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Abstract

The aim of this review is to provide a critical synthesis of peer-reviewed literature focusing
exclusively on MSWI, rather than the broader field of Waste-to-Energy, based on a search
in Scopus and a structured narrative synthesis. The methodology comprised eight Scopus
queries defined for the main analytical axes of MSWI, deduplication, screening according
to the established eligibility criteria, a layered corpus design, and domain-specific weight-
ing of evidence within the framework of a structured narrative synthesis. This yielded
5435 unique records after deduplication, from which the main time window of 2010–2026
and a layer of publications from 2019 to 2026 were extracted. The review shows that the net
balance of MSWI does not result from a single parameter or a single evaluation metric, but
from the interplay between feedstock variability, combustion management, air pollution
control (APC) configuration, residue management, and the utilisation of recovered heat
and energy. Modern APC systems have reduced stack emissions, but do not eliminate the
significance of transient states or the transfer of pollutants to fly ash and APC residues.
Bottom ash exhibits conditional potential for material and metal recovery, whilst fly ash and
APC residues remain the main constraint on recovery pathways. Environmental, climatic,
health and economic assessments remain highly sensitive to system boundaries, functional
units, counterfactual scenarios, the local energy mix, the quality of exposure reconstruction
and integration with district heating. The added value of the review lies in maintaining
MSWI as the sole analytical core and integrating the process, emissions, residues and
system assessments within a single interpretative framework focused on comparability,
trade-offs and the MSWI system balance.

Keywords: municipal solid waste incineration (MSWI); waste-to-energy; energy recovery;
energy efficiency; air pollution control; bottom ash; fly ash; life cycle assessment; district
heating; system integration

1. Introduction
Municipal solid waste incineration with energy recovery (MSWI) currently occupies a

central yet controversial position in research into municipal waste management systems.
This technology is no longer interpreted solely as a method of thermal waste disposal, but
as a component of systemic infrastructure where sanitary, energy, environmental, climate,
health and economic issues intersect. For this reason, the literature on MSWI is extensive
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but highly fragmented across studies of combustion and energy recovery, emissions and
air pollution control (APC), process residues, environmental and health assessments, and
system integration [1–4].

The importance of MSWI stems primarily from the fact that even in systems with
high recycling rates, a heterogeneous residual fraction remains, which cannot be easily
managed using material-based methods alone. The review literature consistently shows
that it is precisely in relation to such a waste stream that MSWI fulfils a technological
and sanitary function that is difficult to replace: it reduces the volume and mass of waste,
stabilises the residual fraction, enables energy recovery and reduces the system’s reliance
on landfill [1,2,5].

At the same time, the modern form of MSWI differs significantly from the historical
concept of waste incineration alone. The development of such facilities has moved from
systems focused primarily on reducing waste volume towards facilities integrated with the
recovery of electricity and useful heat, as well as increasingly advanced flue gas treatment
systems, which changes the way the technology is assessed both at the plant level and
across the entire Waste-to-Energy system [1].

Consequently, MSWI should be analysed as a multidimensional technology whose
overall impact cannot be reduced to the combustion process alone. Reviews focusing on
the circular economy and systems analysis show that interpreting MSWI as a simple energy
supplier is insufficient if one overlooks local infrastructure, the regulatory regime, the
organisation of the waste system, and the actual use of recovered heat and energy [3,6,7].
At the same time, MSWI operates within the broader field of Waste-to-Energy (WtE), but
equating these two concepts would be methodologically incorrect. Broad reviews of WtE are
useful as a technological roadmap, but they encompass processes with differing feedstock
requirements, levels of technical maturity, end products and analytical boundaries. Against
this background, MSWI retains its distinctiveness as a technology primarily handling a
heterogeneous, residual municipal solid waste (MSW) stream, which justifies treating it as
a separate subject of review [1–4,8].

The high significance of MSWI also stems from persistent interpretative tensions.
These relate to the relationship between incineration and recycling, the control of dioxins
and other trace contaminants, the properties of bottom ash, fly ash and APC residues, and
how health and climate impacts are accounted for. It is precisely this accumulation of
interrelated trade-offs that makes MSWI a technology of great practical significance, yet
one that is highly sensitive to interpretation [5,9–19].

The need for this review does not stem from a lack of review literature, but rather
from its increasing fragmentation and specialisation. Older but still useful syntheses have
effectively captured the evolution of WtE/incineration plants and the development of
municipal waste incineration in more technologically advanced regions, but they were
produced prior to the latest wave of research on the digitalisation of control systems,
decarbonisation, the selective assessment of process residues, and the role of MSWI in the
circular economy [1,2].

In the more recent literature, the field has undergone a clear thematic segmentation.
Reviews focusing on model predictive control, intelligent control and machine learning in
Waste-to-Energy systems are developing separately; similarly, there are separate reviews
on fly ash treatment and metal recovery from bottom ash, as well as the literature on
dioxins. In parallel, the number of environmental, climate and systems-level reviews is
growing. This specialisation has enriched the evidence base, but has made it more difficult
to interpret MSWI as a single systemic technology, the assessment of which requires
a simultaneous consideration of the process, APC, residues, environment/health and
economics/system [5,6,11–13,15,18–24].
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What is therefore needed is an up-to-date, critical synthesis organised around the main
dimensions of MSWI assessment and the sources of discrepancy between studies. Briefly,
previous reviews fall into five groups: broad WtE/MSW-to-energy panoramas, process-
control and combustion syntheses, emissions/dioxins/APC reviews, residue-treatment
reviews, and environmental/health/economic assessments. These works provide impor-
tant sectoral background, mechanism-specific knowledge and system-level framing, but
they remain either technology-wide or domain-specific. Broad WtE reviews mix pathways
with different feedstocks and boundaries; process-control reviews rarely close the link with
residues, health, LCA and economics; emissions and residue reviews are often pollutant-
or stream-centred; and system/health/economic reviews do not usually reconstruct the
whole MSWI train. This review, therefore, uses the review literature as a concise field map
and novelty benchmark, while the main synthesis narrows the corpus to MSWI and inte-
grates process performance, whole-train emissions, residue management and system-level
assessment [1,3,5,6,14,15,18,19,21,25–29].

Against this background, the novelty of this work lies in maintaining MSWI as the sole
analytical core and in connecting process, emissions, residues, environmental/health and
system-integration evidence within one critical framework. The review does not assume
automatic comparability of findings; instead, it identifies how conclusions are shaped
by system boundaries, functional units, feedstock structure, local energy mix, operating
conditions and data type [3–5,8,18,19,21,22,24,29].

The aim of this article is to provide a critical, comprehensive and methodologically
transparent synthesis of the scientific literature on municipal solid waste incineration with
energy recovery, based on a clearly defined set of publications retrieved from Scopus. We
are interested not only in describing the main findings but also in their conditionality,
comparability and limitations. The article therefore addresses three overarching questions:
what does the literature on MSWI show in a relatively consistent manner, where do findings
remain divergent or difficult to reconcile, and what methodological and contextual factors
explain these differences.

Understood in this way, the objective requires the clear definition of the scope of the
analysis. In the energy section, the review deliberately distinguishes between incineration
efficiency, energy recovery efficiency, local heat-use efficiency, and regulatory indicators
such as the R1 energy efficiency criterion used to classify incineration as a recovery opera-
tion rather than disposal [30]. Conflating these categories remains one of the main sources
of incomparability in the literature. In this context, the chapters on emissions, residues,
environment/health and economics are not secondary to the energy axis, but rather identify
the boundary conditions of the actual MSWI system balance.

The scope of the review has been narrowly defined to ensure the comparability of
the core MSWI. We include only the peer-reviewed scientific literature in the analysis, and
the primary focus of the synthesis remains the thermal treatment of municipal waste in
dedicated municipal solid waste incineration with energy recovery facilities. Waste-to-
Energy serves as a contextual category in the article but is not the primary focus of the
synthesis. Thus, pyrolysis, gasification, anaerobic digestion, landfill gas systems, RDF/SRF
co-incineration in cement plants, sludge incineration, hazardous waste incineration and
medical waste incineration remain outside the main scope, unless they are referred to
merely as a comparative background. Such a narrowing of the scope limits the breadth
of the field, but enhances analytical consistency and facilitates the comparison of data on
processes, emissions, residues and system integration within a single technology [3,4,8].
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2. Review Methodology
This review was conducted as a critical, comprehensive review based on a transparent

search, explicit inclusion criteria and a critical, structured narrative synthesis. This approach
is appropriate for the heterogeneous field of MSWI, encompassing full-scale and operational
studies, laboratory experiments, process modelling, LCA, risk assessment, biomonitoring
and economic studies, without artificially treating the entire body of evidence as a set
suitable for a single meta-analytical procedure [31]. For transparency in reporting, selected
elements of PRISMA-S, an extension to the PRISMA statement for reporting literature
searches in systematic reviews, and of the PRISMA 2020 Statement were used for the
identification, deduplication and screening of records [32,33]. The aim of this review was
to provide a critical synthesis of the mechanisms, trade-offs and sources of heterogeneity
within the MSWI evidence base. However, this review was not a formal systematic review,
scoping review or meta-analysis; it was not pre-registered and did not aim to quantitatively
pool results.

2.1. Databases, Search Strategy, and Time Window

The query architecture was finalised in mid-March 2026, and the final executed
searches Q1–Q8 were carried out on 27 March 2026 in the Scopus database. Scopus was
selected as a single database because it provides broad coverage of engineering, energy,
environmental science and waste-management journals, while also offering consistent
bibliographic metadata (titles, abstracts, keywords, DOI, source title, document type and
year) needed for reproducible querying, DOI-first deduplication and corpus stratification.
Combining several databases would have increased retrieval volume, but would also have
introduced heterogeneous indexing rules, duplicate structures and uneven metadata fields,
which would have weakened auditability for a critical narrative synthesis. The single-
database design was therefore a bounded choice for internal comparability and transparent
corpus construction, not a claim of exhaustive coverage. Overlap analysis across the query
families, together with review mapping and backward snowballing, suggested that the
Scopus corpus captured the main body of literature used for the 2010–2026 qualitative
synthesis within this search architecture, while some relevant publications outside this
collection may still have been missed.

The search architecture comprised eight query families (Q1–Q8): Q1 served as a broad
core query for the MSWI field, Q2 was used to map previous reviews, and Q3–Q8 organised
the main analytical domains. The full search strings are presented in the Supplementary
Materials, in the “Section S1. Full search strings”. Table 1 organises this architecture,
listing the function of each query family alongside the number of unique records and their
interpretative role.

The total volume for Q1–Q8 amounted to 17,970 hits, which, after deduplication, was
reduced to 5435 unique records covering the years 1980–2026. The main window for the
qualitative synthesis was set for the years 2010–2026 (4762 records), and the most recent
layer of publications from 2019 to 2026 was separated out (3163 records; 66.4% of the
core). The literature prior to 2010 was retained selectively as a definitional and historical
background. An analysis of query overlaps indicated that, for the 2010–2026 window, the
selection of a single database did not weaken the core of the qualitative synthesis: Q1
fully covered the process-energy, emissions/APC, residues and economics/system; the
contribution of Q2 beyond Q1 remained marginal, and the contribution of Q6–Q7 beyond
Q1 concerned almost exclusively older definitional and historical background. However,
this result should not be interpreted as evidence of complete inter-database coverage;
rather, it shows that, within the adopted query architecture, Scopus captured the core of the
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qualitative synthesis for 2010–2026, although it does not rule out the omission of individual
relevant publications outside this collection.

Accordingly, the database choice is treated below as a methodological limitation rather
than as proof of bibliographic completeness.

Table 1. The architecture of query families and their methodological function.

Family Role Unique Records 1 Coverage by Q1 New Beyond Q1 Interpretative Function

Q1 core analytical corpus 4762 100% 0 Core synthesis set.

Q2 review-mapping corpus 171 90.6% 16
(2 in 2010–2026) Review map.

Q3 topic-refinement corpus 3740 100% 0 Process-energy.

Q4 topic-refinement corpus 3104 100% 0 Emissions/APC.

Q5 topic-refinement corpus 2555 100% 0 Residues.

Q6 historical/background
corpus 1389 69.2% 428

(0 in 2010–2026) LCA/environment.

Q7 historical/background
corpus 771 60.1% 308

(0 in 2010–2026) Health/exposure.

Q8 topic-refinement corpus 1476 100% 0 Economics/system.
1 The ‘Unique records’ column refers to the number of records after internal deduplication within a given family.
The total raw volume of 17,970 hits relates to Q1–Q8 and is prior to deduplication between query families.

2.2. Eligibility Criteria, Screening, and Study Selection

The eligibility criteria were designed to ensure the comparability of the core MSWI.
Only peer-reviewed research articles and reviews directly concerning municipal solid
waste incineration with energy recovery, or segments of the system that cannot be reliably
interpreted without an explicit MSWI component, were included in the analysis. The scope
covered the combustion process, energy recovery, emissions/APC, bottom ash, fly ash,
APC residues, LCA, health risks, and economics/system integration.

The scope of the technology has been defined narrowly. Work focusing primarily on
pyrolysis, gasification, anaerobic digestion, landfill and landfill gas, sludge incineration,
hazardous waste incineration, medical waste incineration, cement co-processing, RDF/SRF
and coal or biomass co-combustion was excluded from the main scope of the synthesis
if it was not possible to identify a component specific to the core of MSWI. Publications
in the field of materials engineering were included only if they remained anchored in
the MSWI problem, reporting on the composition of residues, leachability, treatment
route, durability of immobilisation, or a real downstream use case. The main synthesis
window covered the years 2010–2026, with the most recent layer of publications from
2019 to 2026 treated separately; publications prior to 2010 were retained selectively as
a definitional and historical background. The full qualification logic is presented in the
Supplementary Materials (Tables S4 and S5).

The selection process was multi-layered: following the standardisation of metadata
and the removal of duplicates, the records were organised according to their function
within the article, as publications forming the core of the synthesis, a map of previous
reviews or older historical and definitional background; those works that were central to at
least one analytical axis of the review and sufficiently informative for the interpretation
of mechanisms, trade-offs and sources of heterogeneity were retained for direct synthesis.
The screening of titles and abstracts, as well as the full-text evaluation, was carried out
by all three authors, working on a collection of retrieved articles divided into three parts.
Borderline cases were resolved by consensus according to the criteria of eligibility and
usefulness for the analytical axes of the review. The final bibliography used directly in
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the text comprised 215 unique items, including 212 substantive sources relating to MSWI
and 3 methodological sources; this figure represents the final set of publications directly
used in the manuscript following screening and domain-specific weighting of evidence,
rather than the complete collection of all bibliographically qualified records. The detailed
screening process and the layered organisation of the source material are presented in the
Supplementary Materials (Sections S2 and S3).

