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Abstract

This study develops a comparative screening framework for evaluating the feasibility of low-
temperature clinker production using waste-derived raw meals under melt-phase and Fe-in-liquid
constraints. The work addresses the need to connect two strategies for lower-emission cement manu-
facture that are often discussed separately: partial substitution of conventional raw materials with
waste-derived inputs and reduction of clinker burning temperature through mineralized processing.
A secondary-data analysis was conducted using selected open-access case studies and an open-access
spreadsheet dataset, from which quantitative variables related to composition, process conditions,
clinker formation, and cement performance were extracted and compared. The results show that feasi-
bility depends not only on burning temperature, but also on major-oxide compatibility, minor-element
constraints, burnability, clinker phase balance, melt-related indicators, and final cement performance.
In the waste-substitution benchmark, MSWI bottom ash was compositionally feasible only within a
limited substitution range controlled by Fe,O3 content. In the mineralizer benchmark, a reduction
in burning temperature from 1450 °C to 1350 °C was found to be a practical benchmark for reduced-
temperature clinker production, whereas further reduction to 1300 °C required stronger chemical
assistance and led to performance penalties. Overall, the proposed framework distinguishes favorable,
conditionally feasible, and constrained pathways and provides a basis for screening candidate systems
before experimental validation.

Keywords: low-temperature clinker; waste-derived raw meals; MSWI bottom ash; melt fraction;
Fe-in-liquid; mineralized clinker; burnability

1. Introduction

The cement industry is one of the most energy-intensive industrial sectors and a major source
of CO; emissions [1,2]. In addition to process emissions from limestone decarbonation, conventional
Ordinary Portland Cement (OPC) production requires high clinkering temperatures and large amounts
of virgin raw materials [3,4]. These challenges have increased interest in production routes that can
reduce thermal demand while promoting the use of secondary resources [5].

Two approaches are especially relevant in this context. The first is the partial replacement of
conventional raw materials with waste-derived inputs containing useful clinker-forming oxides [6—
10]. The second is the reduction of clinker burning temperature through mineralized processing
and modified clinker chemistry. Although both strategies have been widely studied, they are often
discussed separately rather than within a unified framework for evaluating low-temperature clinker
feasibility.

Among potential waste-derived materials, municipal solid waste incineration bottom ash (MSWI
BA) is of particular interest because it contains major oxides such as CaO, SiO,, Al,O3, and Fe>O3 [11].
This makes MSWI BA a potentially useful secondary raw material for clinker production. However, its
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suitability cannot be assessed only from major-element composition. Minor elements, soluble salts,
and compositional variability may also affect burnability, melt formation, clinker phase development,
hydration behavior, and overall process stability [12].

Lowering clinker burning temperature is also challenging because clinkerization, particularly
alite formation, depends strongly on high-temperature melt-assisted reactions. Previous studies have
shown that mineralizers such as CaF, and CaSO4 can improve burnability and enable clinker formation
at reduced temperatures by modifying liquid-phase behavior [13]. In particular, burning at 1350 °C has
been identified as a practical benchmark for reduced-temperature clinker production, whereas further
reduction to 1300 °C generally requires stronger chemical assistance and may result in performance
penalties [14,15].

Despite these advances, studies on waste-derived raw meals usually focus on substitution fea-
sibility and cement performance, whereas studies on reduced-temperature clinker systems mainly
emphasize burnability and mineralizer effects [16]. As a result, there remains a need for a comparative
framework that links waste-derived raw meal feasibility with the key screening variables relevant to
low-temperature clinker formation.

Therefore, this study develops a comparative screening framework for evaluating low-temperature
clinker production using waste-derived raw meals under melt-phase and Fe-in-liquid constraints.
Based on secondary-data analysis from selected open-access case studies and an open-access spread-
sheet dataset, the study integrates compositional variables, process indicators, clinker-formation
behavior, and cement performance into a common evaluation logic. The aim is to clarify the conditions
under which reduced-temperature clinker production can be interpreted as favorable, conditionally
feasible, or constrained.

2. Materials and Methods
2.1. Data Sources and Case-Study Selection

This study was conducted as a secondary-data analysis based on open-access literature and an
open-access spreadsheet dataset. Three case studies were selected to build the screening framework: (i)
an MSWI bottom ash study as a benchmark for waste-derived raw meal substitution, (ii) a CaF;-CaSO4
mineralizer study as a benchmark for reduced-temperature clinker formation, and (iii) an open-access
spreadsheet dataset as the basis for compositional screening and melt-phase assessment. The selected
sources and the variables extracted from each case study are summarized in Table 1.

