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Stage-Resolved Characterization of Wastewater Sludge Streams for Thermochemical Valorization:

Moisture, Fuel Value, and Ash Mineralogy Constraints

Abstract

Wastewater sludges are often treated as a single feedstock in thermochemical studies, despite substantial
variations across treatment stages. Five sludge streams from the Ankara Central Wastewater Treatment Plant,
primary sludge, waste activated sludge (WAS), raw sludge, anaerobically digested sludge, and dewatered cake
were characterized by gravimetric moisture analysis, TGA-based proximate analysis, oxygen bomb calorimetry
for higher heating value, XRD of dried solids and 950 °C residues, and SEM/EDS of selected residues. The as-
received moisture contents were very high for four sludge streams, exceeding 97%, indicating that drying would
be the first practical barrier before thermal conversion. Even after mechanical dewatering, the cake still contained
77.2 + 1.4% moisture. On a dry basis, primary sludge, WAS, raw sludge showed similar volatile matter (67%) and
lower ash (25-28%), whereas anaerobic sludge and sludge cake had lower volatile matter (~54%) and higher ash
(40-42%), with HHV decreasing from 19.9 + 0.6 MJ/kg (primary) to 13.5-13.6 MJ/kg (anaerobic/cake). Dried
sludges showed quartz/calcite/Fe-oxide signatures, with an amorphous contribution; 950 °C residues were
mineral-dominated, with aluminosilicate and Ca-P phases and microstructural heterogeneity. Treatment stage
shifted the dominant constraint from moisture limited energy recovery in upstream streams to ash and residue
limited management in downstream streams. These results demonstrate that sludge should not be treated as a
single feedstock class and that thermochemical pathway screening should evaluate moisture burden, dry-basis fuel

value, ash loading, and mineral residue behavior together.
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1. Introduction

Municipal wastewater sludges are receiving growing attention as secondary resources for energy
recovery and value-added material production [1, 2]. In practice, however, their use is constrained by several
feedstock-level issues. Sludge can carry a large water burden, which increases the energy required for drying,
while its inorganic fraction can change during thermal treatment and contribute to sintering, slagging, fouling, or
other ash-related problems [3—6]. These challenges are not uniform across a treatment plant. Primary sludge, waste
activated sludge, digested sludge, and dewatered cake can differ markedly in solids content, organic matter, and
mineral fraction, but comparative studies often still group them under the broad label of “sewage sludge” [3, 7].
To address this limitation, this study characterizes multiple sludge streams from different treatment stages using
a common analytical protocol designed to define the main constraints on thermochemical processing and residue
management.

These constraints are especially relevant in Tiirkiye, where high-volume municipal residues still require
costly handling and are often routed mainly toward disposal. Policies aimed at reducing biodegradable waste in
landfills, such as the EU Landfill Directive, support the shift from simple disposal toward resource recovery [8,
9]. Sewage sludge is therefore both a waste-management burden and a locally available feedstock. Its feasibility
for energy recovery or material-use pathways cannot be judged from availability alone. Three practical questions
must be addressed first: how much water must be removed, how much organic matter remains for conversion, and
which mineral phases persist, disappear, or form during heating.

Sewage sludge is produced continuously during municipal and industrial wastewater treatment. In
activated sludge systems, waste activated sludge consists mainly of microbial biomass formed as microorganisms
metabolize influent organics. The suspended solids are then separated from the treated water [10]. Because sludge
contains both biodegradable organic matter and a concentrated inorganic fraction, it has been evaluated as more
than a disposal stream. Energy recovery and, in selected cases, higher-value product formation are possible [11].
Interest in these pathways has grown as traditional outlets, including land application and disposal, come under
increasing scrutiny because of contaminants, changing regulations, public concerns, and rising management costs
[12-14].

The Ankara Central Wastewater Treatment Plant provides a plant scale example. It has a nominal capacity
of 765,000 m* day!' and treats roughly 250 million m? annually. Waste activated sludge is thickened, combined
with primary sludge, and sent to anaerobic digestion for biogas production. Electricity from this biogas reportedly
supplies 80-85% of plant demand, roughly 21 million kWh per year. Centrifuge decanters then increase solids
content from about 4-6% to 27-30%. While this reduces transport volume, the material remains water-rich. At 27-
30% solids, one ton of dry solids is still associated with 3.3-3.7 tons of wet sludge. Any handling, storage, or
thermal conversion route must account for roughly 2.3-2.7 tons of water per ton of dry solids [15].