2.3. Data Extraction and Evidence Synthesis

Data extraction and the weighting of evidence were guided by the logic of problem-
based critical synthesis, rather than a single mechanical quantitative procedure. In the
main text, this aspect has been limited to general principles, whilst the full extraction
matrix, domain fields and the logic of comparability assessment are presented in the
Supplementary Materials (Section S4; Tables S6–S10). The assessment of evidence quality
was domain-specific rather than based on a single universal risk-of-bias tool.

Greater interpretative weight was given to full-scale, long-term studies and works that
explicitly reported feedstock characteristics, sampling points, system boundaries, functional
units and downstream pathways, whilst less weight was given to proof-of-concept and
single-case studies, as well as publications with limited transparency regarding these
elements. When selecting publications, significant attention was paid to studies that
combined a clear definition of the object under analysis with appropriate boundary control
specific to the given domain. In process-energy studies, this primarily meant explicit
feedstock characteristics and a full-scale operational context; in emissions/APC studies: the
sampling point, operating regime and consideration of transient states; in residues studies:
a clear distinction of the stream, leaching protocol and downstream pathway; and in LCA,
health-risk and economics/system studies: transparent functional units, system boundaries,
counterfactual scenarios and sensitivity analyses. The absence of these elements did not
result in the automatic rejection of a study, but limited its interpretative weight and scope
of comparability in the synthesis. Only those conclusions that were consistent across
multiple studies representing at least one well-described class of full-scale data or several
independent classes of studies were considered robust. The ‘mixed’ category was assigned
where the direction of the conclusions clearly depended on system boundaries, functional
units, operating regimes, sampling points or the quality of exposure reconstruction. The
‘non-comparable’ category was used when differences in definitions and scenarios made it
impossible to carry out a meaningful synthesis without the risk of false comparability.

2.4. Methodological Limitations

The use of a single database is the first methodological limitation of this review.
Restricting the search to Scopus-indexed, English-language, peer-reviewed literature im-
proved corpus consistency and metadata homogeneity, but it may have excluded relevant
studies indexed elsewhere, non-English publications, and technical or regulatory materials.
Within the adopted search architecture, the overlap structure suggests that this limitation is
more likely to have omitted some peripheral or otherwise uncaptured records than to have
changed the qualitative core of the 2010–2026 synthesis. Even so, the present review should
be read as a critical synthesis of a clearly delimited Scopus-based corpus rather than as an
exhaustive representation of the entire global literature on MSWI.

The second limitation is of a terminological nature. Even a well-tuned search query
may overlook works describing an installation component without explicit use of MSWI
terminology, those employing local nomenclature, or those placing results within a broad
WtE collection without a clear distinction of technology. Mapping of previous reviews and
backward snowballing mitigate this problem, but do not eliminate it.
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The third limitation stems from the role of expert judgement in chapter-specific screen-
ing. Screening and full-text evaluation were carried out by all three authors, with borderline
cases decided by consensus; nevertheless, some decisions regarding the interpretative
weight of a publication were of an expert nature rather than purely mechanical.

The final limitation is of a structural nature. Differences in system boundaries, func-
tional units, installation classes, reporting practices and data quality mean that some of the
results are only conditionally comparable. For this reason, the methodology adopted is crit-
ical and organising in nature: its aim is not to mechanically aggregate results, but to distin-
guish relatively robust findings from conditional results that are highly context-dependent.

3. Conceptual and Technical Framing of MSWI
In the literature, the terms ‘municipal solid waste incineration’ (MSWI), ‘Waste-to-

Energy’ (WtE) and ‘energy-from-waste’ (EfW) are often used interchangeably, but they do
not refer to the same level of analysis or the same class of technological systems. Broad
definitions of WtE, encompassing incineration, gasification, pyrolysis, anaerobic digestion
and landfill gas recovery, are useful as a map of the technological landscape, but quickly
lose their value when the aim is to compare the technical, emissions and environmental
performance specific to dedicated municipal waste incineration plants. In this review, the
term MSWI is therefore used in a narrower sense: as stationary facilities for the thermal
treatment of municipal residual waste, designed primarily for a heterogeneous stream of
MSW residues and equipped with an energy recovery system in the form of electricity,
useful heat or cogeneration [1,4,8,34].

MSWI, understood in this way, does not automatically encompass all processes in
which municipal waste is used as an energy source. The difference between residual MSW
and RDF/SRF fuel with controlled specifications is not merely cosmetic but methodologi-
cally fundamental, as it alters the variability of moisture content, calorific value, chlorine
content, ash content and non-combustible matter. For the same reason, conclusions from
sludge incineration, hazardous waste incineration, medical waste incineration or cement
co-processing cannot be automatically applied to conventional MSWI. The aim of this nar-
rowing is not to artificially limit the scope, but to restrict the heterogeneity of the evidence
to a range within which the synthesis remains genuinely comparable [3,25,35].

Just as important as defining the technology itself is distinguishing the system bound-
aries. In operational studies, the boundaries of MSWI are often set narrowly, ranging from
waste intake to the point of emissions from the stack and the discharge of ash and slag;
whereas in environmental and economic studies, they are usually broadened to include
reagents, auxiliary energy consumption, metal recovery from bottom ash, transport and
management of residues, and systemic consequences in the form of energy substitution
and avoided landfill. From this perspective, a consistent distinction must be made between
technological boundaries and analytical boundaries: the former answer the question of
which infrastructure elements belong to the installation, whilst the latter determine which
consequences are attributed to the operation of that infrastructure. It is precisely at this
level that the most significant interpretative misunderstandings arise, as a plant described
as technologically ‘the same’ may receive a different net assessment depending on whether
the analysis ends at the plant boundary or also encompasses the downstream use of energy
and residues. Therefore, the efficiency of MSWI cannot be treated as a single indicator, but
rather as a system of several assessment categories: combustion quality, plant-level energy
recovery, system-level heat use, and regulatory indicators [36–41].

Table 2 outlines four levels of analysis, which, in the literature on MSWI, most often
overlap, although they should not be treated as interchangeable.
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Table 2. Main levels of analysis used in the literature on MSWI (author’s synthesis based on the
literature cited in this chapter).

Level of Analysis Typical Boundaries Dominant
Questions/Indicators Most Common Interpretative Risk

Process/combustion line
From feedstock reception to the
combustion chamber, boiler and flue-gas
train within the process line

Combustion stability, burnout
conditions, temperature
control, boiler load

Transferring ‘optimal’ settings between
installations despite differences in waste
composition and local constraints

Representative sources: [25,42,43].

Plant/installation
The whole facility together with APC,
auxiliary media, energy offtake and
plant-level residue management

Net energy, availability,
auxiliary-media consumption,
emission compliance,
quantity of residues

Ignoring the plant’s own energy use,
heat utilisation and the cost of residue
handling

Representative sources: [30,39,40,44,45].

Residue stream
Bottom ash, fly ash and APC residues
together with treatment, metal recovery
and final management

Mass share, metal recovery,
leachability, need for
stabilisation, material
suitability.

Treating all residues as a single group or
equating material valorisation with
demonstrated long-term environmental
safety

Representative sources: [18,19,46–49].

System/life cycle

Upstream waste management, avoided
landfill, substitution of energy and
materials, downstream residue
management, and alternative scenarios

GWP, net energy balance,
system costs, interactions
with recycling, sensitivity to
assumptions

Comparing studies with different
functional units, system boundaries and
credit-allocation rules

Representative sources: [26,36–38,41,50].

Figure 1 summarises this assessment logic, illustrating the transition from the tech-
nological boundary of the installation to a broader analytical and systemic boundary. In
the remainder of the study, process studies, residue-side studies, LCA, biomonitoring,
epidemiology and techno-economic assessment are treated as complementary but not
commensurable classes of evidence; their integration takes the form of a cross-cutting
interpretation of mechanisms and boundary conditions, rather than a single common
quantitative metric.

Figure 1. Conceptual architecture for the assessment of MSWI, integrating feedstock, the combustion
process, APC, residues and the net balance from environmental, climatic, health, ecological, economic
and systemic perspectives (own work). Solid arrows indicate simplified material, energy and pol-
lutant/residue flows, whereas dashed arrows indicate boundary-dependent assessment links and
net outcomes.
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4. Feedstock Characteristics, Process Fundamentals, and Energy Recovery
When analysing MSWI, the plant should be viewed as an integrated technical chain in

which feedstock preparation and buffering, combustion, heat recovery and the conditions
for further energy utilisation are all interlinked. Therefore, process and energy efficiency do
not depend on a single parameter or on the technology label itself, but on the relationship
between variable feedstock, furnace and boiler configuration, process operation, control
quality, and the actual possibility of utilising recovered heat. It is precisely this multi-
layered nature that constitutes the main source of heterogeneity in the process-energy
literature and justifies the integrated consideration of fuel, process and energy recovery
system [1,25].

4.1. Feedstock Variability and Combustion Envelope

The starting point remains the fact that municipal solid waste is not a standardised fuel.
The composition of MSW varies geographically, seasonally, organisationally and method-
ologically; it depends on income levels, consumer habits, the proportion of bio-waste, the
scale of separate collection, and the methods used for sampling, sorting and aggregating
composition categories. Therefore, two studies reporting on ‘MSW composition’ do not
necessarily describe a comparable subject, and this incomparability has direct technological
consequences, as it alters the calorific value, the renewable share of energy contained in
the waste, and the combustion conditions. Of particular importance are the interactions
between moisture content, the proportion of organic matter, ash and combustible frac-
tions; a high proportion of organic matter alone does not necessarily mean good fuel if
it is accompanied by high moisture content. This picture is further complicated by the
impact of selective collection and recycling, which alter the nature of the residual fraction
in a non-linear manner, as well as the growing role of LHV (lower heating value) and
HHV (higher heating value) predictive models, which are operationally useful but heavily
dependent on the local representativeness of the input data [51–58].

At the same time, it is worth clarifying that LHV/HHV models are no longer merely a
supplementary addition to the traditional feedstock characterisation. Research spanning
from early artificial neural networks (ANN) to newer machine learning models shows
that calorific value prediction can be carried out both on the basis of the physicochemical
composition of the waste and on the basis of operational data, which increases the plant’s
ability to detect changes in feedstock quality at an earlier stage. This does not eliminate
the problem of local data representativeness, but it clearly shifts AI/ML (Artificial Intel-
ligence/Machine Learning) from a purely descriptive role towards a role of operational
support for feedstock characterisation and process preparation [59–61].

From the perspective of thermal treatment, moisture content remains the key factor
linking the characteristics of the feedstock to the combustion process, as it influences the
drying load, ignition, bed temperature, after-burning stability and, ultimately, the usable
energy recovery. The literature agrees that a high water content reduces the effective
calorific value and increases operational sensitivity, but the distribution of moisture and
physical structure within the bed is equally important: two streams with similar average
LHV may behave differently if they differ in porosity, particle size, density and degree of
heterogeneity. Wang and Ma [62] further demonstrate that the effect of moisture content is
non-linear and coupled with the thermal parameters of the entire system; in the 600 t/d
line model, maximum incineration efficiency was achieved at a moisture content of 26.53%
and an inlet temperature of 40.86 ◦C, i.e., not with an extremely ‘dry’ feedstock, but under a
specific configuration of process conditions. For this reason, the feedstock should be treated
as an active factor determining drying, degassing, ignition, combustion and temperature
distribution, rather than as a passive background to the process [35,43,52,53,62–64].
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Taken together, feedstock quality, moisture-LHV coupling, grate and air control,
pretreatment options and the selected energy-utilisation route determine not only the
achievable energy recovery but also the comparability of reported process-energy results.
Table 3 summarises these relationships by linking the main process signals with their energy
consequences and interpretative risks.

Table 3. Key relationships between feedstock characteristics, process control and energy balance in
the MSWI literature.

Driver/System
Feature

Representative Quantitative
Signal Process-Energy Consequence Most Important Interpretative

Risk

Heterogeneity of
composition and fuel
properties

In synthetic data for China,
average MSW moisture was
48.12% (24.95–61.74%), ash 43.57%
(20.56–76.76%), and LHV ranged
from 2863 to 8847 kJ/kg [43].

Even at the feedstock level,
drying load, ease of ignition,
bed temperature and
steam-generation potential
change; ‘typical’ MSW is
therefore a weak
comparison category.

Comparisons between
installations lose meaning if the
composition and reporting basis
(wet/dry, as received/daf) are
not explicitly controlled.

Coupling of moisture
and inlet conditions

In a 600 t/d line model,
maximum incineration efficiency
reached 39.02% at 28.12%
moisture and 30 ◦C, 38.76% at
33.26% moisture and 40 ◦C, and
the global optimum 40.69% at
26.53% and 40.86 ◦C [62]

The effect of moisture is
non-linear; pretreatment and
thermal operation must be
designed jointly, not according
to the simple rule that drier is
always better.

Results are not transferable
without specifying the reference
case, inlet temperature, and the
nature of the model
or installation.

Grate and air control
as a coupled system

In the MIMO model, controlled
variables included furnace
temperature of 850–1050 ◦C,
flue-gas O2 of 2–14%, and main
steam flow of 65–85 t/h; changing
grate speed from 6 to 8 m/h
strongly altered gas composition
and the temperature field [65,66].

Steam output, burnout and
combustion stability are
outcomes of co-control rather
than of a single setpoint.

Single-parameter optimisation
readily overestimates the
importance of one driver and
conceals side costs elsewhere in
the process.

Waste-heat-integrated
pretreatment

Under torrefaction supplied by
waste heat, LHV increased to
about 9000 kJ/kg at 533 K and 30
min, and the pretreatment energy
coefficient exceeded 1 at a mass
residual rate >39.25% [67]

Recovery of low-temperature
waste heat can improve
feedstock quality, but only
when the gain from increased
LHV exceeds mass losses and
auxiliary inputs.

‘Better fuel’ does not
automatically mean a better net
balance; mass loss, source of
heat and system boundary
are decisive.

Energy-utilisation
route and result metric

Energy-recovery efficiency
increased from 11.2% in an
electricity-only system to
57.5–59.4% in district-heating
configurations and 66.8% under
exhaust-steam desalination; in
parallel, R1 for six Polish
installations averaged 0.864
(0.6696–1.0272) against a
threshold of 0.65 [30,44].

Incineration efficiency, useful
heat offtake, CHP performance
and R1 describe different levels
of system operation and should
not be used interchangeably.

