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Abstract

Using thermal treatment in the waste management process has advantages such as reducing
volume and the possibility of energy recovery. There are several incineration technologies
with different characteristics and potential. Incineration, however, requires efficient
environmental control to reduce associated risks, such as the emission of harmful compounds.
The paper aims to compare solid waste treatment processes in grate and fluidized bed
incinerators based on technical and environmental characteristics. For this purpose, a
bibliometric review was conducted, and consulting works available in the scientific literature
describe the waste treatment process with these two technologies. The searches were carried
out in the Web of Science and Web of Knowledge databases using the following search
engines: “fixed grade incinerator,” “grate incinerator” and “fluidized bed incinerator”. Grate
incinerators present a range of elective waste for treatment compared to fluidized bed
incinerators, as they do not require homogeneous waste. The study compared solid waste
incineration in fixed grate and fluidized bed furnaces. While promising for sludge treatment,
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the fluidized bed technology may require pre-treatment, increasing costs and limiting its use
to larger facilities. Fixed grate furnaces can handle a wider variety of waste without this
additional step but generate more halogenated compounds when plastic waste is present.
These technologies were primarily studied in Asia and Europe, where landfill space is limited
and more significant potential for energy recovery exists. Adopting these technologies in
other regions depends on waste characteristics, economic conditions, and environmental
impacts.
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1. Introduction

Solid waste incineration is a treatment process to reduce the volume and risks associated with
dangerous waste. To this end, the waste is oxidized at high temperatures [1]. This treatment also
offers the potential for energy recovery [2] and the extraction of mineral resources [3]. However,
incineration poses significant environmental risks, mainly due to generating and releasing gaseous
effluents that may contain hazardous substances. These include dioxins [4], highly toxic compounds
with potential long-term health impacts, and heavy metals [5], which can accumulate in ecosystems
and pose severe environmental and human health threats. Releasing these harmful substances into
the atmosphere raises concerns about air quality and the health of humans and ecosystems. Soil
and water contamination are also environmental issues related to this waste treatment [4]. Thus,
incineration impacts multiple aspects of the environment.

Incineration plants can treat various types of waste, including urban solid waste, sludge from
effluent treatment plants, industrial waste, and healthcare waste (HCW) [1]. This diversity in the
composition of treated waste results in variations in the incineration technologies used and the
emission of greenhouse gases (GHGs) [6].

Compared to the levels recorded in Latin America and the Caribbean, the largest share of
incineration among solid waste treatment methods is found in Europe and the USA [7]. In Brazil,
incineration treated 7.9% of agricultural pesticide packaging in 2021 [8], and 43.4% of HCW in the
same year [9]. However, regarding municipal waste treatment, a study indicated that generating
energy through incineration is economically unfeasible due to Brazil’s energy tariffs, requiring
government intervention to increase the competitiveness of this waste treatment technique in the
country [10]. It is also worth noting that the diversion of recyclable materials to incineration reduces
the availability of recycling materials, which increases the demand for raw materials and energy.
Recycling is a process with lower energy consumption than thermal treatment [11].

Incineration is one of the most widely used methods globally for treating pathological waste [4].
Itis also commonly adopted for municipal solid waste (MSW) in countries like South Korea and Japan
[12]. Consequently, the waste sent to incineration plants varies in composition, origin, and quantity,
and the social and geographic specificities of the generation sites also influence it.
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Waste incineration systems employ various technologies, with fixed grate and fluidized bed
incinerators being among the most prominent. Grate incinerators are the most commonly used type
in Europe, with estimates indicating that 90% of European plants rely on this technology, including
fixed and mobile grate incinerators [1]. Fluidized bed incinerators are typically applied to treat
homogeneous waste and sewage sludge. Some authors emphasize the need for pre-treatment to
ensure uniform temperature and oxygenation in fluidized bed incinerators, which is not required
for grate incinerators [1]. Another study demonstrated that both fluidized bed and grate firing
systems enhanced environmental performance and energy efficiency, yielding similar results in
municipal solid waste combustion of municipal solid waste [13].