Water removal is one of the first technical constraints for sludge valorization. Streams leaving treatment
units often contain high moisture, which increases transport volume and complicates storage. During thermal
conversion, heat is consumed to evaporate water before the solids reach effective conversion temperatures [16,
17]. Mechanical dewatering mitigates this, but sludge cake often retains 68-80% water depending on stabilization,
polymer conditioning, and equipment [18]. Acceptable moisture depends on the intended outlet. Levels below
60% may suffice for storage or land-based management, whereas combustion, gasification, and pyrolysis

generally require feedstocks below ~15% moisture to maintain stable operation and limit auxiliary fuel use [19].



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

Dewatering and drying therefore strongly influence technical feasibility, cost, and environmental performance.
System-level studies indicate that both drying intensity and the energy source used can dominate the energy and
environmental balance of sludge management [20, 21]. Conditioning may involve natural or solar drying,
mechanical and thermal drying, or biological approaches using self-heating to accelerate water removal. The
selected method must match both the starting solids content and the intended final use [22, 23].

Sewage sludge can contain both organic and inorganic contaminants, so reuse decisions cannot be based
only on energy content. Such decisions also require a risk-based assessment that connects the measured sludge
composition to the intended outlet [12, 24]. The inorganic fraction is especially important because ash chemistry
and trace metals can affect thermal operation, limit land application, and determine whether ash-derived products
are acceptable for reuse [25]. In combustion or incineration, mineral composition influences slagging, fouling,
and pollutant formation, while regulated gases such as NOy, SOy, CO, and, in some cases, NoO must be managed
with appropriate control systems [26, 27].

Full-scale sludge-to-energy systems usually combine dewatering and drying with fluidized-bed
combustion or incineration, along with downstream gas cleaning operations. Similar pretreatment strategies are
widely used in industrial gas processing systems, where dehydration and contaminant removal are essential before
downstream transport or utilization [28]. Some systems also enhance anaerobic digestion. For example, thermal
hydrolysis can increase methane production and stabilize solids. Even with strong on-site energy recovery, residual
solids remain. These materials still require dewatering, transport, and either disposal or further processing [29,
30].

One reason sludge valorization routes can underperform is that different sludge streams are sometimes
treated as if they are interchangeable fuels or feedstocks. In reality, moisture content, ash chemistry, and
contaminant profiles can change with both treatment stage and site, and these differences may control conversion
behavior, emissions-control requirements, and the possible outlets for products or residues [3, 31, 32]. For this
reason, pathway selection should begin with feedstock characterization rather than with an assumed conversion
technology. In many cases, the measured properties of the sludge may determine whether a route is practical more
strongly than the nominal choice between combustion, gasification, pyrolysis, digestion, or material recovery [32,
33].

The objective of this study is therefore to generate a stage-resolved characterization dataset for several
sludge streams from the same wastewater treatment plant, so that potential thermochemical conversion and residue
management routes can be screened using measured constraints rather than averaged sewage-sludge assumptions.
We measured moisture content, TGA-derived proximate behavior, and higher heating value (HHV), and we used
XRD to evaluate crystalline phases before and after heating to 950 °C. SEM/EDS was used on selected high-
temperature residues to examine microstructure and elemental heterogeneity. To place the sludge results in a
broader fuel context, representative coals and biomasses were analyzed using the same fuel-relevant methods. The
resulting dataset is intended as a characterization-first screening framework for sludge-to-energy and sludge-ash
management pathways. It is not intended to provide a quantitative life-cycle assessment, but rather to identify the
main material constraints that would need to be addressed before process-level evaluation.

Datasets that compare several sludge streams from the same treatment plant remain relatively limited,
especially for Tiirkiye. This gap defines the main contribution of the present work. We do not propose a new

conversion unit or claim a validated integrated process. Instead, we provide a decision-oriented characterization
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dataset that connects measurable material properties, including moisture content, organic fraction, ash loading,
and mineral phase changes, to the practical limits that would affect handling, thermal operation, emissions control,

and possible residue-use pathways.