Mixing power-only, CHP, and
regulatory R1 generates only
apparent contradictions in
the literature.

Abbreviations: MIMO—Multiple-Input Multiple-Output; CHP—Combined Heat and Power.

In response to the problem of high-moisture feedstock, the literature describes biodry-
ing, size sorting, pre-drying and torrefaction, including solutions integrated with heat
recovery from flue gas. Their common feature is that they can improve the fuel properties
of waste, but they do not constitute a universal system improvement, as they require addi-
tional time, infrastructure, auxiliary energy and process control. The assessment of such
solutions must therefore consider not only the quality of the fuel after treatment but also
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the net balance of the entire system and local constraints on the collection and utilisation of
waste heat [67–69].

In practice, differences in moisture content, LHV, bed structure and the quality of
input data should be regarded as the primary source of discrepancies between studies
evaluating seemingly similar plants. These factors jointly determine the control margin,
combustion stability and the potential for subsequent energy recovery, and thus define the
plant’s actual operating range [35,63,67].

4.2. Process Control, Configurations, and Combustion Performance

In most grate-fired systems, combustion is spatially distributed: the waste passes
through zones of drying, degassing, ignition of volatile matter, coke combustion and final
burning; in actual installations, these zones partially overlap and remain highly depen-
dent on the local composition, moisture content and aeration. Therefore, the operating
parameters should be interpreted as a system of coupled variables, comprising grate speed,
primary air flow and temperature, secondary air distribution, excess oxygen, waste feed
rate, boiler heat load and flue gas recirculation. A change in any one of these parame-
ters simultaneously affects drying, ignition, the combustion rate of volatile matter, the
combustion of solid residues, the temperature profile and the conditions for further heat
recovery [35,64,66,70,71].

Such strong coupling explains why MSWI is a difficult system to control. The munici-
pal waste incineration process is MIMO, non-linear, time-delayed and partially unobserv-
able, which is why classical control strategies based on a limited set of signals are often
insufficient when it is necessary to simultaneously maintain a stable temperature, good
combustion, an acceptable excess of air, and conditions conducive to energy recovery and
emission control. Hence, there is a rapid rise in interest in predictive control, data-driven
models, digital twins and advanced in situ diagnostics. At the same time, the literature
agrees that digital tools do not eliminate the physical heterogeneity of the fuel; their value
depends on the quality of feedstock information and on the ability to integrate mechanistic
models, full-scale data and calibration procedures. Zhuang et al. [35] highlight four bar-
riers that remain relevant in the latest wave of research: the lack of a single simulation
environment covering the entire process, poor model fit to real-world data, the unresolved
challenge of digital twin design, and the conflict between computational accuracy and
operational utility [22,29,35,65,72–76].

However, a new wave of research shows that AI/ML in MSWI is no longer limited
to the general concept of predictive control. In studies based on data from real-world
installations, MIMO models, event-triggered adaptive control, and whole-process and end-
edge-cloud platforms are being developed, with the aim of maintaining furnace tempera-
ture, oxygen content and other critical variables whilst reducing sensitivity to operational
disturbances. It is therefore more accurate to say that the implementation maturity of these
tools is increasing at the level of individual facilities, although the issue of transferability
between installations remains less well resolved [77–79].

In terms of plant configuration, the literature on mature MSWI plants shows a predom-
inance of grate firing, primarily due to its high tolerance for raw, heterogeneous and only
partially prepared feedstock. Fluidised bed technology may offer more favourable com-
bustion conditions and greater process uniformity, but it typically requires better-prepared
fuel and introduces additional requirements regarding pre-treatment and ash management.
Crucially, the advantages of fluidised bed technology do not automatically translate into a
clear net environmental benefit, as in both systems an extensive APC train plays a key role,
which partially offsets the differences in emissions. Therefore, a critical synthesis should
not be reduced to a simple ranking of furnace types; a more pertinent question is which
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configuration is best suited to the fuel quality, the expected level of fuel preparation and
the local waste management system [1,25].

In the more recent literature, the focus has shifted from general comparisons of plant
types towards the optimisation of full-scale grate boilers, including the selection of sec-
ondary air arrangements, modelling the bed as a porous medium, and improving opera-
tional stability in the face of increasing feedstock variability. This means that combustion
performance cannot be reduced to either incineration efficiency or throughput alone; rather,
it concerns the plant’s ability to maintain a stable thermal profile, limit the risk of in-
complete combustion, and create conditions conducive to meaningful energy recovery.
Only when understood in this way is performance comparable across configurations and
studies [25,35,42,64,71,80].

4.3. Energy Recovery Metrics and System Trade-Offs

In the literature on MSWI, the term ‘energy recovery’ is often used too broadly. How-
ever, ‘energy recovery’ can refer to electricity generation, combined recovery of electricity
and useful heat, an improvement in the system’s exergetic efficiency, or an increase in the R1
control ratio, and these metrics are not equivalent. Banaś et al. [30] clearly demonstrate that
R1 has regulatory and operational significance, but is not a simple equivalent of the thermo-
dynamic efficiency of the process; for installations commissioned after 31 December 2008,
the classification threshold is 0.65, whilst the average for six Polish plants between 2020
and 2024 was 0.864, ranging from 0.6696 in Konin to 1.0272 on average in Krakow, with a
maximum of 1.123 in 2024. At the most basic level, the energy balance of the MSWI depends
on the quality of the feedstock and the stability of combustion, but even with a comparable
combustion profile, it is also shaped by steam parameters, heat exchange, material limita-
tions related to corrosion and fouling, and the existence of actual heat consumption beyond
electricity generation itself [1,30].

In practice, combined heat and power (CHP) systems remain the most important
route to improving the utilisation of energy recovered from MSW; however, their via-
bility depends on local heat demand, the degree of integration with the energy system
and the operational organisation of the entire system, rather than solely on the boiler’s
nominal parameters. A similar logic applies to newer avenues for improving efficiency,
such as low-temperature waste heat recovery, multi-criteria optimisation of auxiliary sys-
tems, O2-enriched air, oxy-combustion, or the integration of flue gas waste heat recovery
with pre-drying or torrefaction. These solutions may improve selected energy or exergy
parameters, but they remain heavily dependent on the local heat balance and usually
entail additional energy, material and organisational costs. Consequently, electricity-only
generation, CHP/district heating, exhaust-steam use, low-temperature heat recovery, pre-
drying/torrefaction and CCUS integration should not be ranked along a single efficiency
ladder, because they improve or alter different parts of the MSWI balance and depend
on different boundary conditions, including heat demand, steam parameters, auxiliary
energy, corrosion constraints, seasonality and the displaced energy mix. Electrical efficiency,
total heat-use efficiency, R1 and exergy-based metrics should therefore be interpreted as
complementary rather than interchangeable indicators [30,44,67,81–85].

A key recurring theme in the process-energy literature remains the persistent trade-
offs. Increasing throughput and grate speed may improve the short-term energy balance,
but moving the bed too quickly reduces drying and combustion times, thereby compro-
mising thermal stability and the quality of after-burning. Similarly, biodrying, pre-drying
or torrefaction may improve the fuel properties of waste, but they do so at the cost of
greater logistical and energy complexity of the entire system. More advanced approaches
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to thermodynamic improvement also require a multi-criteria assessment, as the energy
optimum is not necessarily the economic or environmental optimum [66–68,71,82,83].

A separate tension concerns the relationship between the logic of the circular economy
and the logic of ensuring a stable supply to the plant. Selective collection and recycling are
desirable from a systemic perspective, but at the same time, they alter the mass, composition
and calorific value of the residual fraction, and thus also the combustion conditions and
the adaptation requirements of the incinerator. Therefore, the plant’s ability to operate
with increasing fuel variability becomes an advantage just as important as its nominal
efficiency. Advanced sensors, models and predictive control strategies can mitigate the
costs of this trade-off, but they do not negate the fundamental fact that MSW remains a
partially unpredictable fuel [22,29,42,54,55,72].

Two general conclusions can be drawn from this literature. Firstly, the quality of
the process and energy recovery in MSWI is determined by a chain of interdependencies,
starting with the composition and quality of the feedstock and ending with how the
recovered heat is utilised. Secondly, at virtually every point in this chain, there are trade-
offs between process robustness, energy recovery targets, flexibility in response to changes
in feedstock, and the complexity of the entire system.

These process-energy choices also define the starting conditions for the next part of
the chain: combustion stability, air staging, boiler operation and energy-recovery mode
influence the raw flue-gas profile and the initial partitioning of pollutants between gas,
particulate and solid streams, which is why Section 5 treats emissions as a whole-train
outcome rather than as an isolated stack metric.

5. Emissions, Pollutant Formation, and Air Pollution Control
Emissions remain the aspect of MSWI that most strongly shapes the environmental

interpretation of the technology and its social legitimacy. However, the contemporary
literature no longer simply asks whether an incinerator emits pollutants, but rather which
families of pollutants are formed, at which stage of the process they are controlled, and into
which streams they are ultimately transferred. For this reason, an emissions assessment
cannot be limited to stack data, as effective capture in the gas phase often results in an
increased burden on the fly ash, APC residues or liquid streams [1,39,45].

The most useful approach to this literature is therefore a whole-train perspective:
the emission profile is the result of combustion quality, the cooling process, the APC
configuration, transient conditions and the subsequent fate of pollutants, rather than a
simple function of a single device or a single stack value. This is precisely why emissions
from MSWI should not be treated as a single indicator, but as an interconnected system of
formation, capture and phase transfer [86–88].

5.1. Whole-Train Logic and Pollutant Families

From the perspective of a critical synthesis, the most important aspect is to distinguish
between the main families of pollutants. The literature distinguishes at least between acid
gases, combustion gases such as NOx and CO, metals and metalloids, persistent organic
pollutants, and particulate matter, including ultrafine particles. Each of these families
has a different process origin, a different locus of control and a different interpretative
meaning; therefore, a single parameter cannot represent the entire emission profile of a
plant [15,89–91].

The levels of acid gases are primarily a function of feedstock composition and deacidi-
fication; NOx and CO are much more closely linked to combustion quality and de-NOx
management; metals depend on volatility, speciation and partitioning between bottom ash,
fly ash and APC residues; and dioxins reflect post-combustion chemistry and the behaviour

https://doi.org/10.3390/en19112698

https://doi.org/10.3390/en19112698


Energies 2026, 19, 2698 14 of 43

of particulate matter, whilst particulate matter requires an assessment that goes beyond
mere dust mass. The most important question is therefore not ‘how much does MSWI
emit?’, but how different pollutant families are formed, captured and transferred between
gas, dust and residues [14,70,90–93].

This distinction has direct practical implications. For metals, it is crucial to distinguish
between stack abatement and transfer to residues; for mercury, speciation and adsorption
are also significant; and for particulate matter, fractional distribution and particle chemistry
are key. Dioxins retain their status as a sentinel pollutant not because they describe the
entire emission profile, but because they integrate feedstock quality, combustion stability,
cooling profile, and the behaviour of the entire APC train exceptionally well [14,15,91–95].

Therefore, the environmental significance of modern MSWI does not lie in a simple
shift from ‘high emissions’ to ‘low emissions’, but in a change in the assessment logic:
from mere stack compliance to the question of where in the system pollutants are actually
controlled and into which streams they are transferred.

From this perspective, stack data are a necessary but insufficient condition for a
comprehensive interpretation. The emission profile must be read in conjunction with
feedstock quality, reagents, cooling behaviour, filtration, residue-side burden and any
liquid streams; only such an approach allows for the comparison of installations without
false simplicity [39,45,86,87]. Table 4 is therefore used as an interpretative map connecting
pollutant families with control loci and final sinks, rather than as a disconnected list of
emission values.

5.2. Formation Pathways, Phase Transfer, and Operational Determinants

Dioxins and chlorinated organic micropollutants remain the most diagnostically sensi-
tive pollutants. The recent literature agrees that high furnace temperatures are a necessary
but insufficient condition, as PCDD/F levels are also influenced by precursor-mediated
pathways, de novo synthesis on fly ash surfaces, and the post-furnace cooling process. For
this reason, dioxins are best understood not as a separate analytical domain, but as an
indicator of the quality of the entire combustion–cooling–APC system [14,15,93,95].

The quality of the feedstock and the plant’s operating mode are also significant factors
in dioxin emissions. Waste classification can limit dioxin emissions not only by reducing
chlorine-bearing components, but also by altering moisture content, ignition stability
and local temperature distributions, whilst transient operations reveal the limitations of
conventional periodic monitoring. Start-up, shut-down and other transient conditions
can generate different congener profiles and short-lived emission peaks that cannot be
interpreted by analogy with steady-state operation [15,96,98,102–104].

Similarly, in the case of metal contamination, it is essential to move away from the
broad category of ‘heavy metals’. A meaningful assessment requires tracking speciation
and partitioning between gas, bottom ash, fly ash and APC residues, as stack-side success
usually entails shifting the burden to solid streams. Mercury presents the most distinct case:
its capture depends on temperature, oxidation, sorbent dose and adsorption conditions,
and therefore does not follow the same logic as less volatile elements [91,92,94,105].

Particulate matter should not be regarded solely as a mass indicator either. Fine and
ultrafine fractions differ in terms of their formation mechanisms, particle count, specific sur-
face area and the charge of semi-volatile compounds; therefore, low total PM emissions do
not in themselves determine the comparability of installations. Of particular significance is
the fact that the scrubber-baghouse system contributes to the condensation, agglomeration
and removal of particle-phase toxicants, including dioxins [90,100,101].

Families of pollutants differ not only in terms of emission levels, but above all in their
formation mechanisms, capture locations and susceptibility to phase transfer. Consequently,
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the operational determinants of emissions must be considered collectively, rather than
on a pollutant-by-pollutant basis, as the same process configuration can simultaneously
improve one component of the emission profile whilst worsening another [15,89,90].

Table 4. An overview of the main pollutant groups in the MSWI literature.

Pollutant Family Representative Quantitative Signal Dominant Whole-Train Locus Most Important Interpretative
Consequence

Acid gases and other
source-linked
conventional pollutants

In a five-year full-scale study, water content in
RMSW fell from 62.13–70.35% to 57.79–57.94%,
LHV increased from 4850–5068 to 5550–6458
kJ/kg, and SO2, CO and HCl decreased in
parallel [96].

Feedstock composition (Cl, S,
moisture) + combustion zone +
dry/semi-dry deacidification;
the stack result is not a pure
measure of APC ‘quality’.

For acid gases, feedstock quality
and reagent regime must be
interpreted jointly; the stack alone
does not separate source-side
factors from end-of-pipe control.