Only quantitative variables directly relevant to clinker screening were extracted, including raw
material chemistry, substitution level or mineralizer dosage, burning temperature, phase composition,
free lime, and cement performance indicators. Microstructural and diffraction images reported in the
original studies were not reproduced in this work; instead, only the numerical outputs derived from
those analyses were used for comparison. This approach ensured a consistent dataset for evaluating
the compositional and process variables associated with waste incorporation and low-temperature
clinker production.
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Table 1. Summary of open-access data sources and extracted variables used in this study.
Source Material type Study focus  Extracted variables
Waste chemistry, substitution level,
MSWI bottom ash  Waste-derived Portland clinker phase composition, free lime,
case study [17] raw meal clinker calorimetry, and compressive strength
substitute production
with
secondary
raw
materials
F content, SO3 content, free lime, clinker
CaF, + CaSO, Mineralized Reduced- mineral composition, setting time, and
mineralizer case low-temperature  temperature compressive strength
study [18] clinker system clinker
formation
and
burnability
Maximum C3S, melt fraction, Fe in melt,
Open-access Thermodynamic =~ Compositional screening thresholds, and compositional
spreadsheet screening dataset  screening windows
dataset [19] and
melt-phase
assessment

Abbreviation: MSWI BA = municipal solid waste incineration bottom ash.

2.2. Comparative Data Extraction and Screening Variables

After the case studies were selected, the reported quantitative data were extracted and reorganized
into a common comparative framework. Because the selected sources differed in material type, study
purpose, and reporting style, the extracted data were not treated as a single merged dataset. Instead,
they were harmonized at the level of screening variables so that the benchmark cases could be
compared through a shared interpretive logic.

The variables retained for analysis were grouped into four categories: compositional variables,
process variables, clinker-formation indicators, and cement performance indicators, as summarized in
Table 2. This grouping was adopted to reflect the main stages through which low-temperature clinker
feasibility can be interpreted, from raw-meal suitability to final cement behavior.

The compositional variables included the major oxides required for clinker formulation, together
with reported minor elements that may influence melt formation, burnability, hydration behavior, and
process stability. In this study, major oxides were used primarily to assess whether a waste-derived
material could contribute to a clinker-compatible raw meal, whereas minor elements were treated as
potential constraints that might offset this benefit under practical clinkering conditions.

The process variables included waste substitution level, mineralizer dosage, and burning temper-
ature. These variables were selected because they define the operating conditions under which clinker
formation was evaluated in the benchmark studies. In particular, waste substitution level was used to
identify admissible incorporation ranges, while mineralizer dosage and burning temperature were
used to compare conventional and reduced-temperature clinker production conditions.

The clinker-formation indicators included free lime, clinker phase composition, melt fraction, and
Fe enrichment in the liquid phase. Free lime was used as the primary indicator of burnability and
completeness of clinkerization. Phase composition, especially the balance between C3S and C,S, was
used to assess whether reduced-temperature burning or waste incorporation remained compatible
with acceptable Portland clinker characteristics. Melt-related variables were included to capture
the thermodynamic and operability-related aspects of clinker formation, particularly the distinction
between favorable liquid-phase development and excessive melt formation.
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The performance indicators included setting time and compressive strength. These variables were
treated as the final validation stage of the screening logic, because favorable clinker formation at the
burnability or phase level does not necessarily guarantee acceptable cement behavior. For this reason,
performance-related outputs were used to distinguish cases that remained practically feasible from
those that became conditionally feasible or constrained.

This harmonized variable structure was used to compare the conditions under which waste
incorporation remained compatible with acceptable clinker formation and cement performance. The
extracted variables also served as the basis for the comparative screening logic developed in the
following sections.

Table 2. Comparative screening variables extracted from the selected open-access case studies.

Relevance to

Variable group Variable Unit Source case(s) .
screening

Major oxides
required to evaluate
whether a waste
stream can be
incorporated into a
clinker raw meal
while maintaining a
feasible
compositional
window
Minor elements
potentially affecting
melt formation,
Composition Na, K, Cl, Zn,S, F wt.% or MSWI BA case; burnability, setting
mg/kg mineralizer case ~ behavior, and
operational
constraints

Composition Ca0O, SiO,, ALO3, wt.% MSWI BA case;
FeyO3 spreadsheet
dataset

Used to compare
the feasible
incorporation range
and identify the
limiting factor
controlling the
maximum waste
dosage

Used to define
benchmark
conditions for
reduced-
temperature
clinkering and
equivalent
burnability

Core process
variable used to

Process Waste substitution  wt.% MSWI BA case
level

Process F content and SO3  wt.% Mineralizer case
content in clinker

compare
Process Burning °C MSWI BA case; conventional and
temperature mineralizer case; reduced-
low-burning temperature clinker
clinker case formation
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Variable group

Variable

Unit

Source case(s)

Relevance to
screening

Clinker formation

Clinker formation

Clinker formation

Clinker formation

Free lime (f.CaO)

Phase composition
(C3Sr CZSr C3Ar
C4AF)

Melt fraction

Fe enrichment in
melt

wt.%

wt.%

wt. %

wt.%

Mineralizer case;
MSWI BA case

MSWI BA case;
mineralizer case;
spreadsheet
dataset

Spreadsheet
dataset

Spreadsheet
dataset

Indicator of
burnability and
completeness of
clinkerization
Used to assess alite
retention, belite
formation, and
compatibility with
Portland clinker
targets

Screening indicator
for the
compositional
window associated
with
low-temperature
clinker formation
Used as an
operability-related
screening variable
for excessive
liquid-phase
enrichment

Performance

Performance

Setting time

Compressive
strength

min or h

MPa

Mineralizer case

MSWI BA case;
mineralizer case

Used to identify
performance
penalties associated
with reduced
burning
temperature or
excess mineralizer
Used to compare
whether clinker
modifications
remain compatible
with acceptable
cement
performance

Abbreviations: MSWI BA = municipal solid waste incineration bottom ash; f.CaO = free lime.