2. Materials and Methods

2.1. Residue sources and stream definitions
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Figure 1. Sludge handling pathway at the Ankara Central Wastewater Treatment Plant, showing the unit operations

used to define the five sampling points: primary sludge, waste activated sludge, raw sludge, anaerobic sludge, and

dewatered sludge cake.

Five sewage sludge streams were collected from the Ankara Central Wastewater Treatment Plant to
represent different points in the sludge handling line (Figure 1). Primary sludge refers to the settled solids removed
during primary clarification after preliminary physical treatment. Waste activated sludge (WAS) refers to the
excess biological solids removed from the activated-sludge system after aeration and secondary settling. Raw
sludge is used here for the thickened mixture of primary sludge and WAS before anaerobic digestion. Anaerobic,
or digested, sludge refers to the residual solids obtained after mesophilic anaerobic digestion for biogas
production. Sludge cake refers to the mechanically dewatered digested sludge produced before final disposal.
These five streams were selected so that changes in moisture, organic content, ash fraction, and residue behavior
could be compared across the treatment train rather than inferred from a single bulk “sewage sludge” sample.

Reference fuels and biomass samples were also analyzed to place the sludge results in context. The
benchmark set included commercially purchased materials: 11 lignite samples, 15 hard coal samples, 6 coke
samples, 2 algal biomass samples, and 7 lignocellulosic or other biomass materials. These samples were not
intended to represent local waste streams, but to provide a consistent comparison for proximate composition and
higher heating value. All reference materials were prepared and analyzed using the same drying, homogenization,

and characterization procedures used for the sludge samples.
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2.2. Sample preparation and basis

For analyses reported on a dry basis, subsamples were dried in a convection oven at 105 °C for 6 h. The
dried materials were then cooled in a desiccator and stored in airtight containers until analysis. All dry-basis results
refer to this 105 °C drying condition. A small loss of highly volatile organic compounds during oven drying cannot
be ruled out, but this effect is expected to be minor compared with the mass of water removed and was not

distinguishable within the uncertainty of the gravimetric measurements.

2.3. Moisture measurement
Moisture content was measured by drying the as-received samples at 105 °C for 6 h and calculating the

mass loss relative to the initial sample mass.

2.4. TGA proximate protocol

Thermogravimetric analysis (TGA) was used to evaluate the proximate behavior of the dried sludge
samples and reference fuels/biomass materials. Dried sludge samples were heated to 950 °C under N>, and volatile
matter and ash were determined using a thermogravimetric analyzer following the principles of ASTM D3175,
ASTM D3173, and ASTM D3174. Ash content was determined at 550 °C under O,. Fixed carbon was calculated
by difference from moisture, volatile matter, and ash. Operating parameters that can affect TGA outputs, including
sample mass, heating rate, purge gas composition, purge flow rate, and hold time, are provided in the Supporting

Information.

2.5. Higher heating value (HHV) measurement

The higher heating value (HHV) of dried sludge samples and reference fuels/biomass materials was
measured using a LECO AC-350 oxygen bomb calorimeter. Pre-weighed subsamples were combusted under 30
atm O, according to the manufacturer’s protocol and standard bomb-calorimetry practice. HHV values are

reported on a dry basis.

2.6. Ash preparation at 950 °C and XRD protocols

Ash/residue samples from the five sludge types were prepared by heating dried samples to 950 °C for 30
min in a muffle oven. The resulting ash/residue fractions were collected and characterized to evaluate inorganic
phases and morphology relevant to ash management and potential secondary use. Crystalline phases in dried
sludge samples and their corresponding ash/residue fractions were identified by X-ray diffraction (XRD). XRD

scan conditions are provided in the Supplementary Material.

2.7. SEM/EDS conditions and quantification basis

Microstructural characterization was performed by scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS). SEM imaging and EDS mapping/spot analyses were conducted for
primary sludge ash and sludge cake ash to evaluate morphology, particle structure, and elemental distributions
after high-temperature treatment. SEM operating conditions (accelerating voltage, working distance, detector
configuration), sample mounting, and any conductive coating are reported in the Supplementary Material. EDS

results are interpreted as semi-quantitative.
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2.8. Statistics and replicates
Sludge measurements were performed in triplicate (n = 3), whereas reference fuels/biomass materials
were analyzed in duplicate (n = 2). Results are reported as mean + standard deviation (SD). For derived quantities,

the calculation basis and equations are provided in the relevant subsection and/or in the Supplementary Material.