NOx and
combustion-linked
gases

Across 22 scenarios in three full-scale
incinerators, NOx remained between
67 and 207.7 mg/Nm3, always below
250 mg/Nm3; the recommended arrangement
was SNCR + PNCR + FGR25% + ASC80% [97].

Furnace, burnout zone and
de-NOx system; monitoring
mainly by CEMS at the stack,
but the result depends on
flue-gas recirculation, staging
and reductant management.

NOx is not merely an APC
indicator; it is a signal of the
coupling between combustion
management and
downstream polishing.

Mercury and volatile
metals

In an analysis of 534 datasets, average Hg
removal was 75–82% for FA, WS, FF with
carbon and/or dry sorbent injection,
compared with up to 22% for ESP; in a
full-scale dry line, Hg_tot fell from 98.0 ± 50.2
to 10.5 ± 6.2 µg/Nm3 [92,94].

Speciation window after
flue-gas cooling,
sorption/filtration, followed by
transfer to fly
ash/APC residues.

For Hg, temperature, oxidation to
HgCl2 and sorbent dose are
decisive; effective capture
simultaneously means shifting the
burden into residues.

PCDD/Fs and
chlorinated organic
micropollutants

Under steady-state operation, APCDs reduced
PCDD/F from 24.9 to 0.979 ng/Nm3 (2.16 to
0.0607 ng I-TEQ/Nm3), but transient
operations could reach 690 ng/Nm3; the
whole-train balance was 0.89 µg I-TEQ/t MSW,
of which 149.0% was attributed to fly ash,
41.8% to bottom ash, 1.6% to stack gas, and
0.6% to leachate (values reported in the
whole-train balance/output-input balance for
individual streams) [86,87,98,99].

Post-combustion cooling zone,
FF + ACI/SCR/wet polishing,
and residue-side streams.

Dioxins remain a sentinel
pollutant because they integrate
feedstock quality, transient
regimes, APC and pollutant
transfer; stack-based compliance
does not exhaust the problem.

PM, ultrafines and
particle-bound
toxicants

After a semi-dry scrubber, mass yields of PM1,
PM2.5 and PM10 fell by 28.24%, 59.26% and
53.91%, respectively, while the baghouse
removed >99.95%; additionally, 0.1 g/L PAM
increased removal of ΣPCDD/Fs by BF from
93.8% to 97.8% and reduced I-TEQ in stack gas
by 47.0% [100,101].

Condensation window +
scrubber + baghouse; size
distribution and particle-phase
transport matter, not only
total mass.

Low total PM does not guarantee
comparability between
installations; for fine and ultrafine
fractions, particle chemistry,
phase distribution and baghouse
behaviour are decisive [90].

Abbreviations: APCDs—air pollution control devices; CEMS—continuous emission monitoring system;
SNCR—selective non-catalytic reduction; PNCR—polymer non-catalytic reduction; FGR—flue gas recirculation;
FGR25%—flue gas recirculation at the 25% level; ASC—air staged combustion; ASC80%—air staged combustion
at the 80% level; ESP—electrostatic precipitator; PCDD/Fs—polychlorinated dibenzo-p-dioxins and dibenzo-
furans; I-TEQ—international toxic equivalence; FA—fixed-bed absorber; FF—fabric filter; WS—wet scrubber;
ACI—activated carbon injection; PAM—polyacrylamide; BF—bag filter; RMSW—residual municipal solid waste.

5.3. APC Train, Monitoring, and the Limits of Compliance-Oriented Interpretation

The greatest weakness of purely descriptive approaches is that they reduce APC to a
mere list of equipment. Meanwhile, the full-scale literature shows quite clearly that the
effectiveness of emission reduction is determined by the logic of the entire treatment process.
In modern installations, the sequence usually includes dry or semi-dry deacidification,
carbon adsorbent dosing, a fabric filter, de-NOx and, occasionally, wet polishing, but
the purpose of these modules only becomes apparent when they work together in the
process [45,106].

This applies to both conventional pollutants and trace pollutants. Acid gas abatement
depends on the variability of the raw gas and the reactivity of the sorbent; a bag filter cou-
pled with activated carbon injection simultaneously facilitates the removal of particulates
and semi-volatile toxicants, whilst de-NOx is not a separate ‘end module’ but part of a
system that also influences combustion and the profile of organic micropollutants. In a
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study of 22 scenarios for three full-scale 500 t/d plants, all hourly NOx emissions remained
below 250 mg/Nm3, but the range of 67–207.7 mg/Nm3 showed that the effectiveness of
this segment depends on the specific configuration of the whole train, rather than on the
technology label alone [70,97,107–109].

The wet scrubber remains the least intuitive, as it can improve the final polishing
whilst simultaneously altering the phase distribution of PCDD/Fs and exacerbating the
memory effect under unfavourable system dynamics. Whole-train studies therefore show
that there is no universally optimal APC configuration in isolation from the rest of the plant;
rather, there are more or less coherent configurations tailored to the feedstock, combustion
quality and downstream requirements [86–88,110].

Monitoring remains a key limitation of this literature. Dioxins, mercury speciation
and ultrafine particles are not as easily monitored in real time as O2, CO, NOx or HCl;
consequently, compliance-oriented interpretation, by definition, describes only part of the
actual burden. Soft sensors and data-driven models provide an important solution to this
gap, but existing work also highlights their limited transferability between installations
and their dependence on the quality of training data [15,111–114].

At the same time, the scope of applications for data-driven monitoring is now broader
than would be suggested by a focus on compliance monitoring alone. In addition to
NOx prediction, models are being developed for dioxins/PCDD/Fs and for a wider range
of exhaust gas concentrations, including approaches based on small-sample learning,
large-sample datasets and interpretable modelling. This does not yet mean that reference
measurements can be fully replaced, but it shows that soft sensors are beginning to serve
as a practical tool for early warning and to support whole-train emission control, rather
than merely as a methodological experiment [115–118].

Against this backdrop, transient conditions remain of central, rather than marginal,
importance. It is precisely during start-up, shut-down, load changes and maintenance-
related events that the discrepancy between reported values and the actual emission profile
may be greatest. From a practical perspective, this means that the assessment of a modern
installation cannot be limited to the question of whether it ‘meets the standards’, but must
also consider which pollutant groups were monitored, at what frequency, under which
operating conditions, and whether the analysis also tracked transfer to residues and liquid
streams [87,98,104].

Even during steady-state operation, low stack concentrations do not fully account
for the fate of pollutants. Whole-train studies show that ultra-low stack emissions may
coexist with the transfer of the pollution load to fly ash, APC residues and leachate, and
that improving feedstock quality through waste classification can have a more systemic
impact on emissions than a localised modification of a single APC unit. In a mature system,
feedstock quality policy and stack treatment policy should therefore be considered in
conjunction, rather than as alternative strategies for reducing the load [96,99,103].

A study of the analysed literature leads to a single overarching conclusion: modern
MSWI plants should not be assessed by analogy with historical installations featuring low
levels of flue gas treatment; however, it would be equally mistaken to equate ultra-low
stack emissions with a complete solution to the problem. Emission profiles today are more
dependent on whole-train control, transient regimes and pollutant transfer than on the
presence of a single ‘good’ device; therefore, the most reliable emission assessment remains
that of the coupled combustion–APC–residues system [39,45,86,97–99].

The consequence for the residue side is direct: effective gas-phase capture reduces
stack release but concentrates part of the pollutant burden in fly ash, APC residues and
secondary streams, so Section 6 treats residue management as the downstream expression
of the combustion–APC chain rather than as an independent end-of-pipe issue.
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6. Residues, By-Products, and Post-Treatment Pathways
Process residues from MSWI are no longer merely an additional factor in the emissions

problem or simply the ‘end of the process’, but one of the key determinants of a plant’s net
balance. The literature is fairly unanimous in showing that individual residue streams differ
in terms of origin, composition, pollutant mobility and recovery potential. The answer to
the question of when treatment and valorisation actually shift the system towards resource
recovery, and when they merely alter the form of the burden and transfer it to the next
stage of the chain, remains far less consistent [19,46,119].

6.1. Residue Streams, Asymmetry, and Contaminant Architecture

The division into bottom ash (BA), fly ash (FA) and APC residues should be regarded
not as a simple inventory classification, but as a basic map of burden transfer on the
residue side. Bottom ash dominates in terms of quantity and more often opens up recovery
pathways, whilst fly ash and APC residues concentrate soluble salts, volatile metals and
persistent organic micropollutants. Even at this level, the literature thus reveals an asymme-
try not only in terms of material composition but also in terms of regulation: BA is usually
assessed in terms of the quality of the mineral fraction and metal recovery, whilst FA/APC
residues are assessed in terms of detoxification, leachability and the risk of contaminant
transfer to secondary streams. This distinction remains necessary, though it is not absolute,
as the boundary between fly ash and APC residues depends on the configuration of the
flue gas treatment system and the sampling point [19,46,119–122].

A quantitative analysis further highlights this asymmetry, but does not justify reducing
the assessment of residues to mass fractions alone. The review literature indicates that
the total mass of residues from MSW incineration may amount to approximately 20% of
the feedstock mass, whilst bottom ash typically accounts for 80–90% by weight of the
total residue mass. At the same time, the mass fraction for FA, and for APC-side fractions
depending on the adopted residue classification, is significantly lower: a review on the
carbonation of MSWI fly ash indicated approximately 6.9 million tonnes of FA annually on
a global scale and approximately 2–3% of the mass of incinerated waste as the FA fraction.
Therefore, the residue-side risk profile cannot be inferred from the mass of the stream:
fractions with a lower mass may concentrate soluble salts, volatile metals and persistent
organic micropollutants [123,124].

Within bottom ash, the heterogeneity of the material is key. It is not a homogeneous
‘mineral combustion residue’, but a mixture of vitreous, silicate, clay, calcium and ferrous
phases, enriched with metal residues and reactive particles, the significance of which
changes with weathering. From a recovery perspective, the degree of grain liberation,
fractional distribution, the presence of metallic aluminium and the history of ageing are just
as important as the overall composition, as these factors jointly determine volume stability,
leachability and the efficiency of subsequent metal separation. Therefore, the results of tests
for BA are not transferable without information on the method of collection, the condition
of the material and the extraction method [18,47,123,125–129].

The sample composition differs for fly ash and APC residues. Here, fine particles
with a high specific surface area, significant proportions of calcium, chlorine and sulphur,
and high concentrations of Zn, Pb, Cu, Cd, and occasionally also Sb and Hg, predominate.
However, it is not the total concentrations alone that determine the risk, but the chemical
form, mobility and method of defining the analysed stream. It is also becoming increasingly
clear that the classic heavy metals–chlorides–sulphates–PCDD/Fs panel does not fully
address the issue, as more recent studies identify more complex organic micropollutants
in eluates and a high sensitivity of results to the choice of leaching procedure and APC
configuration. From this perspective, the contaminant profile is determined not only by
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the feedstock and combustion but also by the sampling point, weathering history, APC
configuration and analytical method [130–135].

Table 5 provides a clear functional classification of residues, but does not eliminate the
fundamental source of incomparability. Even nominally similar BA, FA or APC residues
may represent different classes of material if they differ in terms of collection point, curing
time, the proportion of deacidifying reagents, or the extent of prior pretreatment. Therefore,
all further literature on treatment and valorisation requires prior differentiation of the
material stream and its history; without this, it is easy to confuse methodological differences
with actual differences [19,20,46,119–121].

Table 5. A summary of the main streams of residues at the MSWI.

Stream Dominant Characteristics Main Risks Dominant Management Logic

Bottom ash (BA)

The quantitatively dominant
residue stream, more mineral in
character but strongly
heterogeneous, contains glass,
calcium-silicate phases, ferrous and
non-ferrous metals, and reactive
Al particles.

Variability between installations
and fractions; leachability of
selected elements; expansion
associated with metallic Al;
influence of weathering and
ageing on results.

Ageing, metal separation,
refinement of the mineral fraction,
metal recovery, use as aggregate
or filler, and selected cementitious
applications after quality control.

Representative sources: [18,47,123,127,128].

Fly ash (FA)

A fine particulate fraction with high
specific surface area; usually rich in
Ca, Cl and S; strongly enriched in
Zn, Pb, Cu, Cd and other
volatile/semi-volatile components.

High content of soluble salts;
metal mobility dependent on
speciation; presence of PCDD/Fs
and other micropollutants; high
sensitivity to sampling point and
APC configuration.

Washing, selective leaching,
stabilisation/solidification,
hydrothermal treatment, thermal
treatment, salt/metal recovery,
and niche valorisation after
deeper pretreatment.

Representative sources: [19,121,122,133,135].

APC residues

Reaction products from
flue-gas-cleaning systems, often
with unreacted sorbent present;
chemically distinct from fly
ash itself.

Generally the highest-risk residue
stream; high salinity,
concentration of volatile metals
and persistent pollutants; risk of
shifting the problem into
wastewater and
secondary concentrates.

Most often, stabilisation and
controlled landfilling; in selected
systems, electrodialysis, washing,
thermal vitrification or recovery
chains requiring strict control of
secondary streams.

Representative sources: [19,46,49,120,121].

6.2. Treatment Routes Between Stabilisation and Resource Recovery

The most useful way to view treatment pathways is to distinguish between three
objectives: desalination and the removal of mobile components, stabilisation of the material
prior to storage or use, and a more profound transformation towards resource recovery.
This distinction is more important than the catalogue of technologies itself, as the same
process may effectively reduce leaching whilst simultaneously failing to close the resource
balance or generating problematic eluates, secondary solids and reagent costs. For this
reason, the most mature literature tends to describe sequences tailored to the downstream
pathway rather than single ‘best’ operations [20,121,136–140].

Washing and leaching remain the most established set of solutions for FA/APC
residues, as they effectively remove chlorides and some of the readily soluble salts. How-
ever, their limitations lie in the transfer of the burden to wastewater and concentrates, as
well as the risk of matrix dissolution under more aggressive conditions. Newer low-water
variants, steam washing and systems combined with hydrothermal treatment improve
economics and reduce some resource consumption, but do not eliminate this trade-off. Sim-
ilarly, accelerated carbonation can support stabilisation and create climate-related added
value, but the drop in pH may simultaneously increase the mobility of Sb, and in some
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studies also Cd and Cr, thereby altering the risk profile rather than simply eliminating
it [121,122,124,141–146].

