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A B S T R A C T

The continuous generation of Sewage Sludge (SS) from wastewater treatment plants poses major environmental 
and management challenges while offering significant opportunities for bioresource valorisation. This review 
critically analyses the transformation of SS into Artificial Aggregates (AAs) through thermal processes such as 
sintering, highlighting its potential as a sustainable route for resource recovery and circular bioeconomy inte
gration. The unique physicochemical composition of SS rich in SiO₂, Al₂O₃, CaO, Fe₂O₃, and organic matter 
enables granulation, bloating, and vitrification during sintering, producing lightweight aggregates with densities 
below 1200 kg m−3 and compressive strengths above 6 MPa. Incorporating supplementary binders such as fly 
ash, rice husk ash, and Na₂SiO₃ optimises sintering behaviour, enhances densification, and reduces water ab
sorption. High-temperature sintering (>1050 ◦C) effectively immobilises toxic metals including Cd, Cr, and Pb, 
ensuring leachate concentrations remain within European Waste Acceptance Criteria limits. Beyond technical 
performance, SS-derived AAs contribute to climate change mitigation by offsetting the extraction of natural 
aggregates, lowering carbon emissions, and enabling waste to resource pathways consistent with Sustainable 
Development Goals (SDGs 6, 12, and 13). This review consolidates more than 180 studies, providing a state-of- 
the-art synthesis of process optimisation, binder synergy, environmental safety, and techno-economic perspec
tives. Key research gaps related to energy efficiency, scalability, and long-term durability are identified to guide 
future innovations in integrating SS derived aggregates into sustainable water resource recovery and bioengi
neering systems.

1. Introduction

In recent years, ecological disruption, global climate change, 
depletion of natural resources, and energy shortages have become 
pressing concerns for humanity challenges expected to intensify in the 
coming decades. To mitigate these issues, the adoption of circular eco
nomic practices, the development of greener materials, the preservation 
of existing resources, the extension of material lifespans, and the pro
motion of carbon-conscious lifestyles represent viable strategies for 
sustainable development (Justin et al., 2025; Poblete et al., 2025; Tian 
et al., 2023; Wang et al., 2025; Xiao, 2018; Xiao et al., 2025). It is 

projected that by 2050, rapid industrialisation and population growth 
will generate approximately 27,000 million tonnes of waste annually 
(Taki et al., 2020). Among these, sewage sludge (SS) a byproduct of 
wastewater treatment constitutes a substantial portion. Consequently, 
increasing attention has been directed toward its utilisation within the 
framework of a circular economy (Chen et al., 2024; Georgi et al., 2022; 
Kominko et al., 2024; Ragi et al., 2022; Silva et al., 2020; Wang et al., 
2022).

SS is produced as a secondary by-product during the mechanical and 
biological treatment of wastewater. It contains nutrient rich compounds 
such as potassium (K), phosphorus (P), and nitrogen (N), along with 
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decomposable organic matter including fibres (Kumar et al., 2025; 
Rajput et al., 2024; Sánchez and Martins, 2021; Seleiman et al., 2020). 
However, it may also contain pollutants and pathogens, such as micro
plastics, parasite eggs, microorganisms, and toxic organic or inorganic 
substances (Okeke et al., 2022; Sidhu et al., 2024; Yang et al., 2021b; 
Zhang et al., 2022). If inadequately treated or disposed of, SS can emit 
offensive odours and deplete dissolved oxygen (DO) levels in water 
bodies, thereby threatening aquatic life and disturbing ecosystems(Goto 
et al., 2025; Mateo-Sagasta et al., 2015; Sidhu et al., 2024). The handling 
and disposal of SS have thus become a critical environmental and public 
health issue due to increasing production volumes and associated haz
ards. Globally, SS production has shown a consistent upward trend. 
Within the European Union, urban wastewater sludge generation con
tinues to rise (Mininni et al., 2015). Similar patterns are observed in 
Asia: Japan recorded a 170% increase in SS generation between 1990 

and 2014 (Hong et al., 2009), while in China, production doubled be
tween 2010 and 2017 exceeding 36 million tonnes per annum with a 6% 
annual growth rate (Yang et al., 2021b; Yu et al., 2023). These data 
indicate a rise in SS production, a trend that is expected to continue as 
living standards and population growth increase (Fytili and Zabaniotou, 
2008). In the United Kingdom, SS production rose by 43% between 2012 
and 2023, with around 12 million tonnes of wastewater processed daily 
(European Union, 2024; Water UK, 2025). Implementation of stricter 
wastewater treatment regulations in the EU between 1992 and 2005 
further contributed to a 50% rise in sludge production, which increased 
by an additional 20% by 2010/2011 to reach 10.4 million tonnes of Dry 
Matter (DM) (Bagheri et al., 2023; Garrido-Baserba et al., 2015). Certain 
Central and Eastern European countries, such as Lithuania, Poland, and 
Hungary, experienced up to a 100% increase, reaching 2.5 million 
tonnes of DM due to differential compliance with wastewater directives 

Fig. 1. Wastewater treatment process and components in dried sewage sludge.
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(Bianchini et al., 2016; Collivignarelli et al., 2017; Grobelak et al., 2016; 
Świerczek et al., 2018). By 2020, Europe's total SS production was 
estimated at approximately 13 million tonnes, equivalent to 45–56 g of 
dry sludge per person per day (Mininni et al., 2015).