3. Results
3.1. Feedstock properties of five sludge streams

All five sludge streams contained a large amount of water in the as-received state, confirming that
handling and drying would be major practical issues before any valorization step. Primary sludge, WAS, raw
sludge, and anaerobic sludge each had moisture contents above 97% (Table 1). Sludge cake was the only stream
with substantially lower moisture, 77.2 + 1.4%, and correspondingly higher total solids, 22.8 & 1.4%, because it
had already passed through mechanical dewatering (Table 1, S1, and S2). After the laboratory pre-drying step at
105 °C for 6 h, the remaining moisture in all sludge samples decreased to low single-digit values, approximately
1.7-3.8% (Table S3). This provided a consistent dried basis for the subsequent proximate, HHV, and solid-phase

analyses.

Table 1. As-received moisture, total solids, and dry-basis higher heating value of the five Ankara sludge streams.
Values are reported as mean = SD from triplicate measurements (n = 3). HHV was measured by oxygen bomb

calorimetry and is reported on a dry basis. Replicate values are provided in Table S1, S2 and S10.

Moisture content (%)  Total solids (%) HHV (MJ/kg)

Primary sludge 974+1.1 26+1.1 199+0.6
Waste Activated Sludge  98.9+0.7 1.1£0.7 17.2+0.5
Raw sludge 97.6+1.3 24+1.3 18.3+0.6
Anaerobic sludge 984+1.1 1.7+ 1.1 13.5+04
Sludge cake 772+1.4 22.8+1.4 13.6 0.4
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Figure 2. TGA-derived proximate behavior of the Ankara sludge streams on a dry basis. Volatile matter, ash, and
fixed carbon are reported as mean = SD (n = 3). Fixed carbon was calculated by difference using the dry-basis
volatile matter and ash content determined by TGA: FC = 100 - (VM + Ashsso) where FC is fixed carbon (dry,
wt%), VM is volatile matter (dry, wt%), and Ashsso is ash measured at 550 °C (dry, wt%). The numerical values
used to generate the figure are provided in Tables S5, S6, S7, and S8.

The HHV results followed the same pattern observed in the proximate analysis and further separated the
sludge streams in terms of dry-basis energy content (Table 1). Primary sludge had the highest HHV, followed by
raw sludge and WAS. In contrast, anaerobic sludge and sludge cake showed clearly lower HHV values, which is
consistent with their lower volatile matter contents and higher ash fractions after digestion and downstream

dewatering (Figure 2).
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3.2. Benchmark comparison with solid fuels and biomasses
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Figure 3. Comparative proximate composition of Ankara sludge, benchmark solid fuels, and biomass reference
materials. Values are reported on a dry wt% basis as volatile matter, ash, and fixed carbon. The sludge value
represents the mean of the five Ankara sludge streams. Lignite, hard coal, and coke represent mean values for the
purchased benchmark samples, with n= 11, n = 15, and n = 6, respectively. The algal and lignocellulosic biomass
samples were analyzed as reference materials using the same protocol. Volatile matter and ash were determined
by TGA. Fixed carbon was calculated by difference using Fixed carbon = 100 - (volatile matter + Ashsso), where

Ashsso is the ash content measured at 550 °C. Numerical values are provided in Table S4 and S9.

Comparing Ankara sludge with common solid fuels and reference biomasses highlights why ash
management is a critical consideration in sludge-to-energy applications (Figure 3). On a dry basis, the average ash
content of the sludge samples was 32.4%, far higher than the lignocellulosic biomasses measured here, which
ranged from 0.3-7.5%, and also above the average values for lignite and hard coal, 13.4% and 12.8%, respectively.
Sludge also exceeded coke in ash content, 9.2%, although coke is fundamentally different because its proximate
composition is dominated by fixed carbon. The fixed-carbon fraction in sludge was only 5.7%, compared with
40.2% for lignite, 55.7% for hard coal, and 89.6% for coke. This low fixed-carbon fraction indicates that most of
the combustible portion of sludge comes from volatile matter rather than char burnout. The average volatile matter
content, 61.9%, was slightly below most lignocellulosic biomasses in the benchmark set, approximately 63-85%,
but well above hard coal, 31.5%, and coke, 1.2%. These comparisons show that sludge should not be treated as a
coal-like fixed-carbon fuel. It is better described as a volatile-rich, high-ash residue, where handling of the mineral
fraction can be as important as organic conversion.