Quantitative data from studies on water/salt washing confirm that the effectiveness of
removing soluble components is accompanied by the transfer of mass and contaminant load
to the washing liquor/saline effluent. In a study of MSWI fly ash and air-pollution-control
ash (FA/APCA), total mass losses after salt washing ranged from 24.2% to 49.5%, whilst
the same paper’s comparison with earlier washing studies indicated mass losses of 25–53%,
chloride removal of 74–99% and sulphate removal of 6.9–51.5%. Such ranges reinforce the
conclusion that washing should be assessed as an operation involving the redistribution
and concentration of soluble load, rather than solely as a simple detoxification step; it
is necessary to report in parallel the composition of the washing liquor/saline effluent,
including soluble salts and dissolved metal load, and the subsequent management or
salt-recovery route [131].

Similar caution should be exercised when assessing carbonation as a stabilisation/CCU
pathway. A review of accelerated carbonation of MSWI fly ash reports a sequestration
potential of up to 0.24 g CO2/g ash, whilst a study of multi-source MSWI ashes showed
82.3 and 150.9 g CO2/kg ash, with maximum CO2 removal rates of 0.117 and 0.191 mmol/s.
These values demonstrate the real potential for carbonation, but do not eliminate the re-
quirement to report the ash source, APC configuration, CO2 concentration, liquid-to-solid
ratio, temperature, pH evolution and leaching protocol, as both the CO2 sequestration
balance and the mobility of metals following a reduction in pH depend on these parame-
ters [124,147].

Solidification/stabilisation, as well as thermal, hydrothermal, melting, vitrification
and plasma treatment, are appropriate when the priority is the deep immobilisation or final
detoxification of the most challenging waste streams. The literature confirms that these
solutions can improve the short-term stability of the material, reduce its volume and alter its
mineralogy, but they are not without significant side effects. In the case of binding matrices,
durability following carbonation, UV exposure and humidity–temperature cycles remains
a problem, whilst for high-temperature technologies, energy consumption, secondary
transfer of volatile metals, and the need to control downstream emissions are key issues.
Therefore, plasma treatment retains its greatest value as a technology for the final disposal
or deep detoxification of FA/APC residues, rather than as a universal route for widespread
implementation [136–140,143,148–151].

Against this backdrop, disposal remains not so much a sign of technological fail-
ure as a realistic baseline scenario, particularly for fly ash and APC residues. A critical
review does not currently identify a single technology that would simultaneously min-
imise leachability, be low-cost, generate no problematic secondary streams, and deliver
a product of consistent performance quality. The most promising approaches appear to
be sequences tailored to a specific residue stream, rather than individual operations as-
sessed in isolation from the downstream use case and the full balance of mass, energy and
risk [20,121,137–140,143,148,150].

6.3. Recovery Potential, Regulatory Feasibility, and Evidence Limits

In the field of recovery, the literature makes a very clear distinction between bottom
ash, fly ash and APC residues. For bottom ash, metal recovery and mineral uses remain
the most established applications, but even here, it is not simply a matter of finding a
material outlet. Recovery efficiency depends on the degree of particle liberation, particle
size distribution, seasoning practices, the layout of the processing line and the quality of the
material itself. Mineral applications also require control of reactive Al, fine fractions, long-
term leachability and compliance with standards [152]. Therefore, bottom ash becomes a
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secondary aggregate or filler only within a specific class of application and after meeting
material and regulatory requirements, as is also clearly demonstrated by more advanced or
pilot processing lines [18,23,47,48,123,125,153–163].

The potential of FA/APC residues remains far more limited. Without pretreatment,
their direct incorporation into construction materials is constrained by high chloride con-
tent, the presence of volatile metals, poor pozzolanic activity, and the risk of long-term
contaminant leaching. Pathways such as ash-to-cement, vitrification-derived products,
carbonation, bioleaching or co-processing with Si/Al-rich waste are therefore not universal
outlets, but scenarios dependent on the quality of the input material, prior desalination,
a comprehensive environmental and economic assessment, and the product’s regulatory
compliance. This also applies to valorisation after carbonation: improvements in material
properties and a partial reduction in carbon emissions do not negate the requirement for
leaching control or a full-chain assessment [48,49,124,155,156,164–172].

During the transition from process feasibility to acceptable material application, en-
vironmental and regulatory constraints become the key factor determining the practi-
cal feasibility of these pathways. Technological success cannot be equated with the
successful outcome of a single laboratory test, as feasibility is determined by the ma-
terial’s behaviour in the anticipated usage scenario, the durability of stabilisation, the
quality of secondary streams, and the full environmental balance. Bound and unbound
uses, different leaching protocols, batch-to-batch variability, carbonation, UV exposure,
cracking and humidity–temperature cycles mean that regulatory feasibility is no less
important than the technological feasibility itself. Without a clear definition of the
residue stream, point of collection, weathering history, leaching protocol and down-
stream use case, most claims regarding safety or valorisation remain poorly transfer-
able [23,46,48,49,119,144,145,147,158,159,173,174].

A review of the cited literature shows that residues are not a by-product of MSWI,
but one of the key areas where the true balance of the technology is determined. Bottom
ash offers conditional but real recovery potential, whilst fly ash and APC residues remain
streams for which treatment, valorisation and disposal still require more convincing full-
scale and long-term data. The greatest gap, therefore, is not the lack of further proof-of-
concept studies, but the scarcity of research combining full-scale treatment, mass balance,
long-term monitoring and a genuine assessment of downstream compliance. Without such
a sequence, the available evidence base remains at the level of laboratory feasibility and
does not allow for reliable conclusions regarding stable systemic practice [19,46,49,119,171].

These residue pathways then condition the environmental and health assessment:
the same MSWI plant may receive a different net interpretation depending on whether
bottom-ash recovery, fly-ash stabilisation, secondary eluates and long-term compliance are
included in the system boundary considered in Section 7.

7. Environmental, Health, and System-Level Assessment
The environmental and health assessment of municipal solid waste incineration

(MSWI) is not a separate strand from energy recovery, but rather a body of evidence
that helps determine the net balance and systemic acceptability of the technology. Within
the same body of literature, LCA and system assessment, local human-health and ecologi-
cal risk assessment, environmental monitoring, biomonitoring, dispersion modelling and
epidemiological studies coexist—that is, classes of evidence relating to different analyti-
cal objects. Therefore, the fundamental question is not whether MSWI has a negative or
positive impact on the environment or health, but which findings are actually comparable,
where the result depends on system boundaries and exposure reconstruction, and in what
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sense the facility should be assessed as a plant-level entity and in what sense as an element
of the local waste and energy system [26,27,175,176].

7.1. Assessment Layers and Comparability Boundaries

The literature on the environmental assessment of MSWI is developing across several
overlapping but distinct strands: LCA and related systems analyses, site-specific risk
assessment, environmental monitoring (including biomonitoring), and epidemiology. Each
of these describes a different level of reality: the waste and energy system, local exposure,
actual concentrations in the environment, or population-level health outcomes. The results
of these studies should therefore not be interpreted as competing ‘versions of the same
verdict’, but as complementary classes of evidence, the comparability of which depends on
a clear definition of the object of analysis [26,27,175–177].

LCA retains a privileged position in systemic assessment because it allows for the inte-
gration of direct impacts, avoided processes and energy recovery effects; however, it does
not directly address the question of exposure among the population living in the vicinity of
a specific facility. Conversely, local risk assessment, monitoring and biomonitoring provide
information on the specific receptor population, but do not in themselves determine the
net balance of the entire Waste-to-Energy system. This asymmetry explains why systemic,
local and health-related results can be methodologically sound yet not directly comparable
on a one-to-one basis [50,178–186].

To ensure comparability, it is therefore essential to make a clear distinction: what
the assessed result relates to, what system boundaries have been adopted, how the ex-
posure has been reconstructed, and to which class of receptors the conclusion applies.
Table 6 organises these layers, listing the predominant types of assessment alongside their
quantitative indicators and the main boundaries of comparability. Only through such an
organisation can we avoid a situation in which LCA, dispersion modelling, food-pathway
studies and epidemiology are interpreted as if they were addressing the same research
question [26,27,175,176].

7.2. System-Level Environmental Performance, Climate Outcomes, and
Counterfactual Comparisons

At the system level, LCA is of paramount importance, but its explanatory power
stems more from the transparency of its assumptions than from the method’s prestige
alone. Functional units, system boundaries, avoided processes, treatment of residues,
and counterfactual scenarios alter the interpretation without changing the facility itself.
Consequently, an incineration plant assessed in terms of tonnes of waste incinerated, tonnes
of residual waste after sorting, units of energy, or the entire municipal system is not, in fact,
the same analytical object. Therefore, the most useful role of LCA lies not in generating a
single ‘final’ figure, but in identifying the variables that truly determine the net balance of
MSWI [26,36,50,187].

This has a particularly strong impact on climate change assessments. Sectoral studies
show that the climate balance of MSWI remains a function of the share of fossil carbon,
actual heat off-take, the local energy mix and how residues are accounted for; consequently,
even plants of the same technological class can achieve vastly different net results. CHP
systems and a stable heat sink typically improve the balance more significantly than the
sale of electricity alone, whilst decarbonisation pathways, including CCUS, alter the climate
profile only at the cost of additional energy, new burdens and new scenario dependencies.
Climate conclusions should therefore be interpreted as the result of system configuration,
rather than as a simple property of combustion itself [84,85,178,179,189,190].

The same logic applies to comparisons with alternative waste management strategies.
MSWI generally performs better than systems heavily reliant on landfill, but its advan-
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tage diminishes when the counterfactual scenario involves a system with a high level
of upstream recovery, well-developed separate collection of bio-waste and a low-carbon
energy mix. Therefore, the technology finds its strongest systemic justification when it
actually handles residual waste after sorting, rather than when it competes for materials
still suitable for material recovery. Comparisons with alternatives do not, therefore, lead to
a single universal verdict, but rather to an assessment of the quality of the local reference
system [50,179,187,189,191].

Table 6. The main types of assessment used in the literature on MSWI and their key limitations in
terms of comparability.

Type of Assessment Representative Studies Key Quantitative Signal Most Important Boundary of
Comparability

LCA/system assessment

Cleary, 2009 [36]
Coventry et al., 2016 [187];
Di Maria et al., 2021 [26]
Sisani et al., 2022 [179].

20 LCAs (23 articles, 11 journals);
FU = 1 t MSW; within the same
system, −0.11 kg PM2.5 eq/t,
−2.5 × 10−3 kg Sb eq/t,
+900 kg CO2 eq/t and
+15,000 CTUe/t were
reported simultaneously.

Functional unit, system
boundaries, counterfactual
scenario, credits for energy
and materials, and the
treatment of residues.

CCS/CCUS climate
scenarios

Bisinella et al., 2021 [84];
Christensen and Bisinella,
2021 [85].

CCS improved the climate balance
by about 700 kg CO2-eq/t of waste;
capture reached about 85% of CO2
in flue gas; hydrogenated CCU
routes yielded even about 2000 kg
CO2-eq/t, but only in non-fossil
energy systems and at energy
use >6000 kWh/t of waste.

Energy mix, hydrogen source,
real heat sink, and the market
for CO2 substitution and
chemical products.

Dispersion modelling and
local risk assessment

Douglas et al., 2017 [176];
Ollson et al., 2014a [184];
Ollson et al., 2014b [183].

Modelled annual mean PM10 from
MWI ranged from 1.00 × 10−5 to
5.53 × 10−2 µg/m3 within 10 km;
in HHRA, a conservative
interpretative threshold of HQ < 0.2
was adopted, and in ERA, most
EHQ/SR values did not exceed the
benchmark of 1.0.

High locality of results:
meteorology, environmental
background, receptor scenario,
and the distinction between
normal and upset conditions.

Biomonitoring and food
pathways

Xu et al., 2022 [186];
B. Zhang et al., 2023 [188].

>90% of intake could be diet-related;
eggs: 0.31–5.18 pg TEQ/kg bw/d in
adults and 0.87–14.38 in children;
ΣPCDD/Fs in milk averaged
81.2 pg/g lipid, and mean infant
EDI was 17.7 pg TEQ/kg bw.

Difficult source attribution
where local deposition
overlaps with regional
background and earlier
contamination of the
food chain.

Epidemiology/meta-
analysis Bottini et al., 2025 [27].

51 studies and >500 effect estimates;
respiratory diseases HR 1.02
(0.94–1.11), COPD 1.08 (0.82–1.41),
asthma 1.02 (1.00–1.05).

Exposure misclassification,
confounding, and project
heterogeneity limit the strength
of causal generalisations.

Abbreviations: CCUS—carbon capture, utilisation and storage; FU—functional unit; MWI—municipal waste
incinerator; HHRA—human health risk assessment; HQ—hazard quotient; ERA—ecological risk assess-
ment; EHQ—ecological hazard quotient; SR—screening ratio; EDI—estimated daily intake; HR—hazard ratio;
COPD—chronic obstructive pulmonary disease.

7.3. Exposure Reconstruction, Health Evidence, and Why Conclusions Diverge

In the context of health and ecological risk, the quality of exposure reconstruction
is of decisive importance. The methodological literature consistently shows that simple
distance proxies provide a poor description of the actual distribution of emissions, whereas
dispersion modelling, site-specific risk assessment and environmental monitoring allow for
a better distinction between the signal from the installation and the regional background. At
the same time, biomonitoring and food-pathway studies show that local exposure need not
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be determined primarily by inhalation; in some locations, chronic deposition and secondary
transfer to food, particularly poultry products and eggs, are of greater significance. It is
precisely for this reason that the results of local risk assessments and monitoring are, by
definition, highly site-specific [175–177,180–186,188].

The epidemiological evidence does not undermine this interpretation, but rather
supports it. The latest review by Bottini et al. [27], covering 51 studies and over 500 effect
estimates, indicates only weak or inconclusive associations for some health outcomes, with
a meta-analytic HR of 1.02 (0.94–1.11) for respiratory diseases and moderate heterogeneity
in most analyses (I2 30–60%). At the same time, a study by Ji et al. [192] focusing on a
1000 t/d incinerator in Jiangsu showed that even with higher concentrations of PCDD/Fs
in the serum of downwind residents and in eggs from that side of the plant, no significant
change in SMR (Standard Mortality Ratio) was observed before and after the plant’s
commissioning, and the dominant route of exposure remained diet, accounting for over
90% of total exposure [188]. For this reason, the health assessment of MSWI depends
primarily on the quality of exposure reconstruction, control of confounding factors, and
whether the study effectively distinguishes the plant’s signal from other background
sources and correctly identifies the dominant route of exposure.