2.3. Comparative Screening Framework

The comparative screening framework developed in this study is presented in Figure 1. As

shown in Figure 1, the evaluation proceeded through four sequential stages: compositional screening,

process screening, clinker-formation screening, and performance screening. This structure was used to

integrate the harmonized variables extracted from the selected open-access case studies into a single

comparative assessment.
The first stage considered compositional feasibility. At this stage, the major oxides were used to

determine whether a waste-derived material could contribute to a clinker-compatible raw meal, while

the reported minor elements were treated as potential constraints because of their possible influence

on melt formation, burnability, and hydration behavior. The second stage considered process-related

variables, particularly waste substitution level, mineralizer dosage, and burning temperature, in order

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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to compare conventional clinker production conditions with reduced-temperature cases reported in
the literature.

Open-access data sources
(case studies and spreadsheet dataset)

1

Extraction of harmonized variables
composition, process, clinker formation, performance

l

Compositional screening
major oxides and minor-elements constraints

/\

Process screening Clinker-formation screening
substitution level, mineralizer dosage free lime, phase composition,
burning temperature melt fraction, Fe in melt

—

Performance screening
setting behavior and compressive strength

l

Comparative classification
favorable, conditionally feasible, or constrained

Figure 1. Comparative screening framework used to evaluate the feasibility of low-temperature clinker production
from open-access case studies.

The third stage focused on clinker-formation indicators. Free lime was used as the primary indi-
cator of burnability, while clinker phase composition was used to assess whether reduced-temperature
burning remained compatible with acceptable alite retention. In parallel, the spreadsheet dataset
was used to incorporate melt-related variables, particularly melt fraction and Fe enrichment in the
liquid phase, so that compositions associated with excessive liquid-phase development could be
distinguished from those more favorable for clinker formation.

The final stage considered cement performance. Setting behavior and compressive strength were
used as practical validation criteria to determine whether the conditions identified as favorable at
the clinkering stage also remained compatible with acceptable cement properties. On this basis, each
case was interpreted as favorable, conditionally feasible, or constrained for low-temperature clinker
production. The framework therefore provided a structured basis for comparing waste incorporation
and reduced-temperature clinker formation across the selected open-access case studies.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.4. Benchmark Variables Adopted from the Reference Case Studies

To interpret the selected open-access case studies within a common screening framework, a
set of benchmark variables was adopted from the literature. These variables were selected because
they directly reflect the compositional, process, and performance conditions under which waste
incorporation or reduced-temperature clinkering remained feasible.

For the MSWI bottom ash case, the benchmark variables included the substitution level, the
limiting compositional factor controlling the maximum incorporation rate, the resulting clinker phase
composition, and the reported cement performance. This case was used as the main benchmark
for waste-derived raw meal feasibility because it explicitly linked raw meal substitution to clinker
composition and compressive strength.

For the mineralizer case, the benchmark variables included fluorine content, sulfur trioxide con-
tent, burning temperature, free lime, clinker mineral composition, setting behavior, and compressive
strength. This case was used as the benchmark for reduced-temperature clinker formation because
it provided a direct comparison between conventional burning conditions and mineralized clinkers
burned at lower temperatures but adjusted to achieve equivalent burnability.

The low-burning-temperature clinker case with shredded waste plastic was used as an additional
process-level benchmark. In this case, the relevant variables included target mineral composition,
estimated sintering temperature, kiln stability, and heat consumption. This source was used to support
the interpretation of reduced-temperature clinker production under practical operating conditions.

These benchmark variables were not used to merge the three case studies into a single dataset.
Instead, they were used to define reference ranges and comparison points for the screening logic
developed in this study. Accordingly, the benchmark cases provided a structured basis for identifying
whether low-temperature clinker feasibility was primarily constrained by bulk composition, minor-
element effects, burnability, or final cement performance.

2.5. Scope and Limitations of the Secondary-Data Approach

The present study was conducted as a comparative secondary-data analysis based on selected
open-access case studies and an open-access spreadsheet dataset. Accordingly, the objective was not to
reproduce clinker synthesis experimentally, but to identify the compositional, process, and performance
variables most consistently associated with feasible waste incorporation and reduced-temperature
clinker formation across the available sources.