The HHYV values of the sludge samples were compared with those of benchmark fuels and selected
lignocellulosic and algal biomasses using the same bomb-calorimetry protocol (Table 2). Fossil-derived fuels had
the highest energy densities, with coke at 27.6 + 0.4 MJ/kg and hard coal at 24.0 = 0.0 MJ/kg, consistent with

their higher carbon content and lower oxygen content. Lignite and wood pellets showed intermediate values, 19.3
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+0.2 and 19.2 + 0.2 MJ/kg, respectively. The average sludge HHV was 16.5 + 0.5 MJ/kg, placing it near the upper
end of the lignocellulosic residues measured in this study, including rice husk and herbaceous or woody biomasses,
which ranged from 14.9 to 16.3 MJ/kg. On a dry basis, after moisture removal, sludge approaches the energy
content of some agricultural residues. Corresponding moisture values are provided in Table S5. Algal biomasses
showed broader variability: Spirulina had a relatively high HHV of 20.9 + 0.3 MJ/kg, while bladderwrack was
lower at 13.2 + 0.1 MJ/kg. This variation indicates that HHV in biomass-type materials is primarily influenced by

biochemical composition and ash content, rather than by the broad classification as “biomass.”

Table 2. Dry-basis higher heating values (HHV) for sludge, benchmark solid fuels, and biomass reference
materials determined by oxygen bomb calorimetry. Data are shown as mean = SD. Benchmark fuels and biomass
materials were analyzed in duplicate (n = 2), and sludge samples were analyzed in triplicate (n = 3). Replicate

measurements are listed in Table S11.

Sample HHV (MJ/kg) Sample HHV (MJ/kg)
Coke 27.6+0.4 Corn Straw 16.3+0.2
Hard Coal 24.0+£0.0 Hemp Straw 15.8+0.1
Spirulina 209+0.3 Kenaf 15.6+0.2
Lignite 19.3+0.2 Miscanthus 15.5+0.0
Wood Pellets 19.2+0.2 Rice Husk 14.9+0.1
Sludge 16.5+£0.5 Bladderwrack 13.2+0.1
Wood Chips 16.3+£0.2
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244
245  Figure 4. A. XRD patterns of Ankara sludge streams dried at 105 °C for 6 h. Numbered peaks indicate (1) calcite,

246 CaCOs; (2) amorphous or poorly crystalline material shown by the diffuse background; (3) quartz, SiO»; and (4)
247 Fe-oxide-related phases, including Fe,Os/Fe-oxide reflections. B. XRD patterns of sludge ash/residue generated
248 by heating dried Ankara sludge streams to 950 °C for 30 min in a muffle oven. Assigned phases include: (1) quartz,
249  SiOy; (2) albite, NaAlSi;Os; (3) carbonate-related reflections, such as calcite; (4) merrillite, CagNaMg(PO4)7; (5)
250  alumina, AL,Os; (6) K-feldspar, KAISi;Os; and (7) carbonate-related reflections, such as dolomite.

10



251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267

The XRD patterns in Figure 4 indicate that the oven-dried sludge samples contained a mix of crystalline
and poorly ordered material. Across all five sludge streams, the main crystalline reflections were identified as
quartz, calcite, and Fe-oxide-bearing phases. These reflections were superimposed on a broad diffuse signal at
approximately 15-30° 20, indicating that much of the dried solid matrix remained amorphous or only weakly
crystalline. This is expected for wastewater-derived solids, which contain mixed organic, biological, and inorganic
material rather than a single well-defined mineral phase. Compared with primary sludge, WAS, and raw sludge,
the anaerobic sludge and sludge cake show a less pronounced diffuse background and more mineral-dominated
patterns. This agrees with the proximate results, where downstream treatment reduced the organic fraction and
increased the relative contribution of inorganic material.