The discrepancies in results within the environment/health literature are therefore
not coincidental. They most often stem from five recurring sources of non-equivalence:
different functional units and system boundaries, differing local energy and heat systems,
variations in residual waste, APC and residue-side treatment, differing quality of exposure
assessment, and incomparable operating regimes and historical maturity levels of the
installations. The same technology may be assessed differently because studies describe
different analytical objects, and not because there is a lack of consistent data on MSWI in
the literature [26,27,36,50,84,85,175,176,178,179,183,184,187,189].

For the environmental and health assessments of MSWI to be comparable, there must
be a clear distinction between the installation and the system, between emissions and
exposure, between exposure and outcomes, and between the gross balance and the net
balance, including avoided effects. Such rigour does not remove the conditional nature
of the conclusions, but it allows us to distinguish genuine uncertainty from spurious
contradictions in the literature, and thus to better situate MSWI within a cross-cutting
assessment of the technology and its systemic context.

This comparability logic leads directly to the economic and system-integration layer:
once boundaries, exposure pathways and avoided burdens are defined differently, the same
plant can also appear economically resilient, environmentally beneficial or strategically
problematic under different local scenarios, which is why Section 8 treats economics as a
system property rather than a plant-only indicator.

8. Economic Performance and System Integration
The economics of municipal solid waste incineration with energy recovery (MSWI)

is one of those areas of the literature where the difference between assessing a plant as
a standalone technical facility and assessing MSWI as part of a local and regional waste,
energy and regulatory system is most evident. In practice, this means that indicators such
as cost per tonne of waste, revenue from electricity, or simple payback period provide a
useful but often incomplete picture. A recurring theme in the research is that the economic
balance of a plant depends not only on the combustion technology but also on the structure
of waste acceptance fees, the capacity to sell heat, the costs of flue gas treatment and residue
management, local transport constraints, sorting policies and—increasingly—the price of
CO2 emissions and the cost of decarbonisation pathways [193–196].
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The literature therefore supports neither the claim that MSWI is economically ad-
vantageous regardless of the context, nor the opposite claim that it is a fundamentally
unprofitable technology. A more conditional conclusion is much better established: MSWI
achieves a relatively favourable economic balance where the plant handles a stable stream
of residual waste, operates at a high utilisation rate, is linked to a viable heat off-take, and
is embedded within the predictable rules of the local Waste-to-Energy system. Where,
however, revenue from electricity alone dominates, there is no local heat sink, the costs of
managing residues are rising, or the quantity and quality of the feedstock are changing
rapidly as a result of effective sorting, the economic balances become significantly more
sensitive [44,197,198].

8.1. Economic Architecture, Revenue Logic, and Sensitivity Drivers

In the literature on MSWI, the traditional distinction between capital expenditure
(CAPEX) and operating expenditure (OPEX) remains necessary, but does not in itself
explain the actual economics of the sector. This is because, alongside high capital costs,
the balance sheet of an installation is also influenced by reagents for air pollution control,
monitoring and compliance, the downstream handling of bottom ash, fly ash and APC
residues, and the maintenance of operational availability. Therefore, the economics of
MSWI cannot be separated from the APC architecture or from the set of system services
that the plant actually provides; a more useful question than the simple ‘is the plant cost-
effective?’ is: ‘in what technical and system configuration does it remain economically
viable?’ [194–196,199–202].

The risk factors in Table 7 are therefore used as a sensitivity map for the following
discussion: each row identifies a variable that can change the economic interpretation of
otherwise similar MSWI facilities.

On the revenue side, the gate fee remains the most stable component, whilst electricity
and, to a lesser extent, heat are subject to greater price and contractual volatility. For this
reason, the economics of MSWI are rarely a simple function of electricity sales; significantly
more favourable balances occur where the plant operates in a CHP configuration or has
a stable heat off-take, whilst residue-related revenues remain selective and asymmetrical,
as bottom ash can partially improve the balance through metal recovery and valorisation,
whilst fly ash and APC residues typically generate environmental compliance costs. Even
the import of combustible waste into systems with a high proportion of district heating and
variable renewable energy makes sense only in specific market configurations and should
not be interpreted as a universal advantage of combustion [44,81,159,193–195,197,204,205].

Economies of scale do exist, but they are neither linear nor unconditionally positive.
Larger facilities can spread CAPEX more easily and justify more advanced systems for
energy recovery, emissions control and material recovery; however, they also increase
the radius over which waste is transported, the risk of conflicts over siting, and the sys-
tem’s vulnerability to subsequent declines in the supply of residual waste. Therefore,
rather than asking about an abstractly ‘optimal’ size, it is more useful to examine the
relationship between scale, siting, the structure of local heat demand and public policy.
Mandatory sorting, rising recycling rates and decarbonisation scenarios may, in fact, re-
shape both the quality of the feedstock and the economic viability of the entire system, and
in recent years, carbon constraints and CCUS have been added to the classic sources of
uncertainty [193,198,201,202,206,207].
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Table 7. Key sensitivity factors affecting the net balance of the MSWI.

Sensitivity Factor Representative Quantitative Signal Interpretative Significance

Gate fee, scale and siting

In the analysis of siting and scale, the following
indicative values were assumed: construction
350–650 €/tMSW, O&M 24–46 €/tMSW, transport
37 €/tMSW, electricity 90 €/MWh and heat
40 €/MWh [193].

Gate fee is an outcome variable of the whole
system, not a universal feature of the
technology; it depends on scale, siting, revenue
structure and haulage costs.

Heat sink and recovery
configuration

Energy-recovery efficiency ranged from 11.2% in
an electricity-only system to 57.5% in DH I, 59.4%
in DH II, 58.3% in DH III and 66.8% under
exhaust-steam desalination [44].

The difference between power-only and actual
heat utilisation is material; the value of MSWI
depends on a real heat sink, not only on
electricity sales.

Availability and operating
hours

For an installation operating 8000 h/year, flue-gas
heat recovery yielded 321,454.807 GJ/year, average
savings of PLN 11.46 million/year, SPBT of
4.10 years and DPBT of 4.96 years [199].

The value of retrofits and additional recovery
systems depends on actual availability and
stable heat offtake; payback indicators are not
transferable without control of availability.

APC and residue-side
costs

LCC was RMB 132.26/t; capital 65%,
materials/fuels 15%, labour 11% and O&M 9%;
waste-disposal fee RMB 55/t, slag RMB 25/t,
revenues RMB 212.43/t; flue-gas purification
accounted for 65.61% of the environmental
burden [195].

Economics cannot be separated from APC
reagents, fly-ash handling and downstream
compliance; part of the cost and burden is
hidden beyond the boiler itself.

Sorting policy and
residual-waste quality

After mandatory sorting in Shanghai, 83.62% of
household food waste was separated at a purity of
99.50%; residual-waste moisture fell by 48.22%,
LHV increased by 96.4% to 8190 kJ/kg, and net
carbon emissions fell to 0.11 ton CE/t waste [203].

Upstream sorting simultaneously improves
part of the system indicators and changes the
fuel for MSWI; it also affects by-product
quality, overcapacity risk and the role of the
plant in the system.

Carbon constraints and
CCUS

Nominal capture of 85% was associated with an
unavoidable energy penalty, while a
seasonal-capture variant delivered about 47%
capture; in the Italian analysis, break-even ETS for
CCS was USD 237.54–250.93/tCO2 [201,202].

Carbon policy can reshape the business case,
but only at particular ETS prices, with
adequate steam/heat availability and real
CO2 management.

Abbreviations: DH I—District Heating I; DH II—District Heating II; DH III—District Heating III; ETS—emissions
trading system; CCS—carbon capture and storage; SPBT—simple payback time; DPBT—discounted payback
time; LCC—life cycle cost.

8.2. System Integration, Circular-Economy Tensions, and Strategic Trade-Offs

The most firmly established systemic issue concerns integration with district heating
and, more broadly, with local energy systems. What is of key importance here is not
the technical capability to generate heat per se, but the nature of the system into which
the heat is fed, and which fuels and system services are actually being displaced. In
systems with developed district heating or another stable heat sink, heat from MSWI can
become one of the main sources of value, whereas in power-only systems, a significant
portion of the plant’s potential advantage remains untapped. Increasingly, integration is
being considered more broadly, encompassing waste-heat recovery, industrial applications,
desalination pathways and CCUS, but each of these options reveals additional trade-offs
between energy sales, auxiliary resource consumption and the climate profile of the entire
system [44,197,199–202,208].

Equally significant tensions are emerging at the intersection of MSWI, recycling and
the circular economy. Incineration can be compatible with high levels of recycling when it
actually processes residual waste, but this relationship quickly becomes conflictual when
the plant begins to compete for fractions still suitable for upstream recovery, or when
oversized capacity creates an infrastructural lock-in. Mandatory sorting and increasing
selective collection reshape the mass, composition, moisture content and calorific value
of the residual waste stream rather than affecting only its quantity. Where food waste is
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effectively removed, residual-waste moisture may decrease and LHV may increase; where
dry combustible or recyclable fractions are removed more strongly, the opposite effect may
occur. In both cases, the operational implication for MSWI is greater pressure on flexibility,
capacity planning and the definition of the plant as infrastructure for genuinely residual
waste rather than as a competing sink for recoverable fractions [28,54,55,102,198,203,209].

At the system level, MSWI offers several tangible benefits: a predictable pathway
for the management of residual waste, a more stable energy and heat profile than many
weather-dependent renewables, and the potential to support local energy security. How-
ever, these benefits remain inextricably linked to tensions regarding gate fees, overcapacity,
residue costs, siting conflicts and decarbonisation pressures. For this reason, the most
favourable economic and system profile is demonstrated not by the ‘largest’ or ‘most
efficient’ plants in the abstract, but by those that handle residual waste, have a stable
heat demand, operate at high availability, and realistically internalise APC and residue
costs [44,193,195,196,199,201,202].

An economic assessment of MSWI is only meaningful if it also takes into account the
quality of its integration into the wider system. A plant may show a positive financial
balance for the operator, yet perform poorly from the perspective of the circular economy;
it may also be costly to invest in, yet still be of systemic value as part of the local heating
network and for stabilising the energy system. The role of MSWI is therefore determined
not by the combustion technology itself, but by the quality of its integration into the local
waste, energy and regulatory systems [28,204,210].

These economic and system relations complete the causal chain reviewed in Sections 4–8:
feedstock and process choices shape emissions and residues, residue pathways shape
environmental and health burdens, and all three domains condition the economic and
systemic role of MSWI. Section 9, therefore, synthesises the evidence as a set of cross-chain
trade-offs rather than as separate chapter-level conclusions.

9. Cross-Cutting Critical Discussion
Taken together, the evidence reviewed in Sections 4–8 shows that the literature on

MSWI does not support a single, unambiguous synthetic conclusion, nor does it provide
a single metric capable of fairly replacing a multidimensional assessment of the plant.
Sections 4–8 provide five streams of evidence (process/energy, emissions/APC, residues,
environment/health and economics/system), which we classify below as robust, mixed
and non-comparable. Their mutual process and system interlinkages are schematically
presented in Figure 1. It is far more justified to distinguish between three levels of in-
terpretation: firstly, findings that are relatively resistant to changes in context; secondly,
conclusions that remain conditional or mixed; and thirdly, sources of incomparability that
explain why seemingly similar studies arrive at different results. Table 8 summarises this
distribution of the strength of evidence, and the remainder of the chapter organises it
without repeating material from Sections 4–8.

9.1. What Is Robust Across the Evidence Base

It is a well-established fact that the net balance of a Waste-to-Energy plant is deter-
mined by the interplay of several interrelated factors: the properties of the feedstock,
combustion control, energy recovery, flue gas treatment and the subsequent management
of residues. This means that no single metric, neither boiler efficiency, nor stack emissions,
nor unit cost, can serve as a neutral summary of the plant’s overall performance. The
process, environmental and economic literature is largely in agreement on this point: a
meaningful assessment of MSWI requires first distinguishing the plant-level from the net
balance of the entire system [25,26,36,44,86,211]. This applies in particular to the energy
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sector, where electrical, thermal, CHP, exergy-based and R1-based indicators are often
reported side by side, even though they describe different levels of system performance.

Table 8. An overview of the weighting of evidence across the main dimensions of the MSWI assessment.

Dimension What Is Relatively Well Established Main Boundary Conditions Interpretive Status of
the Literature 2

Process/energy

Feedstock and combustion stability are
the main determinants of energy
recovery; there is no single configuration
that is optimal for all waste
streams [25,42–44,66].

Composition of residual
waste, moisture, heat off-take,
and quality of control.

robust

Emissions/APC

Modern APC strongly reduces stack
emissions, but does not eliminate
pollutant transfer or the importance of
transient states [15,39,86,87,98,99].

APC configuration, transient
operations, and scope
of monitoring.

robust

Residues

Bottom ash has conditional recovery
potential; fly ash and APC residues
remain environmentally and regulatorily
more difficult streams [18,19,47–49].

Weathering, speciation,
eluates, material outlet, and
legal requirements.

robust/context-dependent

Environment/health

Net outcome depends on system
boundaries, the quality of exposure
assessment, and the local environmental
background [26,27,36,175,188].

Functional unit,
counterfactual scenario,
exposure pathways,
and confounding.

mixed

Economics/system
Gate fees, heat off-take, and integration
with the local energy and waste system
are decisive [44,193,195,202,203].

District heating, scale, sorting
policy, residue and APC costs. context-dependent

2 These labels are author-defined cross-cutting synthesis descriptors rather than formal GRADE certainty ratings.
They reflect: convergence of findings across the reviewed literature, sensitivity of the conclusion to system
boundaries with local context and major methodological limitations identified across Sections 4–8.

It remains equally clear that feedstock variability is not a secondary disturbance, but
a primary technological constraint. Moisture content, calorific value, the proportion of
combustible fractions, and changes caused by sorting and recycling all influence ignition,
after-burning, control margins and energy yield. In practice, this means that there is no
single process configuration that is optimal for all residual waste streams, and the majority
of differences between plants begin even before the combustion chamber [25,42,43,102].

The conclusion regarding the whole-train logic of emissions control also holds true.
Modern APC systems have significantly reduced stack emissions compared to historical
configurations, but they have not eliminated the problem of pollutant transfer between
the gas, dust and solid phases. The most reliable body of literature therefore no longer
interprets emission performance solely in terms of stack compliance, but rather in terms of
the combined behaviour of combustion quality, APC configuration, transient operations
and residue-side burdens [15,39,86,98,99].