Bottom ash is the primary solid residue from municipal solid waste incineration and contains
valuable materials such as metals, glass, and minerals. The authors discussed metal recovery in grate
incinerators, suggesting the future opportunity for metals recovered per kilogram of MSW [3].

Understanding the current usage profile of the two incineration technologies, along with a
summary of their key operational characteristics and environmental implications, can offer valuable
insights for more informed technology selection based on local demands and guide future research
direction. Therefore, this study aims to compare the scientific bibliometric data on the applicability
of solid waste treatment through incineration using fixed grate and fluidized bed furnaces. It
compares their main technical and environmental characteristics as identified through the literature
review.

The expectation is to understand the current use profile of two incineration technologies and
summarize their vital operational characteristics and environmental implications. This will provide
valuable information to assist in selecting the most appropriate waste treatment technology based
on local needs. Additionally, the study seeks to identify potential areas for future research.

2. Materials and Methods

A bibliometric review was conducted, including publications on waste incineration using the two
focus technologies: fixed grate and fluidized bed. To this end, a search was carried out using the
following keywords: "fluidized bed incinerator", "grate incinerator," and "fixed grate incinerator" in
the scientific databases Web of Science and Web of Knowledge. The term "grate incinerator" was
included to ensure the inclusion of papers focused on fixed grate incinerators, as they are
occasionally referenced under this designation. The focus was on documents that described waste
incineration processes, regardless of the type of waste treated, specifically involving incineration in
either a grate or fluidized bed system.

A systematic review was conducted as a complementary approach to provide a summary of
evidence related to a specific intervention strategy. This is achieved through applying explicit and
structured search methods, critically assessing, and synthesizing the selected information. The
systematic review followed the PRISMA guidelines [14], which provide updated reporting guidance
for systematic reviews and reflect advances in identifying, selecting, appraising, and synthesizing
studies. These guidelines have been widely used in papers within the same area [15, 16]. From this
perspective, critical studies on incineration were selected, focusing on aspects such as incinerator
type, waste type, operation conditions, and other relevant details.

The papers were identified based on the country where they were carried out, type of waste,
and the quantity of waste treated. Results were also analyzed, including the year of publication,
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research area, topics addressed, language, principal authors, and associated sustainable goals. The
techniques were compared according to the technological, economic, and environmental
specificities described in the works consulted. Aiming to interpret the study findings better, the units
for quantifying the amounts treated were standardized in tons per day (ton/d). To this end, it was
considered that the operation took place 30 days a month and operated 15 hours a day.

3. Results and Discussion

This research identified and analyzed 2474 papers published between 1964 and 2023 using
bibliometric methods. In a second phase, with more specific inclusion criteria, 535 papers were
found about fluidized bed incinerators, and 249 discussed grate incinerators. From these, 13 case
studies were selected for detailed discussion based on the inclusion criteria, describing the
operation of incineration plants using studied technologies regardless of the type of waste treated.

Despite the large volume of papers initially identified, the volume was reduced by more than
200% after inserting specific inclusion criteria. Thus, there is a noticeable gap in the scientific
literature regarding studies on waste incineration that provide detailed methodologies for different
types of incinerators. This gap presents a research opportunity to explore and better understand
the specific characteristics of waste treatment processes for each kind of incinerator.

3.1 Bibliometric Analysis

The main results of the bibliometric review are presented below, through Figure 1, Figure 2, and
Figure 3, as well as Table 1 and Table 2, consolidating the main findings of this research. Figure 1
indicates the increasing tendency of publications about the studied topic, particularly after 2010.
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Figure 1 Publication about grate and fluidized bed incinerators over the years.
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Figure 2 Publication about grate and fluidized bed incinerators according to countries
where the studies were made.
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Figure 3 Number of publications about grate and fluidized bed incinerators by related
scientific topic.
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Table 1 Publication about grate and fluidized bed incinerators by scientific journals.