After heating to 950 °C, the XRD patterns became much more strongly controlled by mineral phases, as
expected after removal of most organic matter (Figure 4). Quartz was still present in the residues from all sludge
streams. The patterns also showed reflections consistent with aluminosilicate phases, including NaAlSi3;Os and
KAISi;0s, together with AI,O3; and Ca-P minerals such as merrillite, CagNaMg(PO4)7. These results indicate that
high-temperature treatment converts the sludge solids into a residue matrix dominated by silicate-,
aluminosilicate-, and phosphate-bearing components. Any carbonate-related reflections should be treated with
caution, because carbonates are not expected to be fully stable at 950 °C and may also form or change during

cooling and exposure after the heating step.

11
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269  Figure 5. A. SEM-EDS elemental maps of primary sludge residue prepared by heating the dried sample to 950 °C
270 for 30 min in a muffle oven; B. SEM-EDS elemental maps of sludge cake residue prepared by heating the dried
271 sample to 950 °C for 30 min in a muffle oven.
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SEM imaging and SEM-EDS mapping were used to examine the mineral residue formed after heating
selected sludge samples to 950 °C. The primary sludge residue was used as a representative early-stage sample,
while sludge cake was used as a downstream, dewatered sample (Figure 5). Both residues contained angular
agglomerates and partially fused regions, suggesting that the inorganic particles had sintered or coalesced during
high-temperature treatment. The textures were not uniform, which is consistent with a mixed mineral residue
rather than a single homogeneous ash phase. In the primary sludge residue, the elemental maps show Ca- and P-
rich areas together with separate Si- and Al-containing regions. This suggests that Ca-P-rich phases are present
alongside silica or aluminosilicate particles. Point EDS analysis, reported using oxide-equivalent normalization,
also showed large PO4and CaO contributions, 40.98 wt% and 34.66 wt%, respectively, together with SiO- at 18.27
wt% and a smaller FeOx contribution reported as FeO at 6.09 wt%. These SEM-EDS results are consistent with
the XRD patterns, which showed quartz together with phosphate-bearing and aluminosilicate phases in the 950
°C residues.

The sludge cake residue showed a stronger Ca-P signature at the particle scale after heating to 950 °C.
In the mapped agglomerate, Ca and P were distributed across much of the analyzed area, whereas Si and Al were
less pronounced in this field of view. This suggests that the local chemistry of the sludge cake residue is dominated
by Ca-P-rich material, with smaller contributions from silicate or aluminosilicate phases. The point EDS analysis
supports this observation, showing 58.13 wt% CaO and 40.74 wt% PO4 on an oxide-equivalent basis, with only a
minor FeOy contribution reported as FeO at 1.12 wt%. When combined with the mineral-dominated XRD patterns
of the incinerated residues (Figure 4), the SEM-EDS maps indicate that high-temperature treatment reorganized
the inorganic fraction into Ca-P-rich domains, along with accompanying silicate and aluminosilicate components.
This Ca-P enrichment was more pronounced in the downstream sludge cake residue than in the primary sludge

residue within the analyzed regions (Figure 5).

4. Discussion

The combined moisture, TGA-derived proximate behavior, HHV, and solid-phase characterization results
provide a stage-resolved view of how the Ankara wastewater treatment train shifts sludge from an energy-bearing
organic residue toward an increasingly mineral-dominated material. The upstream streams retain more organic
material and therefore higher dry-basis fuel value, whereas the downstream digested sludge and sludge cake
become more mineral-rich as organic matter is stabilized and ash is concentrated [3, 34]. At the same time, dry-
basis fuel quality alone does not determine whether a sludge stream is practical for thermal conversion. For the
early-stage streams, the very high as-received moisture content creates the main handling and energy penalty, so
dewatering and drying become the first constraints that must be solved [3, 22, 34]. In the present dataset, however,
the treatment stage changes the controlling question from simply “how much energy does the dry material
contain?” to “how much water and mineral matter must be managed before that energy can be used” [3, 11, 34].