This approach has several limitations. First, the selected case studies were generated under
different experimental conditions and for different purposes, and therefore the extracted variables
are comparable only at an interpretive level. Second, the waste-derived material considered in
the reference waste-substitution case, namely MSWI bottom ash, is known to be compositionally
heterogeneous, which limits the direct transferability of the reported substitution range to other wastes
or other ash sources. Third, the present study did not recalculate phase equilibria or generate new
thermodynamic simulations, but relied on the screening variables already reported in the selected
open-access sources. For this reason, the framework developed here should be understood as a
comparative decision-support approach rather than a predictive model.

Another limitation is that the analysis focused on quantitative outputs extracted from the selected
studies, such as phase composition, free lime, melt-related variables, and cement performance, whereas
microstructural images and diffraction patterns were not used as primary evidence. This choice was
made to maintain methodological consistency across sources and to restrict the comparison to variables
that could be harmonized in numerical form.

Despite these limitations, the secondary-data approach remains useful for identifying bench-
mark ranges and screening logic for low-temperature clinker production. In particular, it enables
direct comparison between waste-substitution feasibility, mineralizer-assisted temperature reduction,
and melt-related screening criteria without introducing additional uncertainty from new laboratory-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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scale variability. The resulting framework is therefore intended as a structured basis for subsequent
experimental validation rather than as a substitute for it.

3. Results and Discussion
3.1. Comparative Compositional Feasibility of Waste-Derived Inputs

The benchmark case studies show that the compositional feasibility of waste-derived inputs
for clinker production depends on whether the material can supply the major oxides required for
clinker formation without introducing excessive minor-element constraints. As shown in Figure 2 and
summarized in Table 3, the MSWI bottom ash benchmark provides the clearest example of this dual
requirement.

From the perspective of major-element chemistry, the MSWI bottom ash case indicates clear
potential for use as a secondary raw material in clinker raw meals. The ash contains the principal
clinker-forming elements, namely Ca, Si, Al, and Fe, which are necessary for the formation of the
main Portland clinker phases. As illustrated in Figure 2, this compositional profile supports the
interpretation of MSWI bottom ash not simply as a residue requiring disposal, but as a potentially
useful input for partial substitution of virgin raw materials.

However, the same benchmark also shows that compositional feasibility cannot be evaluated
on the basis of major oxides alone. The ash contains minor elements and soluble salts, including
Na, Cl, and Zn, that may influence clinkerization behavior, melt formation, hydration, and process
stability. This means that a waste-derived material may appear suitable at the bulk-oxide level
while still introducing constraints that become important during burning or in the performance of
the resulting cement. For this reason, the role of waste-derived inputs in the present framework is
interpreted as inherently dual: they may contribute useful clinker-forming oxides, but they may also
carry process-related and hydration-related risks.

The mineralizer benchmark provides a complementary comparison for understanding this balance.
In that case, minor components such as fluorine- and sulfur-bearing additions were deliberately used
to improve burnability and enable clinker formation at reduced temperature. This comparison is
important because it shows that minor elements are not always unfavorable. Their effect depends on
concentration, chemical form, and process context. Under controlled conditions, they may support
low-temperature clinker formation; under less favorable conditions, they may instead narrow the
feasible processing window or increase operability-related risks.

Taken together, the selected benchmark cases indicate that the compositional feasibility of waste-
derived inputs for low-temperature clinker production should be interpreted as a preliminary screening
outcome rather than a final judgment of suitability. A material can be considered compositionally feasi-
ble only when it satisfies two conditions simultaneously: first, it must contribute a useful proportion of
the major clinker-forming oxides; second, its minor-element inventory must remain within a range that
does not offset this benefit through excessive process, mineralogical, or performance-related penalties.
Accordingly, compositional screening in the present study serves as the first boundary condition in the
broader evaluation of low-temperature clinker feasibility, to be refined further by substitution limits,
clinker-formation indicators, and cement performance.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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MSWI BA benchmark
Secondary raw material candidate

—

Major oxides Minor-element constrains

Ca, Si, Al, Fe Na, Cl, Zn, soluble salts
Compositional feasibility Compositional constraint
Raw-meal compatibility Hydration and process risks

Mineralizer benchmark

CaF,+ CaSO,
Compositional feasibility Compositional constraint
Raw-meal compatibility Hydration and process risks

Comparative compositional feasibility
Potentially feasible only when major-oxide contribution
is not offset by minor-element constraints

Figure 2. Comparative compositional feasibility map of the benchmark cases used in this study. The figure
shows that the suitability of waste-derived inputs for low-temperature clinker production depends on the balance
between the contribution of major clinker-forming oxides and the constraints introduced by minor elements. The
MSWI bottom ash benchmark illustrates the dual role of waste-derived materials as both secondary raw-material
sources and potential sources of process and hydration risks, whereas the mineralizer benchmark highlights the
trade-off between improved burnability and operational constraints under reduced-temperature conditions.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Benchmark compositional and process variables extracted from the selected case studies.