Journal Record Count %
Fuel 269 10.09
Energy Fuels 203 7.61
Fuel Processing Technology 96 3.60
Energy 54 2.02
Combustion and Flame 53 1.99
Chemical Engineering Science 52 1.95
Vdi Berichte 47 1.76
Powder Technology 41 1.54
Applied Energy 40 1.50
Abstracts of Papers of the American Chemical Society 36 1.35
Industrial Engineering Chemistry Research 36 1.35
Chemical Engineering Journal 34 1.27
Combustion Science and Technology 33 1.24
Applied Thermal Engineering 31 1.16
Waste Management 30 1.12

Table 2 Publication about grate and fluidized bed incinerators by scientific journals.

Sustainable Development Goals Record Count %

07 Affordable and Clean Energy 1170 64.61%
13 Climate Action 275 15.18%
11 Sustainable Cities and Communities 158 8.72%
12 Responsible Consumption and Production 129 7.12%
06 Clean Water and Sanitation 26 1.44%
03 Good Health and Well Being 25 1.38%
02 Zero Hunger 24 1.33%
15 Life on Land 4 0.22%

Figure 2 highlights the most relevant countries in terms of scientific paper production, with China
leading at 18.3%, followed by EUA (10.5%), Sweden (5.1%) and United Kingdom (5.0%). Brazil, with
only 0.44%, showed limited output, suggesting that this topic has received low priority in the
country. Publications according to the journal and topics addressed were presented in Table 1 and
Figure 3, suggesting that most research focuses on energy and fuel-related demands.

The main research areas of the scientific paper found were Engineering (36.8%), Energy Fuels
(29.1%), Thermodynamics (7.6%), Chemistry (5.7%) and Environmental Sciences Ecology (5.3%).
About language, English represented 93.1% of all papers found, followed by German (3.6%) and
Japanese (1.1%). When discussing Funding Agencies, it was reported that 205 results were
associated with the National Natural Science Foundation of China (11.1%), followed by the European
Union (1.8%). This information confirms China as the largest investor in the studied topic and,
consequently, with greater publications, as indicated in Figure 2. Analyzing the Sustainable
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Development Goals discussed in the selected papers, Table 2 shows the predominance of clean
energy and climate topics addressed.

3.2 Technologies Applications by Type of Waste and Its Technical Considerations

Grate incinerators are commonly used to treat MSW and other types of waste, such as
commercial, industrial, and healthcare waste [1]. In contrast, it is noted that fluidized bed
incineration requires waste with greater homogeneity [1], which increases the cost associated with
this technique due to the need for pre-treatment of heterogeneous waste, such as crushing and
removal of ferrous materials. The incineration of raw and untreated MSW in grate incinerators was
described in [2, 17, 18]. Hazardous waste treatment using grate incinerators was listed in [6, 18, 19].

A fluidized bed incinerator to treat commercial solid waste was verified in a privately operated
plant with an incineration capacity of 48 tons/d of waste [20]. Additionally, fluidized bed
incineration has been applied to treat sewage sludge from a domestic effluent treatment plant, with
one pilot plant having a treatment capacity of 3.75 tons/d [21]. Another study also describes sewage
sludge treatment using a fluidized bed incinerator with treatment of 45.00 ton/d of semi-dry sludge
[22]. Furthermore, a different aspect of fluidized bed sewage sludge treatment was explored,
highlighting the structural benefits of using ash from the incineration process in brick production
for civil construction [23].

The treatment of MSW by the fluidized bed after pre-treatment to homogenize the waste is
enabled using this technology [24, 25]. Another study showed that pre-treatment in a shredder
machine aims to remove ferrous materials and add small amounts of sewage sludge (5-10%) [17]. A
limitation of the use of fluidized beds is associated with the characteristics of the treated waste,
which restricts the technology to plants with greater treatment capacity [1]. On the other hand,
when a fluidized bed incinerator is integrated with an effective control system, it can significantly
enhance the efficiency of waste incineration. This combination not only improves emissions control,
reducing the release of harmful pollutants, but also simplifying the gas cleaning process. The
streamlined gas treatment lowers operational costs and makes the overall waste management
process more cost-effective while maintaining stringent environmental standards [1].