The TGA results show clear changes in the organic and inorganic fractions across the sludge treatment
train (Figure 2). On a dry basis, primary sludge, WAS, and raw sludge had very similar volatile matter contents,
66.8 +2.1%, 67.3 £ 2.1%, and 67.1 + 2.2%, respectively. The close agreement among these values indicates that
the upstream and blended streams retained a similar pool of thermally labile organic material. Following anaerobic
digestion, this pool was reduced, with anaerobic sludge and sludge cake showing volatile matter contents of 53.9

+ 1.9% and 54.3 £ 0.9%, respectively. The decline is consistent with biological stabilization, during which a
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portion of the readily degradable organic fraction is converted during digestion. Ash content shifted in the opposite
direction. Primary sludge, WAS, and raw sludge contained 28.1 + 1.4%, 26.3 + 1.4%, and 25.2 + 1.1% ash at 550
°C, while anaerobic sludge and sludge cake increased to 40.2 +2.1% and 42.2 £+ 0.9%, respectively. Fixed carbon,
calculated by difference from volatile matter and ash at 550 °C, was low in all samples, ranging from 3.5 = 1.7%
for sludge cake to 7.7 + 3.3% for raw sludge.

Overall, the proximate analysis indicates that the combustible portion of these sludges is mainly
associated with volatile release rather than fixed-carbon burnout (Figure 2). Primary sludge, WAS, and raw sludge
have nearly the same volatile matter content on a dry basis, whereas anaerobic sludge and sludge cake show a
clear loss of volatile matter together with a higher ash fraction. This pattern is expected after biological treatment.
Anaerobic digestion removes part of the readily convertible organic material, while the inorganic fraction is
largely retained and therefore becomes more concentrated as the organic pool decreases [3, 11, 35]. For thermal
conversion, this means that the downstream samples are not only “lower energy” materials; they are also different
types of feedstocks from an operating perspective. Because fixed carbon was low in all streams, conversion
performance is likely to be governed less by char burnout than by the rate and completeness of volatile release,
mixing, and oxidation or secondary conversion within the available residence time. The higher ash contents of
anaerobic sludge and sludge cake also shift the downstream samples toward a more mineral-constrained operating
regime. Reactor design would therefore have to provide sufficient heat transfer and residence time for volatile
conversion while also limiting ash deposition, sintering, and corrosion, particularly where Ca-, P-, and alkali-
associated phases are involved [1, 3, 35].

The 950 °C residue measurements followed the same general trend as the ash contents measured at 550
°C, but the remaining fraction was slightly lower for each sludge stream (Figure S1). For primary sludge, the ash
content was 28.1 + 1.4% at 550 °C, while the residue after heating to 950 °C decreased to 26.5 & 1.4%. This small
loss comes from additional decomposition of inorganic components at higher temperatures.

The proximate and HHV results show that the earlier-stage sludges, primary sludge, WAS, and raw
sludge, retain higher dry-basis energy content, while the downstream sludge cake is more mineral-rich and
therefore more diluted as a fuel. The HHV values in Table 1 suggest that part of the apparent energy loss along
the treatment train is related to ash enrichment rather than only to a change in the quality of the remaining organic
material. On a dry basis, the early-stage sludges have HHVs that are similar to, or higher than, several
lignocellulosic residues included in the benchmark set (Figure 3). By contrast, anaerobic sludge and sludge cake
decrease to the low teens in MJ/kg, consistent with their higher ash contents. However, these dry-basis values
cannot be interpreted alone. Primary sludge, WAS, raw sludge, and anaerobic sludge all contain extremely high
moisture in the as-received state (Table 1), so any energy-recovery route would first have to overcome a large
drying and handling burden [22, 34, 36]. Sludge cake has a lower dry-basis HHV, but it may still be more practical
to process because it starts at a much higher solids content. From an operational standpoint, the preferred stream
is therefore not automatically the one with the highest dry-basis calorific value, but the one that offers the most
workable balance among recoverable chemical energy, moisture removal, and ash loading [24, 37]. HHV should
therefore be treated as only one screening metric. It should evaluate each sludge stream using paired indicators
that capture both the dry-basis energy content and the water and mineral matter that must be managed before that

energy can be recovered [34, 37].
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The purchased coals, coke, and representative biomasses provide a reference frame for evaluating sludge
as a fuel-like material [3, 34]. On a dry basis, the average sludge HHV lies near the upper end of several
agricultural and woody residues, indicating that energy recovery is plausible in principle [34]. Proximate
composition, however, shows why HHV is not sufficient for screening. Sludge contains far more ash than most
lignocellulosic feedstocks, which makes ash management a core design constraint rather than a secondary residue-
handling issue [3, 34, 38]. In a thermal system, this would likely translate into greater solids throughput per unit
of recovered energy, increased risk of inorganic-driven deposition or corrosion, and a stronger need to define
acceptable ash reuse or disposal pathways [38—40]. Assumptions based on low-ash biomass systems cannot be
applied to sludge without considering its mineral content and ash chemistry. Even feedstocks with similar HHV
values can behave very differently if their inorganic fractions vary [39—41].

