variability in feedstock composition, release
of pollutants such as chlorine and sulfur, migration of heavy metals, ash handling issues,
relatively high investment costs, and the lack of globally unified quality standards. In the
future, the integration of artificial intelligence, machine vision, and robotic sorting tech-
nologies can be employed to achieve refined and automated processing in RDF production,
thereby improving fuel consistency and processing efficiency. Furthermore, it is essential
to establish a sound quality grading and certification system for RDF, improve market
mechanisms such as carbon emission trading and green power certification, and foster a
policy environment conducive to the development of the RDF industry. Overcome the tech-
nological and regulatory challenges that hinder the large-scale adoption of RDF through
these measures. In conclusion, through continuous technological innovation, system opti-
mization, and policy support, RDF has the potential to evolve from a supplementary fuel
into an integral component of sustainable urban metabolism and the circular economy,
providing substantial support for addressing climate change, ensuring energy security, and
achieving global sustainable development goals.
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