Case study

Benchmark variable

Value

Unit

Interpretation for
screening

MSWI BA case

MSWI BA case

MSWI BA case

MSWI BA case

MSWI BA case

MSWI BA case

Maximum raw-meal
substitution

Controlling factor of
maximum
substitution

Major oxides in
bottom ash

Key minor elements

Soluble chloride

Soluble sulphate

124

F€2 03

Ca 18.91; Si
11.06; Al15.57;
Fe 9.45

Na 1.25; Cl

0.25; Zn 0.63

2740

5059

wt.%

wt.%

wt.%

mg/kg

mg/kg

Upper incorporation
limit for the selected
French bottom ash
under the targeted
Portland clinker
composition

The limiting oxide
controlling the
admissible waste
incorporation in the
raw meal

Confirms
compositional
suitability of the ash
as a secondary raw
material for clinker
production
Indicates potential
constraints related to
hydration
retardation,
mineralization
effects, and process
compatibility
Indicates the
presence of chloride
as an operational
constraint for
waste-derived
clinker systems
Indicates additional
sulphate input
relevant to clinker
chemistry and
process behavior
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Case study

Benchmark variable

Value

Unit

Interpretation for
screening

Mineralizer case

Mineralizer case

Mineralizer case

Mineralizer case

Mineralizer case

Mineralizer case

Mineralizer case

Reference burning
temperature

Reduced burning
temperature with
equivalent
burnability

F content at 1350 °C

SO;3 content at
1350 °C

F content at 1300 °C

C3S content

C,S content

1450

1350

0.067

2.2

0.270

56.1;49.6; 49.1

21.2;25.0;25.0

°C

°C

wt.%

wt.%

wt.%

wt.%

wt.%

Benchmark
conventional
temperature for
comparison with
reduced-
temperature clinker
burning
Demonstrates a
feasible 100 °C
reduction under
controlled
mineralizer
conditions

Fluorine level
required to match
the burnability of
the normal clinker
burned at 1450 °C
Sulfate level
associated with
improved
burnability and
reduced burning
temperature
Higher fluorine
demand required to
reach equivalent
burnability at the
lower temperature
Alite content
decreased as
burning temperature
was reduced from
1450 to 1350 and
1300 °C

Belite content
increased as burning
temperature was
reduced

Abbreviation: MSWI BA = municipal solid waste incineration bottom ash.

3.2. Waste Substitution Limits and Controlling Factors

The benchmark cases indicate that the admissible level of waste incorporation is controlled

not by waste availability alone, but by the limiting compositional factor within the targeted clinker

system. In the MSWI bottom ash case, two substitution levels were examined, namely 5 wt.% and

the maximum feasible level of 12.4 wt.%. This upper limit was not arbitrary, but corresponded to the

highest incorporation level that still satisfied the targeted Portland clinker composition.

The controlling factor in this case was the FepO3 content of the bottom ash. Once the substitution

level exceeded 12.4 wt.%, the iron oxide supplied by the waste became greater than the amount required

for the target clinker, and the resulting raw meal no longer matched the intended clinker formulation.

This result shows that waste substitution limits should be interpreted as composition-dependent

thresholds rather than as fixed values applicable to all waste streams.
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At the same time, the mineralizer benchmark provides an important comparison for understand-
ing how such limits relate to low-temperature clinker feasibility. As shown in Figure 3, reduced-
temperature clinker formation can be achieved when burnability is improved under controlled process
conditions. However, the benchmark also shows that further reduction in temperature requires pro-
gressively stronger chemical assistance and may introduce performance penalties. This comparison
suggests that the practical limit of waste substitution should not be evaluated only at the raw-meal
level, but also in relation to the process conditions required to maintain acceptable clinker formation.

In the MSWI bottom ash case, the main clinker assemblage remained broadly comparable to that
of the reference system, but the phase balance shifted as substitution increased. This indicates that the
substitution limit was reached before the clinker system became fully incompatible, and was instead
governed by the point at which one component exceeded the design tolerance of the targeted clinker.
For this reason, waste substitution limits in the present study are treated as the first practical boundary
condition within the broader screening framework for low-temperature clinker production.

REFERENCE CLINKER : REDUCED-T CLINKER B 3 LOWER-TT LIMIT
(Conventional Process) (Reduced-T Process) (Critical Condition)

z K\ F = 0.067 wt.%
J} \ [

=22 wt%

F =0.024 wt.%

S

\QPEI0)/S0; = 0.6 wt%

I @
5 A
Benchmark Practical Benchmark Lower-T limit
(Conventional Process) Feasible 100 °C reduction Enhanced solution
 Conventional burnability o Comparable burnability » Performance penalty
z N
1350°C benchmark: 1300°C limit:
Reduced-T clinker formation is FEASIBLE Substantially higher F demand Ta
e Comparable cement performance validated » Associated with performance penalty
\ W,

Figure 3. Reduced-temperature benchmark derived from the mineralizer case study. The figure summarizes the
transition from conventional clinker burning at 1450 °C to reduced-temperature burning at 1350 °C and 1300 °C
under increasing fluorine and sulfur trioxide contents. The benchmark indicates that comparable burnability
can be achieved at 1350 °C under controlled mineralizer contents, whereas further reduction to 1300 °C requires
substantially higher fluorine addition and is associated with lower cement performance.