The integration of the studies technologies is also feasible. One study suggested that the portion
rejected in the pre-treatment of MSW for treatment in a fluidized bed could be treated in a grate
incinerator [17]. In this case, the amount treated in a grate incinerator corresponds to 30% of the
total received by the plant [17]. The strategy of combining the use of both treatment technologies
may represent a way of combining the potential and resolving the limitations that exist in each of
the technologies studied.

3.3 Environmental Aspects

A study listed the emission of poly-aromatic hydrocarbons (PAHs) and halogenated poly-aromatic
hydrocarbons (Cl/Br-PAHs) in the treatment of solid waste by incineration [18]. Among the
technologies analyzed (fixed grate, rotary kiln, and stoker), fixed grate incinerators showed the
highest average emissions of PAHs and Cl/Br-PAHs. No relationship was found between the emission
of PAHs and Cl/Br-PAHs and incinerator capacity or operating temperature [18]. Another study,
which examined the emission factor of PAHs during the incineration of HCW in a fixed grate and
mobile grate incinerator, found the highest emission in the one with a fixed grate, 85,600 ug/kg.
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waste compared to 24,900 pg/kg.waste [19]. Both values exceeded the emissions observed during
the incineration of MSW in a fluidized bed, which was 871 pg/kg of waste [24]. The observed
differences in emission values for organic pollutants may be attributed to the qualitative aspects of
the treated waste. In fluidized bed incinerators, enhanced control over the incineration process can
lead to reduced generation of by-products, thereby improving emission performance.

The generation and emission of PAHs is due to the composition of the treated waste, mainly
regarding the percentage share of plastic waste and the need to add auxiliary fuels [19]. Although
the fraction of PAHs with the highest carcinogenic potential was reduced by 83% due to the action
of control equipment for fixed and mobile grate incinerators (742 pg/kg.waste and 112
ug/kg.waste), these still present an emission rate significantly higher than that found in emissions
from MSW treatment in a fluidized bed (12.6 pg/kg.waste) [19]. In this way, the need to search for
improvements in the control of emissions in the treatment of HCW and the search for techniques
that aim to reduce the volume generated by this waste is reinforced.

Regarding pollution related to volatile compounds containing heavy metals in waste treatment
using fluidized beds, [21] points to the occurrence of vaporization of volatile compounds containing
Cd and Pb formed during the incineration of sewage sludge. A more significant enrichment of
compounds containing Zn and Pb was noticed in fly ashes from the incineration of MSW in a
fluidizing bed when operated with lower temperatures [25]. The presence of compounds containing
zinc at values above the regulatory limits (>1000 mg/kg) in fly ashes is found to be waste from
incinerators of this type [26].

Several studies have also focused on the emissions of greenhouse gases (GHGs) and nitrogen
oxides (NOx). One study on a fluidized bed plant reported emissions of 1,403 tons CO,eq/year.
However, the study could not determine whether the variations in equivalent carbon emissions
come from the type of incinerator used or due to variations in waste and operating conditions [20].
Another study demonstrates the importance of maintaining high temperatures at the freeboard of
fluidized bed incinerators to reduce emissions of NO,, CO, NH3 and Organic Carbon, recommending
the addition of auxiliary fuels when it is not possible to achieve these. temperatures and
guaranteeing gas homogeneity [22]. A separate modeling study on the efficiency of grate
incineration showed that increasing the initial temperature improves the efficiency of thermal
treatment. Still, it emphasized the need to maintain an optimal temperature of 473 K to prevent
increased NOx emissions and potential equipment damage [27].