Knowledge regarding the asymmetry of residues and the systemic role of heat recovery
is currently at a similar stage of maturity. Bottom ash has real, albeit conditional, recovery
potential, whilst fly ash and APC residues remain the main environmental and regulatory
constraint. At the same time, the net balance of MSWI improves significantly where
the plant is coupled with actual heat utilisation and primarily processes residual waste
following upstream recovery. It is precisely in this configuration that incineration finds its
strongest systemic justification [6,18,19,44,198].
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9.2. Where Conclusions Remain Conditional or Mixed

The conclusions regarding the climate balance and, more broadly, the environmental
and systemic balance remain the most contingent. In these areas, the result depends more
heavily than in process-based studies on the functional unit adopted, the system boundaries,
the counterfactual scenario, the actual use of heat, and the method of modelling avoided
processes and residues. Therefore, the literature supports neither the automatic conclusion
of a net climate benefit nor the equally automatic opposite conclusion; rather, it supports
the conclusion that the outcome is scenario-dependent and locally conditioned [36,85,187].

The evidence regarding health effects remains equally mixed. Local monitoring and
site-specific risk assessments often do not indicate a high population-level risk for modern,
regulated facilities, but the strength of this conclusion depends on the quality of exposure
reconstruction, environmental background monitoring, and the consideration of dietary
pathways. The latest epidemiological evidence does not provide grounds for alarmist
generalisations, but neither does it justify complete reassurance regardless of the context;
in practice, the primary limitation remains the quality of exposure assessment rather than
the sheer number of studies [27,176,188,192].

There are also conditions regarding the compliance of MSWI with the circular economy
and the readiness to implement various resource utilisation pathways, particularly for fly
ash and APC residues. In a configuration where the incinerator actually processes residual
waste following upstream recovery, the tension with recycling is often manageable; in a
configuration characterised by excess capacity, poor sorting or competition for fractions
suitable for material recovery, the risk of lock-in increases. Similarly, laboratory-scale
feasibility of treatment and valorisation does not yet constitute proof of the technology’s
systemic readiness if the balance of secondary streams, the durability of immobilisation
and downstream compliance have not been finalised [6,19,49,198,209].

However, the growing body of literature on AI and data-driven optimisation requires
careful interpretation. While progress in the tools is undeniable, most models remain
highly dependent on a specific installation, are poorly validated outside the training set,
and are only to a limited extent resilient to variations in feed characteristics and changes in
operating conditions. This means that AI tools currently represent an important avenue
of development, but do not yet provide a sufficiently mature foundation for solving the
problem of MSWI heterogeneity [22,29,72].

However, it would be going too far to regard the entire field of AI as still purely
prospective. In several task categories, particularly in LHV prediction, temperature and
oxygen control, NOx soft-sensing, and dioxin emissions modelling, operational utility has
already been demonstrated using full-scale or quasi-industrial data. It is therefore more
accurate to say that the operational maturity of AI/ML in MSWI is growing faster than its
transfer, standardisation and regulatory maturity. The problem is not a lack of applications,
but a lack of broad cross-facility validation and a shared data infrastructure [60,77,115–117].

From a decision-making perspective, this places AI/ML in a support role: it can
improve observability, early warning and local operational optimisation, but it cannot
yet replace reference measurements, operator supervision or scenario-based engineering
judgement. Its credibility boundary is reached when a model is transferred to a new plant,
a changed feedstock regime or a rare transient state without external validation, uncertainty
reporting and human-in-the-loop control.
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9.3. Why Published Results Remain Difficult to Compare

The apparent inconsistency in the results found in the MSWI literature is usually the
result not of random chaos, but of recurring heterogeneity. The most significant source of
incomparability stems from the subject of the study itself: the term ‘municipal solid waste’
can refer to mixed waste, residual waste following sorting, or waste streams with varying
moisture content, calorific value and proportion of combustible fractions. Added to this
is the local context, namely the availability of district heating, the energy mix, the waste
collection radius, the industrial background, the effectiveness of upstream sorting, and the
maturity of the waste infrastructure. Two studies may therefore formally concern “MSWI”,
yet in practice describe different technological and systemic setups; the same error occurs
when conclusions from regions with stable heat demand and better-controlled feedstock
are transferred without adjustment to contexts with weaker system integration and greater
variability in the residual waste stream [6,43,198].

A second major source of incomparability stems from system boundaries and func-
tional units. Studies that refer to one tonne of incinerated waste, one tonne of residual
waste after sorting, a unit of energy, or the entire municipal system address different
questions, even if they use similar terminology. The same issue applies to the way in
which avoided processes, the treatment of residues, and counterfactual scenarios are mod-
elled. Consequently, the results of LCA, health risk and techno-economic assessments
are not automatically interchangeable simply because they all relate to the same class of
technology [26,36,187].

A third source of heterogeneity stems from the plant itself and its operating regime.
Differences in feedstock management, grate operation, air distribution, APC configuration,
sampling points, transient operations and the weathering history of residues significantly
affect combustion, emissions and the properties of secondary materials. Comparisons
between steady-state studies and those involving start-up, shut-down or load changes,
as well as comparisons of residues with different collection and ageing histories, can be
particularly misleading. In such cases, it is not a matter of two different answers to the
same question, but rather answers to questions posed regarding different states of the
technology [25,46,86,98,212].

The fourth group concerns metrics and reporting practices. The same terms, including
performance, efficiency, impact, and risk, often mean different things across different
domains, and some studies do not make sufficiently clear the scenario assumptions, the
level of detail in the reporting, or the data limitations. For this reason, the results of studies
on MSWI can only be compared if the level of analysis, alternative scenario, operating
regime and key modelling assumptions are aligned. Where such alignment does not exist,
it is more honest to speak of conditional results rather than simple contradictions in the
literature [21,27,36].

9.4. Cross-Chain Trade-Offs in MSWI Assessment

The trade-offs identified in Sections 4–8 are not isolated chapter-level observations but
recurring cross-chain relationships. Table 9 extracts the most important ones in order to
show how a local improvement in one part of the MSWI train may shift costs, burdens or
uncertainty to another part of the system.

This cross-chain view explains why the present review avoids a universal ranking of
MSWI configurations and instead distinguishes robust conclusions from conditional and
non-comparable findings.
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Table 9. Core cross-chain trade-offs running through the MSWI assessment.

Cross-Chain Trade-Off Mechanism Implication for Assessment

Sorting and residual-waste quality
vs. combustion stability

Upstream recovery changes moisture,
LHV, ash and combustible fractions;
this can improve the waste system
while narrowing or shifting the
combustion envelope.

Process and energy results are
comparable only when the
residual-waste profile and sorting
context are reported.

Throughput and energy output vs.
burnout and emission stability

Higher grate speed or throughput can
increase short-term steam generation,
but may reduce drying, residence time
and after-burning quality.

Energy optimisation must be checked
against combustion stability,
CO/NOx behaviour and
downstream APC burden.

Stack-emission reduction vs.
pollutant transfer to residues

Effective APC lowers stack
concentrations but concentrates metals,
salts and persistent pollutants in fly
ash, APC residues and
secondary streams.

Low stack emissions cannot be
interpreted without residue-side
mass and risk balances.

Bottom-ash recovery vs. long-term
material compliance

Metal recovery and mineral
valorisation can improve resource
efficiency, but depend on ageing,
leachability, reactive aluminium and
downstream use conditions.

Valorisation claims require
application-specific compliance and
long-term performance data.

District heating and CHP value vs.
lock-in and local dependence

Heat use can strongly improve the net
balance, but it depends on a real heat
sink, seasonal demand and future
residual-waste supply.

Economic and environmental
benefits are system-specific, not
universal properties of MSWI.

CCUS climate benefit vs. energy
and economic penalty

Carbon capture can improve the
climate balance, but adds auxiliary
energy demand, costs and dependence
on CO2 transport, storage or
utilisation routes.

CCUS scenarios require joint
climate, energy and economic
assessment rather than a single
CO2-capture indicator.

10. Research Gaps and Future Directions
The research agenda for MSWI should be determined not by the sheer number of

thematic gaps, but by identifying those areas where the available evidence base does
not yet allow the net balance of a technology to be assessed with sufficient certainty. The
greatest weakness of the current research landscape is not a shortage of publications, but the
persistent fragmentation of process data, knowledge on the fate of contaminants, residue
management pathways, systemic assessments and health evidence across distinct research
traditions. Research priorities should therefore be determined according to three criteria:
the potential to reduce the incomparability of assessments, the relevance for resolving key
trade-offs, and the utility for decisions at the installation and system levels [26–28,36].

From this perspective, the research agenda for the MSWI should not take the form of a
broad, exhaustive list of topics. It should focus on a limited number of areas that simultane-
ously strengthen data and reporting infrastructure, improve the quality of environmental
and health assessments, enable the closure of residue flow balances, and allow for the
reliable modelling of MSWI’s position in systems characterised by an increasing degree
of selective waste collection and the ongoing decarbonisation of the energy sector. These
priorities are summarised in Table 10 and discussed in detail later in this chapter.
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Table 10. Priority research agenda for the MSWI, derived from a synthesis of Sections 4–9.

Priority Direction Main Gap and Preferred Research Design Significance for the Field Representative Sources

Standardisation of data
and reporting

Synchronised feedstock-process-emissions-
residues datasets are lacking; what is needed
are minimum reporting standards, event logs,
and anonymised inter-plant repositories.

Prerequisite for
comparability and
transferability of findings.

[22,25,29,86,114]

Harmonisation of
system assessments

Shared scenarios for LCA, health risk, and
techno-economic assessment are lacking;
explicit functional units, system boundaries,
and uncertainty analyses are needed.

Prerequisite for resolving
the net balance of MSWI. [21,26,27,36,85]

Dynamic full-scale
process studies

Data are lacking for transient operations,
feedstock-quality changes, and equipment
degradation; planned perturbation
campaigns, digital twins, and cross-facility
validation are needed.

Prerequisite for credible
optimisation of process
performance and APC.

[22,29,35,98,213]

Long-term validation of
residue pathways

Field evidence for full-scale treatment and
valorisation is lacking; mass balances, field
monitoring, and verification of secondary
liquid and gaseous streams are needed.

Prerequisite for
implementable recovery and
environmental safety.

[19,48,49,158,214]

Regional integration
and decarbonisation
scenarios

Multi-period models linking sorting, heat
demand, APC, CCUS, and grid
decarbonisation are lacking; representative
classes of plants and regions are needed.

Prerequisite for avoiding
lock-in and misguided
investment decisions.

[28,44,85,193,196,198]

Benchmarks for AI and
model governance

External validation, explainability, and
uncertainty protocols are lacking; benchmark
datasets, physics-informed models, and
human-in-the-loop deployment are needed.

Prerequisite for durable
deployment of AI in the
MSWI sector.

[22,29,72,213,215]

10.1. Priority 1: Integrated Data and Reporting Architecture

The top priority is to move from scattered case study descriptions to an integrated
data architecture that combines feedstock characteristics, process logs, APC configura-
tion, transient events, stack emissions, energy output and residue properties. Without
this minimum standard, even high-quality studies remain difficult to compare, as it is
impossible to determine whether they describe the same feedstock class and the same
operating regime. The sector therefore needs a practical reporting standard for MSWI,
covering time-resolved characteristics of residual waste, a transparent record of operational
events, sampling points, transient conditions and the basic variables subsequently required
for LCA, health risk and techno-economic assessment. The greatest value here will be
provided by cross-plant, anonymised data repositories, rather than further publications
based on an incomplete description of input conditions [25,27,86,114].

10.2. Priority 2: Harmonised Cross-Level Assessment Frameworks

The second priority concerns the harmonisation of system-level assessments. LCA,
health risk and techno-economic studies should clearly distinguish between gross and
net balances, explicitly state the functional unit, system boundaries, substitution rules,
treatment of residues and counterfactual scenarios, and routinely report sensitivity and
uncertainty analyses. The current literature too often compares results that in reality relate
to different analytical objects. Common reference scenarios are therefore needed for residual
waste, heat use, displaced energy, landfill avoidance and residue management, so that
future syntheses can compare not only the final figures but also the assumptions on which
these figures are based [21,26,27,36,85].
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10.3. Priority 3: Dynamic Full-Scale Process and APC Studies

The third priority involves dynamic, full-scale process studies. The greatest gaps today
do not concern steady-state operation, but rather how MSW Incineration Plants (MSWIPs)
behave during start-up, shut-down, load changes, feedstock shifts and equipment ageing.
It is precisely under these conditions that the most significant issues regarding whole-train
emissions, dioxin peaks, APC burden and controllability come to light. The field requires
planned perturbation campaigns, synchronised processes and emissions monitoring, and
physics-informed/digital twin models validated across facilities. The aim should not merely
be to better predict a single variable, but to develop a control system that simultaneously
maintains burnout, emission control, energy recovery and equipment durability under
realistic operating variability [22,29,65,98].

10.4. Priority 4: Long-Term Validation of Residue Pathways

The fourth priority concerns the long-term validation of residue pathways. In the case
of bottom ash, research should shift from laboratory proof-of-concept studies towards a full-
scale assessment of material outlets and metal recovery, whilst simultaneously monitoring
batch quality, leachability and field performance. In the case of fly ash and APC residues, it
is crucial to close the full mass and risk balance: the treatment route must be assessed not
only by the improvement of a single parameter, but also by the fate of eluates, secondary
solids, volatile phases and downstream compliance. The greatest insights will be provided
by research sequences that combine sampling, pretreatment, product testing and post-
deployment monitoring, as only such sequences will enable a distinction to be made
between laboratory feasibility and actual implementability [19,48,49,158,172,214].

At the same time, there is a need to standardise the definition, reporting and analyt-
ical aspects of residue pathway studies. Publications should explicitly state the point of
collection, APC configuration, weathering history, sample preparation, leaching protocol
and downstream use case, as without this information, even studies nominally concerning
the same class of BA, FA or APC residues remain difficult to compare. It is also particularly
important to extend the characterisation beyond the standard panel to include speciation,
fine fractions and emerging contaminants where the aim is material use rather than merely
safe storage; otherwise, the risk of secondary release may remain underestimated despite
an apparent improvement in classic indicators [132–135].

10.5. Priority 5: Dynamic System Integration and Decarbonisation Scenarios

The fifth priority requires a shift from static comparisons to dynamic regional models.
The future role of MSWI will depend on the simultaneous evolution of residual waste
supply, sorting intensity, heat demand, grid decarbonisation, APC requirements and carbon
constraints. Therefore, systemic research should model classes of representative plants and
regions over a multi-year horizon, rather than just an average plant in a single reference year.
Of particular importance here are scenarios integrating district heating, overcapacity risk,
CCUS pathways and lock-in effects. Without such an architecture, it is easy to overestimate
the future dominance of combustion or to prematurely conclude that its systemic role will
decline regardless of the local configuration [28,44,85,193,196,198].