3.3. Reduced-Temperature Benchmark from Mineralized Clinker Systems

The mineralizer case provides the main benchmark for interpreting reduced-temperature clinker
formation in the present study. As shown in Figure 3, the conventional reference condition corre-
sponded to clinker burning at 1450 °C, whereas the reduced-temperature cases were evaluated at
1350 °C and 1300 °C under progressively higher fluorine and sulfur trioxide contents. This benchmark
is important because it demonstrates that low-temperature clinker formation is feasible, but only
within a constrained compositional and process window.

The most relevant result is that equivalent burnability to the normal clinker burned at 1450 °C
was achieved at 1350 °C when the fluorine content increased from 0.024 to 0.067 wt.% and the SO3
content increased from 0.6 to 2.2 wt.%. In this case, the study explicitly used free lime as the burnability
indicator, and the lower f.CaO confirmed that the mineralizer combination improved clinker formation
at reduced temperature. Therefore, the 1350 °C case can be treated as the practical benchmark for a
feasible 100 °C reduction in burning temperature.

However, the same benchmark also shows that the lower-temperature limit is more constrained.
At 1300 °C, equivalent burnability was reached only when the fluorine content was increased further
to 0.270 wt.%, while SOz remained around 2.2 wt.%. Although this condition reduced f.CaO to the
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target level, it did not provide the same overall clinker and cement behavior as the 1350 °C case.
In particular, the 1300 °C clinker showed lower bulk density, indicating insufficient sintering, and
the corresponding cement exhibited retarded setting and lower compressive strength. The clinker
mineralogy supports the same interpretation. Compared with the normal clinker burned at 1450 °C,
the mineralized clinkers burned at 1350 °C and 1300 °C had lower C3S and higher C,S contents. The
reported Bogue mineral composition changed from 56.1 wt.% C3S and 21.2 wt.% C,S at 1450 °C to
49.6 wt.% C3S and 25.0 wt.% CpS at 1350 °C, and to 49.1 wt.% C3S and 25.0 wt.% C;S at 1300 °C. This
indicates that, even when burnability is matched through mineralization, alite retention still decreases
as the burning temperature is reduced.

Taken together, these results show that the mineralizer case does not support an unrestricted
decrease in clinker burning temperature. Instead, it defines a practical reduced-temperature benchmark
at 1350 °C, where burnability and cement performance remain broadly comparable to the conventional
reference, and a more constrained lower-temperature limit at 1300 °C, where stronger mineralizer
demand and poorer cement performance become evident. For the present screening framework, this
means that 1350 °C should be interpreted as the most realistic benchmark for reduced-temperature
clinker production, whereas 1300 °C represents a boundary condition rather than a generally favorable
operating target.

3.4. Clinker-Formation Indicators for Screening Low-Temperature Feasibility

The selected benchmark cases show that low-temperature clinker feasibility should be evaluated
from clinker-formation indicators rather than from burning temperature alone. As summarized in
Table 4 and illustrated in Figure 4, the most relevant indicators in the present study were free lime,
phase composition, and melt-related screening variables. Together, these parameters were used to
distinguish between clinker systems that remained favorable under reduced-temperature conditions
and those that became constrained by mineralogical or operability-related penalties.

Free lime was treated as the primary indicator of burnability. In both the MSWI bottom ash case
and the mineralizer case, low residual free lime indicated that clinker formation was largely complete
even when the raw meal composition or burning conditions were modified. However, acceptable
burnability alone was not sufficient to define a favorable low-temperature condition. The phase balance
of the produced clinker also had to remain compatible with Portland clinker behavior, particularly
with respect to the retention of C35 and the increase of C,S.

This point is evident from the phase-composition data summarized in Table 4. In the MSWI
bottom ash case, increasing waste substitution from OPCO to OPC12.4 produced a progressive decrease
in C3S and an increase in C;5, while the free-lime content remained low. A similar pattern was
observed in the mineralizer benchmark, where the reduced-temperature clinkers burned at 1350 °C
and 1300 °C showed lower C3S and higher C,S than the reference clinker burned at 1450 °C. These
results indicate that reduced free lime does not necessarily imply full preservation of alite-rich clinker
formation, and that phase balance must be considered together with burnability.
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Table 4. Comparative clinker-formation and performance outcomes used for screening.
Case Condition CsS CS Free lime/ Performance .Screenlng .
CaO note interpretation
Reference
MSWI BA OorcCo 7614 1227 021 Highest1d clinker
case strength among  benchmark
the MSWI BA
cements
Conditionally
MSWI BA OPC5 7401 1521  0.05 Lower feasible waste
case early-age substitution
strength, but
limited
medium-term
penalty
Upper-limit
substitution
MSWI BA OPC12.4 7212 19.60 0.06 Stronger under
case early-age compositional
retardation, but constraint
acceptable
clinker
formation
Mineralizer 1450 °C 56.1 21.2 Reference Baseline Conventional
. benchmark
case normal burnability = cement
clinker performance
Favorable
Mineralizer 1350 °C 49.6 25.0 Equivalent Cement reduced-
case mineralized to 1450 °C  performance Lemperature
. . . enchmark
clinker clinker remained
broadly
comparable
Constrained
. . . lower-
Mineralizer 1300 °C 49.1 25.0 Equivalent Lower bulk
. . oy . temperature
case mineralized burnability =~ density, limit
clinker achieved retarded
only with setting, and
higher F lower strength
content