3.4 Geographic Aspects

A summary of the operational characteristics of the works consulted can be seen below in Table
3, which also indicates the countries where incinerators were located, considering the 13 papers
selected for a more specific discussion.
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Table 3 Operational characteristics of the grate and fluidized bed incinerators consulted.

Reference Country Incinerator Type Waste Type Capacity

[19]* Taiwan Fixed grate Health Service Waste 0.14 ton/batch
[19]* Taiwan Moving grate Health Service Waste 1.05 ton/batch
[18]** Korea Republic Fixed grate MSW + Industrial waste 188.93 ton/d
[6] Korea Republic Moving Grate Specified Waste 44.00 ton/d
[2] Italy Moving grate MSW 1169.40 ton/d
[17] Austria Grate incinerator MSW 694.40 ton/d
[24] Taiwan Fluidized bed MSW 700.00 ton/d
[22] Germany Fluidized bed Sewage sludge 45.00 ton/d
[21] Italy Fluidized bed Sewage sludge 3.75 ton/d

[20] Korea Republic Fluidized bed Ccsw 48.00 ton/d
[26] China Fluidized bed MSW 800.00 ton/d
[25] China Fluidized bed MSW 300.00 ton/d
[17] Austria Fluidized bed MSW + sewage sludge  277.78 ton/d

*[19] does not specify the amount of waste treated per batch. ** [18] presents average data

from a plant that contains a grid incinerator among its three incinerators.

Figure 4 and Figure 5 below present the geographical distribution of the studies used in this study,

emphasizing regions. It is possible to notice a concentration of studies in Asia and Europe that use
grid and fluidized bed incinerators.

Figure 4 Geographic distribution of studies describing the use of grate incinerators
around the world.
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Figure 5 Geographic distribution of studies describing the use of fluidized bed
incinerators around the world.

Regarding geographical distribution, it is essential to emphasize that the scientific studies
discussed here focus on specific cases involving incineration processes rather than representing the
actual global distribution of incinerators. The studies mentioned reflect the locations where
scientific research has been carried out. The countries involved in these studies exhibit significant
differences in economic development and socioeconomic aspects, which can influence the
availability of resources for research and the priorities and practices in waste management. The
following paragraphs will detail the economic characteristics of the countries studied, providing
insight into how these variables can impact the results and distribution of research in waste
incineration.

In countries where land costs are high and there is limited landfill space availability, incineration
can be an economically viable solution for waste management. By significantly reducing the volume
of waste, incineration lessens the need for large landfills [13]. In countries that generally have access
to advanced technologies that make incineration more efficient and environmentally safe, facilities
can be modern and equipped with emission control systems that capture pollutants, making the
practice more acceptable from both an environmental and regulatory perspective [6]. However,
incinerators require substantial investment for construction and maintenance, which can be
prohibitive for developing countries where resources are scarce and investment priorities include
health, education, and basic infrastructure.

In developed countries, waste incinerators are designed to recover energy through electricity or
heat, which can be sold or used locally. This process transforms waste into an alternative energy
source, contributing to the circular economy and reducing dependence on fossil fuels [12]. In
contrast, underdeveloped countries often lack the infrastructure for efficient waste collection and
segregation, making sustainable incineration more challenging. The absence of proper waste sorting
at the source can result in the incineration of recyclable or organic materials, leading to economic
losses and negative environmental impacts [10].

Environmental regulation can encourage waste incineration technologies that meet stringent
environmental standards while minimizing negative impacts such as dioxin and furan emissions [15].
However, landfills are often more commonly used for waste management in developing countries,
where the cost of implementing and maintaining such technologies is high. This reliance on landfills
can cause long-term environmental issues, including groundwater contamination and greenhouse
gas emissions. Incineration, when not equipped with proper emissions controls, can worsen air
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pollution and pose public health risks [16]. Incinerators may operate to lower standards in countries
with weaker environmental regulations, resulting in hazardous emissions.