10.6. Priority 6: AI, Digital Twins and Model Governance

The sixth priority concerns AI, digital twins and model governance. The most promis-
ing approaches do not involve duplicating or multiplying models developed and evaluated
solely within individual installations, but rather building externally validated tools that are
resilient to feedstock drift and embedded in transparent uncertainty assessment protocols.
The field requires benchmark datasets, common evaluation metrics, physics-informed
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models and human-in-the-loop implementation principles, so that data-driven solutions
improve process observability and operational decisions without creating a new layer of
opacity. In practice, AI should be treated not as a separate research objective, but as a
research and operational infrastructure integrating priorities 1–5 [29,65,72,215].

For this reason, benchmark datasets and model governance should not be viewed
merely as prerequisites for future applications, but as the next stage in organising a field in
which some AI/ML applications have shown operational potential in selected tasks. The
priority, therefore, is not simply to demonstrate that models can predict selected variables,
but to verify the extent to which they maintain accuracy in the face of feedstock drift,
changes in operating conditions and transfer between installations [77,78,115,215].

The required next generation of AI models is therefore not merely more complex,
but more accountable: physics-informed, uncertainty-aware, externally validated and
designed as human-in-the-loop tools linked to digital twins and benchmark datasets, so that
predictions can be interpreted as decision support rather than autonomous decision rules.

In summary, the most pressing research need in the field of MSWI is not to produce
yet more isolated case studies, but to develop research and analytical frameworks that
reduce the incomparability of findings, capture trade-offs in a holistic manner, and enhance
the usefulness of the evidence base for technological and systemic decisions.

11. Conclusions
MSWI should be analysed as a multi-level infrastructure rather than as a one-

dimensional combustion technology. The net balance of the plant is not a function of
the furnace alone or of a single indicator, but the result of the interaction between feed-
stock, process control, whole-train emissions control, residue management and local energy
utilisation. Any assessment that reduces this system to a single figure oversimplifies the
technology beyond what is permitted by the current state of knowledge [1,25,36,189].

Feedstock variability remains the primary technical constraint, and there is no uni-
versal process optimum that is independent of the quality of the residual waste. Moisture
content, calorific value, the proportion of combustible fractions, and changes caused by
sorting and recycling all contribute to combustion stability, control margins, and energy
yield. In practice, this means that the advantage of one technological configuration over
another is always conditional and depends on the actual feedstock profile, not on the
technology label itself [25,42,43,54,55,203].

Modern APC technology has fundamentally changed the emission profile of MSWI
plants, but it has not simplified the environmental assessment to focus solely on the stack.
The historical problem of high stack emissions has been largely mitigated; however, modern
assessments must also track the transfer of pollutants to fly ash, APC residues, and other
secondary streams, as well as the plant’s behaviour during transient conditions. Today,
the most reliable emissions assessment is a whole-train approach, rather than a stack-only
one [15,39,86,87,98,99].

Residues remain the primary material test of MSWI maturity. Bottom ash has real,
though clearly limited, potential for metal recovery and reuse of the mineral fraction,
while fly ash and APC residues continue to pose the main environmental, regulatory, and
implementation constraints. It is precisely this asymmetry between BA and FA/APC that
best illustrates that the assessment of MSWI cannot be limited to efficient combustion and
low stack emissions [18,19,47,48].

The net environmental and economic balance depends primarily on the actual utili-
sation of heat and on the explicitly defined system boundaries. The same installation can
show a positive or negative balance depending on whether it operates in a system with a
real heat sink, what energy mix it displaces, how residues are treated, and what alternative
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scenario is adopted. Therefore, there is no single universal environmental footprint or
single universal economic analysis of MSWI independent of the local system [36,44,195,198].
Consequently, electrical efficiency alone cannot serve as a representative measure of the
total energy efficiency of the MSWI unless it has been determined what portion of the heat
was actually used and in which energy system it was substituted.

The strongest systemic justification for MSWI lies in the management of residual
waste following upstream recovery; beyond this role, the risk of lock-in increases rapidly.
Where an incinerator complements a system based on prevention, reuse, sorting, and
recycling, it can serve a rational infrastructural function. However, where it begins to
compete for materials still suitable for recovery or forces the maintenance of an excessive
stream of combustible waste for decades, both its environmental and systemic justifications
weaken [5,28,198].

The greatest weakness of the current evidence base is not a lack of publications, but
the absence of an integrated, comparable, and dynamic data architecture. The literature
provides a good description of individual segments of the system (process, emissions,
residues, LCA, health risk, or economics) but is much less effective at reconstructing their
causal relationships within a single, comparable framework. This is precisely why so
many seemingly contradictory results actually turn out to be the result of different analysis
boundaries, different scenario assumptions, and different quality of input data [26,27,29,36].

Future progress will only be meaningful if digitalisation, AI, and decarbonisation
pathways are integrated into the same systemic framework. Digital twins, soft sensors, pre-
dictive control, CCUS, and other areas of development should not be treated as standalone
solution blocks, but rather as tools that enhance process observability, whole-train control,
responsible management of residues, and the quality of systemic decisions. Ultimately,
the decisive question is not whether MSWI is abstractly “for” or “against”, but under
what conditions its full configuration provides a more favourable balance than realistic
alternatives [22,28,29,196].
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3. Hoang, A.T.; Varbanov, P.S.; Nižetić, S.; Sirohi, R.; Pandey, A.; Luque, R.; Ng, K.H.; Pham, V.V. Perspective Review on Municipal
Solid Waste-to-Energy Route: Characteristics, Management Strategy, and Role in Circular Economy. J. Clean. Prod. 2022, 359,
131897. [CrossRef]

4. Varjani, S.; Shahbeig, H.; Popat, K.; Patel, Z.; Vyas, S.; Shah, A.V.; Barceló, D.; Hao Ngo, H.; Sonne, C.; Shiung Lam, S.; et al.
Sustainable Management of Municipal Solid Waste through Waste-to-Energy Technologies. Bioresour. Technol. 2022, 355, 127247.
[CrossRef] [PubMed]

5. Song, Y.; Xian, X.; Zhang, C.; Zhu, F.; Yu, B.; Liu, J. Residual Municipal Solid Waste to Energy under Carbon Neutrality: Challenges
and Perspectives for China. Resour. Conserv. Recycl. 2023, 198, 107177. [CrossRef]

6. Munir, M.T.; Mohaddespour, A.; Nasr, A.T.; Carter, S. Municipal Solid Waste-to-Energy Processing for a Circular Economy in
New Zealand. Renew. Sustain. Energy Rev. 2021, 145, 111080. [CrossRef]

7. Silva, M.G.; Przybysz, A.L.; Piekarski, C.M. Location as a Key Factor for Waste to Energy Plants. J. Clean. Prod. 2022, 379, 134386.
[CrossRef]

8. Farooq, A.; Haputta, P.; Silalertruksa, T.; Gheewala, S.H. A Framework for the Selection of Suitable Waste to Energy Technologies
for a Sustainable Municipal Solid Waste Management System. Front. Sustain. 2021, 2, 681690. [CrossRef]

9. Schneider, D.R.; Ragossnig, A.M. Recycling and Incineration, Contradiction or Coexistence? Waste Manag. Res. 2015, 33, 693–695.
[CrossRef]

10. Kumagai, S.; Koda, S.; Oda, H. Exposure Evaluation of Dioxins in Municipal Waste Incinerator Workers. Ind. Health 2003, 41,
167–174. [CrossRef]

11. Setyono, P.; Raharjo, S.; Chegenizadeh, A.; Budihardjo, M.A.; Wati, H.R. Review on Waste-to-Energy towards Circular Economy
Using Life Cycle Assessment. Sustain. Futur. 2025, 10, 101164. [CrossRef]

12. Buekens, A.; Huang, H. Comparative Evaluation of Techniques for Controlling the Formation and Emission of Chlorinated
Dioxins/Furans in Municipal Waste Incineration. J. Hazard. Mater. 1998, 62, 1–33. [CrossRef]

13. Tuppurainen, K.; Asikainen, A.; Ruokojärvi, P.; Ruuskanen, J. Perspectives on the Formation of Polychlorinated Dibenzo-p-
Dioxins and Dibenzofurans during Municipal Solid Waste (MSW) Incineration and Other Combustion Processes. Acc. Chem. Res.
2003, 36, 652–658. [CrossRef]

14. Zhou, H.; Meng, A.; Long, Y.; Li, Q.; Zhang, Y. A Review of Dioxin-Related Substances during Municipal Solid Waste Incineration.
Waste Manag. 2015, 36, 106–118. [CrossRef]

15. Peng, Y.; Lu, S.; Li, X.; Yan, J.; Cen, K. Formation, Measurement, and Control of Dioxins from the Incineration of Municipal Solid
Wastes: Recent Advances and Perspectives. Energy Fuels 2020, 34, 13247–13267. [CrossRef]

16. Vehlow, J.; Bergfeldt Britta, B.; Hunsinger, H. PCDD/F and Related Compounds in Solid Residues from Municipal Solid Waste
Incineration—A Literature Review. Waste Manag. Res. 2006, 24, 404–420. [CrossRef]

17. Costa, G.; Baciocchi, R.; Polettini, A.; Pomi, R.; Hills, C.D.; Carey, P.J. Current Status and Perspectives of Accelerated Carbonation
Processes on Municipal Waste Combustion Residues. Environ. Monit. Assess. 2007, 135, 55–75. [CrossRef] [PubMed]

18. Šyc, M.; Simon, F.G.; Hykš, J.; Braga, R.; Biganzoli, L.; Costa, G.; Funari, V.; Grosso, M. Metal Recovery from Incineration Bottom
Ash: State-of-the-Art and Recent Developments. J. Hazard. Mater. 2020, 393, 122433. [CrossRef] [PubMed]

19. Zhang, Y.; Wang, L.; Chen, L.; Ma, B.; Zhang, Y.; Ni, W.; Tsang, D.C.W. Treatment of Municipal Solid Waste Incineration Fly Ash:
State-of-the-Art Technologies and Future Perspectives. J. Hazard. Mater. 2021, 411, 125132. [CrossRef] [PubMed]

20. Zhang, J.; Zhang, S.; Liu, B. Degradation Technologies and Mechanisms of Dioxins in Municipal Solid Waste Incineration Fly Ash:
A Review. J. Clean. Prod. 2020, 250, 119507. [CrossRef]

21. Hamidinasab, B.; Nabavi-Pelesaraei, A. Systematic Review on Environmental Impact Assessment of Incineration Technologies.
Energy Convers. Manag. X 2025, 26, 101039. [CrossRef]

22. Tang, J.; Tian, H.; Wang, T. A Review of Model Predictive Control for the Municipal Solid Waste Incineration Process. Sustainability
2024, 16, 7650. [CrossRef]

23. Yeo, R.J.; Sng, A.; Wang, C.; Tao, L.; Zhu, Q.; Bu, J. Strategies for Heavy Metals Immobilization in Municipal Solid Waste
Incineration Bottom Ash: A Critical Review. Rev. Environ. Sci. Biotechnol. 2024, 23, 503–568. [CrossRef]

24. Bristol, D.M.N.; Gue, I.H.V.; Ubando, A.T. A State-of-the-Art Review on Machine Learning Based Municipal Waste to Energy
System. Clean. Energy Syst. 2024, 9, 100143. [CrossRef]

25. Leckner, B.; Lind, F. Combustion of Municipal Solid Waste in Fluidized Bed or on Grate—A Comparison. Waste Manag. 2020, 109,
94–108. [CrossRef]

26. Di Maria, F.; Mastrantonio, M.; Uccelli, R. The Life Cycle Approach for Assessing the Impact of Municipal Solid Waste Incineration
on the Environment and on Human Health. Sci. Total Environ. 2021, 776, 145785. [CrossRef]

27. Bottini, I.; Vecchi, S.; De Sario, M.; Bauleo, L.; Trentalange, A.; Michelozzi, P.; Ancona, C. Residential Exposure to Municipal Solid
Waste Incinerators and Health Effects: A Systematic Review with Meta-Analysis. BMC Public Health 2025, 25, 1989. [CrossRef]
[PubMed]

https://doi.org/10.3390/en19112698

https://doi.org/10.1016/j.jclepro.2022.131897
https://doi.org/10.1016/j.biortech.2022.127247
https://www.ncbi.nlm.nih.gov/pubmed/35490955
https://doi.org/10.1016/j.resconrec.2023.107177
https://doi.org/10.1016/j.rser.2021.111080
https://doi.org/10.1016/j.jclepro.2022.134386
https://doi.org/10.3389/frsus.2021.681690
https://doi.org/10.1177/0734242X15593421
https://doi.org/10.2486/indhealth.41.167
https://doi.org/10.1016/j.sftr.2025.101164
https://doi.org/10.1016/S0304-3894(98)00153-8
https://doi.org/10.1021/ar020104+
https://doi.org/10.1016/j.wasman.2014.11.011
https://doi.org/10.1021/acs.energyfuels.0c02446
https://doi.org/10.1177/0734242X06066321
https://doi.org/10.1007/s10661-007-9704-4
https://www.ncbi.nlm.nih.gov/pubmed/17520338
https://doi.org/10.1016/j.jhazmat.2020.122433
https://www.ncbi.nlm.nih.gov/pubmed/32143166
https://doi.org/10.1016/j.jhazmat.2021.125132
https://www.ncbi.nlm.nih.gov/pubmed/33858099
https://doi.org/10.1016/j.jclepro.2019.119507
https://doi.org/10.1016/j.ecmx.2025.101039
https://doi.org/10.3390/su16177650
https://doi.org/10.1007/s11157-024-09694-3
https://doi.org/10.1016/j.cles.2024.100143
https://doi.org/10.1016/j.wasman.2020.04.050
https://doi.org/10.1016/j.scitotenv.2021.145785
https://doi.org/10.1186/s12889-025-23150-z
https://www.ncbi.nlm.nih.gov/pubmed/40442661
https://doi.org/10.3390/en19112698


Energies 2026, 19, 2698 36 of 43

28. Dal Pozzo, A.; Lucquiaud, M.; De Greef, J. Research and Innovation Needs for the Waste-To-Energy Sector towards a Net-Zero
Circular Economy. Energies 2023, 16, 1909. [CrossRef]

29. Tao, J.; Li, Z.; Chen, C.; Liang, R.; Wu, S.; Lin, F.; Cheng, Z.; Yan, B.; Chen, G. Intelligent Technologies Powering Clean Incineration
of Municipal Solid Waste: A System Review. Sci. Total Environ. 2024, 935, 173082. [CrossRef] [PubMed]
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