The XRD and SEM-EDS results indicate that solid residue is a primary constraint in sludge valorization,
not a secondary by-product. In the dried sludge samples, quartz, calcite, and Fe-oxide-bearing phases occurred
together with a broad amorphous background, reflecting the mixed organic-inorganic character of wastewater-
derived solids. After treatment at 950 °C, the residues became increasingly mineral-dominated. The emergence of
aluminosilicate and Ca-P mineral signatures suggests that the inorganic fraction was reorganized during high-
temperature exposure into more crystalline and thermally persistent assemblages [34, 42]. The SEM-EDS maps
further show that these residues are compositionally heterogeneous. Ca-P-rich regions coexist with silica- or
aluminosilicate-rich domains, and the analyzed sludge cake residue showed a stronger Ca-P signature than the
primary sludge residue. This particle-scale heterogeneity matters for downstream use because different mineral
domains may support different recovery or material-use pathways. Silicate- and aluminosilicate-rich fractions may
be relevant to mineral additive applications, whereas Ca-P-rich regions may be more relevant to phosphorus
recovery concepts [43, 44]. These observations should still be treated as screening evidence rather than proof of
end-use suitability. Any beneficial-use pathway would require trace-metal profiling, leaching assessment, and
comparison with the applicable environmental or product standards [42, 45]. More broadly, sludge ash/residue
should not be represented as a chemically uniform material in process or system-level assessments. Local phase
enrichment and segregation may influence environmental behavior, including element mobility, as well as

processing behavior, including sintering, even when bulk composition appears similar [45, 46].

5. Conclusion

This study shows that wastewater sludge should not be treated as one uniform feedstock category. Using
a side-by-side dataset from the Ankara treatment train, we found that each treatment stage introduces a different
set of constraints for high-temperature valorization. The earlier-stage sludges had higher dry-basis volatile matter
and HHV, showing that they still contain meaningful energy potential. However, their very high as-received
moisture means that water removal would be the first and most important practical limitation. In contrast,
downstream stabilization and dewatering reduced the water content but increased the relative mineral fraction. As
a result, the digested sludge and sludge cake had lower dry-basis HHV and higher ash production, making ash
handling and inorganic-driven behavior more important for process design.

The solid-phase analyses further show that inorganic residue behavior is a central constraint in sludge
valorization. In the dried sludge samples, XRD identified quartz, calcite, and Fe-oxide-bearing phases together

with a broad amorphous contribution. After heating to 950 °C, the residues became strongly mineral-dominated
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and contained aluminosilicate and Ca-P-bearing phases. SEM-EDS mapping showed clear particle-scale
heterogeneity in the heated residues. Ca-P-rich regions occurred together with silica- or aluminosilicate-rich areas,
suggesting that different mineral domains may need to be considered separately in future mineral-use or
phosphorus-recovery screening. These observations are still only screening-level evidence. Practical use of the
ash would require contaminant profiling, leaching assessment, and comparison with the relevant environmental
or product standards.

The results show that screening based on material constraints is more informative than relying on fuel
value alone. Dry-basis HHV must be considered alongside the water that must be removed before conversion and
the mineral fraction that will remain afterward. Benchmark comparisons show that some sludge streams have dry-
basis energy contents approaching those of lignocellulosic residues. However, this similarity is limited because
the high moisture content and elevated ash fractions of sludge make it operationally distinct from conventional
biomass fuels. For practical process design, dewatering performance and ash management should therefore be
treated as primary constraints rather than secondary considerations.

This material-screening approach could be expanded toward validation through reactor scale
experiments, process modeling, contaminant analysis, and leaching tests. Those steps are necessary to determine
whether the observed moisture, energy, ash, and phase-behavior indicators translate into acceptable net efficiency,
stable operation, and realistic residue use pathways. The dataset can help prioritize which thermal pathways are

worth testing further and which validation measurements are needed before deployment.
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