Adopting thermal treatment as a solution for waste management in a European context is
notable. Incineration is described as the way to treat more than 20% of waste generated on the
continent in 2017 [7]. It is estimated that between 120 and 720 tons/day of waste in Europe are
treated using mobile grate incinerators and between 36 and 200 tons per fluidized bed [1]. When
observing the Asian countries that are the source of studies on technology, it is noted that they have
undergone a recent and dizzying industrialization process with an increase in production and,
consequently, challenges related to solid waste management.

In the second half of the 20th century, China implemented economic reforms that encouraged
business investments, transformed the latter into market reserves, and created frameworks capable
of maintaining the rapid economic growth resulting from the process [28]. Two studies [25, 26]
highlighted that searching for waste treatment and disposal solutions is a frequent issue in the
Chinese context. The fluidized bed, the second most commonly used technology for waste
treatment in China, was presented in 38% of plants and represented 33% of incinerators in the
country [29]. One study mentions that using fluidized beds in China is associated with the co-
processing of MSW with coal due to the low average calorific potential of Chinese MSW for energy
recovery [26]. Fluidized bed plants are more prevalent in small and medium-sized cities and the
country's central and eastern portions [26].

Industrialization in Taiwan and the Republic of Korea followed similar development plans in the
post-war period, relying on state incentives for sector development that increased competitiveness
in capital-intensive and high-technology sectors [30]. Waste incineration has increasingly been used
in these countries to reduce waste volume and generate electricity [16]. Globally and in Australia,
waste management is a growing concern, with alternatives to traditional landfills being more widely
adopted. Waste incinerators offer a viable option to alleviate landfill pressure, and modern
incinerators designed to generate electricity have gained increased appeal among policymakers [31,
32]. It is also adequate to highlight our identified opportunity to discuss police and regulation,
exposure risk, and implications for public health [16].

When comparing the recyclable materials in bottom ash from a fluidized bed combustion plant
and a grate incinerator, a study in Austria focused on grain-size distribution, recyclable content
(metals, glass, and minerals), and leaching behavior [17]. Results showed that the fluidized bed
combustion produced higher-quality recyclables with less corrosion and fewer impurities in metals
and glass. However, it also generated significantly more fly ash, which is currently landfilled. Based
on these findings and the scarcity of information in the scientific literature, there is a clear need to
conduct further studies to compare these methods comprehensively.

Finally, when evaluating the method adopted in this article, the bibliometric review has proven
to be effective, offering a comprehensive overview of the topic addressed and incorporating
numerous references. This method allowed us to narrow the focus when elements of the systematic
review were applied. Similar scientific studies have also demonstrated strong results using
bibliometric reviews [33, 34].
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4. Conclusions

The study achieved its objective by comparing the applicability of solid waste treatment via
incineration in fixed grate and fluidized bed furnaces, focusing on their critical technical and
environmental characteristics. It was found that using finely separated waste in fluidized bed
incinerators may require an additional pre-treatment step, which could increase costs and limit this
technology to facilities with larger budgets and more robust infrastructures. While fluidized bed
incinerators showed potential for treating sludge from sewage treatment plants, the volatilization
of heavy metal compounds was observed during the process. In contrast, grate incinerators offer
the advantage of handling a wider variety of waste types without pre-treatment. Otherwise, this
diversity leads to a complex composition of gaseous effluent, especially related to halogenated
compound emissions.

For both technologies, most studies were concentrated in Asia and Europe, where
industrialization is well-established, land for landfills is limited, and waste generated has high
calorific value, enabling energy recovery. This highlights the connection between production chains,
spatial organization, and adopting these technologies. In this way, proposing these technologies in
other locations must consider the region's potential in terms of waste treatment and the physical-
chemical characteristics of the waste generated. The economic situation in the area must be
considered when applying the method or technology to dispose of the trash. In addition, the risk,
safety, and environmental impact are drivers for the company and government decisions.
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