Abbreviation: MSWI BA = municipal solid waste incineration bottom ash. C3S and C;S are given in wt.%. Free lime / CaO

values are reported as wt.% where available.

The melt-related indicators provide a third level of screening. As shown schematically in Figure 4,

melt fraction and Fe enrichment in the liquid phase were interpreted as variables that help explain

why some compositions remain favorable whereas others become conditionally feasible or constrained.

In the screening logic adopted here, increased liquid-phase formation may improve burnability, but

excessive melt development or excessive enrichment of specific elements in the melt may also increase

operability-related risks and shift the clinker away from the desired compositional window.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202604.0245.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 April 2026 d0i:10.20944/preprints202604.0245.v1

15 0f 19

BURNABILITY MINERALOGY LIQUID PHASE

f.CaO Dissolutio Phase Assembly (C55/C,S) Melt Formation & Properties

2 f.CaO® (&3 ]
1:55 4 e A4OJ> c.S {40.«
arget: <0.5% X o ®
O e S »,201—"TC.S \.:'2005
E 910 O
1000 1100 1200 1300 1400 1000 1200 1200 1300 1400 * Balanced melt properties

Free Lime (f.CaO) Balanced melt properties

() ACCEPTABLE PERFORMANCE SCREENING /1 REJECTION RISKS
DECISION MATRIX
« £.Ca0 < 1.0% ¢ f.Ca0 >1.5%
o C3S > 55% o C3S<45%
¢ Balanced melt properties e Excessive or viscous melt

Figure 4. Clinker-formation indicators used for screening low-temperature feasibility. The figure summarizes
the three main indicator groups considered in this study, namely free lime as a burnability indicator, phase
composition in terms of C35 retention and C;S increase, and melt-related indicators including melt fraction and
Fe enrichment in the liquid phase. Together, these indicators were used to distinguish favorable clinker formation
from conditions associated with excessive alite loss or operability-related penalties.

Taken together, these indicators support a three-level interpretation of low-temperature feasibility.
A clinker system was considered favorable when burnability improved without major loss of C3S
or evidence of excessive melt-related risk. It was considered conditionally feasible when clinker
formation remained complete but the phase balance shifted toward lower alite content or higher
belite content. Finally, it was considered constrained when acceptable burnability was achieved only
at the expense of stronger mineralogical deviation or process-related penalties. On this basis, the
clinker-formation indicators summarized in Table 4 and Figure 4 formed the core of the comparative
screening framework developed in this study.

3.5. Cement Performance Implications

The benchmark cases show that clinker modifications associated with waste incorporation or
reduced-temperature burning do not necessarily translate into unacceptable cement performance.
Instead, the main effect appears at early age, whereas the medium- and later-age behavior remains
closer to the reference system when clinker formation is still largely complete [20].

In the MSWI bottom ash case, the hydration curves of the three cement pastes remained broadly
similar, but the setting of OPCO started earlier than that of OPC5 and OPC12.4. This delay was
attributed to the presence of trace elements and alkalis in the MSWI BA-based clinkers. The same
case also showed that the early-age compressive strength decreased as the substitution level increased,
whereas the difference became much less pronounced after 7 days. This indicates that the main penalty
of waste incorporation was associated with short-term hydration and strength development rather
than with a strong loss of overall cement performance [21].

A comparable interpretation can be drawn from the mineralizer benchmark. Cement burned at
1350 °C showed setting and strength behavior close to that of the reference cement burned at 1450 °C,
despite the lower burning temperature. In contrast, the cement burned at 1300 °C showed retarded
setting and lower compressive strength. This confirms that reduced-temperature clinker formation is
feasible only within a bounded operating window, beyond which acceptable burnability is no longer
sufficient to guarantee acceptable cement performance.

The low-burning-temperature clinker case with shredded waste plastic supports the same inter-
pretation at the process scale. In that study, the strength development of the trial cement was slightly
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lower than that of the trial OPC, but the authors attributed this mainly to a lower-than-target C3S
content rather than to the use of the reduced-temperature route itself. This observation is impor-
tant because it suggests that part of the apparent performance penalty may be explained by clinker
composition control rather than by temperature reduction alone.

Taken together, these results indicate that cement performance should be interpreted as the
final validation stage of the screening framework. Conditions that remain favorable at the clinker-
formation stage can still become only conditionally feasible if they induce early-age retardation or
reduce strength development. Conversely, when clinker composition remains sufficiently controlled,
reduced-temperature production and moderate waste incorporation can remain compatible with
acceptable cement performance [22,23].

3.6. Integrated Interpretation of Low-Temperature Clinker Feasibility

The comparative analysis indicates that low-temperature clinker feasibility should be interpreted
as the combined outcome of compositional suitability, process conditions, clinker-formation behavior,
and final cement performance rather than as the result of temperature reduction alone [24]. Across the
selected benchmark cases, reduced-temperature clinker formation remained feasible only when the
contribution of the waste-derived or mineralizing components improved burnability without causing
excessive deviations in clinker phase balance or unacceptable performance penalties.

The MSWI bottom ash case shows that a waste-derived material can remain compatible with
Portland clinker production when it supplies the required major oxides and does not prevent com-
plete clinker formation. However, this case also demonstrates that increasing waste incorporation
progressively shifts the clinker from a more alite-rich to a more belite-rich composition, while early-
age hydration and strength become more sensitive to trace elements and alkalis [25]. Accordingly,
this route can be interpreted as conditionally feasible: clinker formation remains acceptable, but the
compositional and performance margins become narrower as the substitution level increases.

The mineralizer benchmark defines the practical reduced-temperature window more clearly. In
this case, the 1350 °C condition can be interpreted as favorable because equivalent burnability was
achieved relative to the conventional 1450 °C clinker while cement performance remained broadly
comparable. By contrast, the 1300 °C condition should be interpreted as constrained. Although
equivalent burnability was reached through higher fluorine addition, the resulting clinker showed
lower bulk density, retarded setting, and lower compressive strength, indicating that the lower
temperature could not be considered broadly favorable under the reported conditions [26].

Taken together, these benchmark cases support a three-level interpretation of low-temperature
clinker feasibility. A condition is favorable when reduced-temperature burning or waste incorporation
improves or preserves burnability while maintaining acceptable clinker phase balance and cement
performance [27]. It is conditionally feasible when clinker formation remains complete but the
mineralogical shift or early-age performance penalty becomes more pronounced. It is constrained
when acceptable burnability is obtained only through stronger chemical assistance or when the final
clinker and cement properties deviate too far from the conventional reference.

On this basis, the present study identifies 1350 °C as the most realistic benchmark for low-
temperature clinker production within the selected literature, whereas further reduction toward
1300 °C should be treated as a boundary condition rather than a general target. Similarly, moderate
waste substitution can be considered feasible when the major-oxide contribution is useful and the
minor-element inventory remains manageable, but the admissible range must be defined by the
limiting compositional factor and validated against clinker-formation and performance indicators. The
integrated screening framework developed here therefore supports low-temperature clinker design not
by proposing a single universal route, but by distinguishing favorable, conditional, and constrained
pathways on a comparative basis.
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4. Conclusions

This study proposed a comparative screening framework for assessing low-temperature clinker
feasibility using open-access case studies and an open-access spreadsheet dataset. The results show
that feasibility depends not only on burning temperature, but also on composition, burnability, clinker
phase balance, and cement performance.

The MSWI bottom ash benchmark showed that waste-derived materials can be used as secondary
raw materials when they provide the major clinker-forming oxides. However, the admissible substitu-
tion level was limited by Fe,O3 content, and increasing substitution shifted the clinker toward lower
C3S and higher C,S contents, with a corresponding reduction in early-age strength.

The mineralizer benchmark showed that a practical reduction in burning temperature from 1450
to 1350 °C is feasible when F and SOj3 contents are adjusted to achieve equivalent burnability. In
contrast, further reduction to 1300 °C required higher fluorine addition and resulted in retarded setting
and lower compressive strength.

The most useful screening indicators were free lime, phase composition, melt-related variables,
and cement performance. Low residual free lime alone was not sufficient to define a favorable low-
temperature route, because acceptable burnability could still be accompanied by reduced alite retention
or performance penalties.

Overall, the selected literature supports a three-level interpretation of low-temperature clinker
feasibility: favorable, conditionally feasible, and constrained. Within this framework, 1350 °C can be
regarded as the most realistic benchmark for reduced-temperature clinker production, while 1300 °C
should be treated as a lower boundary condition. The proposed framework can therefore serve as a
basis for screening waste-derived and mineralized clinker systems before experimental validation.
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Abbreviations

The following abbreviations are used in this manuscript:
MSWIBA  Municipal solid waste incineration bottom ash

orc Ordinary Portland cement
f.CaO Free lime

C3S Tricalcium silicate (alite)
C,S Dicalcium silicate (belite)
C3A Tricalcium aluminate

C4AF Tetracalcium aluminoferrite
CO, Carbon dioxide

Fe; O3 Iron(IIT) oxide

SO3 Sulfur trioxide
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