SS, produced as a byproduct of wastewater treatment, as seen in 
Fig. 1, chemically it comprises a complex mixture of organic matter and 
essential macronutrients (N, P, K), alongside micronutrients such as iron 
(Fe), zinc (Zn), and copper (Cu). These attributes make SS potentially 
valuable for agricultural applications, particularly in organic farming 
(Collivignarelli et al., 2019; Gao et al., 2020; Ye et al., 2022). However, 
its composition varies considerably depending on treatment processes 
and wastewater characteristics, complicating its direct use as fertiliser. 
Contamination by heavy metals, pathogens, and persistent organic 
pollutants remains a key concern. Studies report that 50–80% of the 
heavy metals in wastewater persist within the sludge matrix (Li and 
Zhang, 2021; Yang et al., 2020). Posing risks of bioaccumulation and 
entry into the food chain when applied to land (Chagas et al., 2021). 
Although some heavy metals may be present in very low concentrations, 
prolonged consumption of products grown on these farmlands can result 
in serious health issues, particularly kidney and bone diseases. 
Furthermore, certain heavy metals, such as arsenic (As), mercury (Hg), 
and lead (Pb), can be toxic even at minor concentrations. The toxicity of 
these metals can adversely affect neurological and cardiovascular 
functions (Kanwar et al., 2023; Li and Zhang, 2021).

To mitigate such risks, the safe use of SS for land application is 
governed by regulatory frameworks such as EU Directive 86/278/EEC 
(Bagheri et al., 2023; Council of the European Communities, 1986). 
which specifies permissible heavy metal concentrations (mg/kg DM): Zn 
2500–4000, Cu 1000–1750, Pb 750–1200, Ni 300–400, Hg 16–25, and 
Cd 20–40. Some countries have adopted even stricter standards, 
resulting in declining heavy metal levels over time (Sidhu et al., 2024). 
Industrial wastewater and road surface runoff are major contributors to 
SS contamination, whereas sludge from smaller, domestically fed 
treatment plants typically exhibits lower pollutant levels (Duan et al., 

2017; Praspaliauskas and Pedišius, 2017). When major directives such 
as 40 CFR Part 503(A, 1994) and Directive 86/278/EEC (Council of the 
European Communities, 1986) were established, contaminants of 
emerging concern (CECs) such as per and polyfluoroalkyl substances 
(PFAS), micro and nano plastics (MNPs), and pharmaceutical residues 
were largely unrecognised. However, modern studies have revealed 
their prevalence and potential ecological hazards (Xue et al., 2025). A 
recent U.S. EPA survey detected more than 700 chemical compounds in 
biosolids, including pharmaceuticals, personal care products, and in
dustrial chemicals (Richman et al., 2022). Among these, PFAS 
comprising over 15,000 synthetic organo‑fluorine compounds or their 
degradation products. These chemicals are amphiphobic and highly 
resistant to chemical and thermal breakdown, earning them the label 
“forever chemicals.” Due to these unique properties, PFAS are widely 
used in household products such as detergents, non-stick cookware, and 
carpets, as well as in industrial applications. Long-chain legacy PFAS, in 
particular, are known to be harmful to human health, wildlife, and 
aquatic ecosystems. Given these risks, there is growing momentum to
ward introducing stricter regulations and environmental policies, sig
nalling a shift in future biosolid management practices (Xue et al., 
2025).

Given its complex and potentially hazardous composition, SS man
agement represents a major sustainability challenge. Existing manage
ment strategies can be broadly classified into four categories: (i) 
disposal, (ii) land application, (iii) energy recovery, and (iv) sludge- 
based product development (Bagheri et al., 2023). Fig. 2. Presents a 
detailed summary of the SS management methods comparing the risk 
challenges and recent trends in each method. Historically, disposal 
methods such as landfilling and ocean dumping were commonly utilised 
for the management of SS (Aubain et al., 2002; Heap et al., 1991). 
However, growing environmental and regulatory pressures including 
concerns over heavy metal leaching, greenhouse gas emissions, and 
pathogen transmission have led to their gradual decline (International 
Maritime Organisation(IMO), 2022; Liu et al., 2022; National Oceanic 

Fig. 2. Sewage sludge management strategies, methods, challenges and current trends.
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and Atmospheric Administration(NOAA), 2001). Despite this, approxi
mately 10% of SS in the European Union is still landfilled (Buta et al., 
2021; European Environment Agency, 2024). Alternative approaches, 
such as energy recovery and agricultural reuse, have gained traction. 
Energy recovery processes aim to reduce sludge volume while gener
ating energy through incineration, pyrolysis, or gasification (Bagheri 
et al., 2023; Capodaglio and Callegari, 2023; Meena et al., 2019; Sidhu 
et al., 2024). In land application, SS is treated as a resource and utilised 
in agriculture for crop production and farm activities(Buta et al., 2021; 
Fytili and Zabaniotou, 2008; Kominko et al., 2024). Compared to 
landfilling, this approach treats SS as a value-added product. However, 
concerns remain regarding the presence of heavy metals, organic pol
lutants, pathogens, and microplastics, making its suitability a key topic 
in ongoing research (Poinen and Bokhoree, 2022; Sakali et al., 2021). 
More recently, the sludge-based product method focuses on extracting 
specific compounds from SS for the production of useful materials has 
emerged as a promising strategy. Focusing on extracting valuable 
compounds or repurposing SS into secondary materials such as fertil
isers, catalysts, artificial aggregates (AAs), and construction products 
including bricks and pavers this approach has gained popularity as it 
offers a sustainable alternative to depleting natural resources (Fytili and 
Zabaniotou, 2008; Goto et al., 2025; Ji et al., 2023; Lau et al., 2017; 
Massa et al., 2025; Świerczek et al., 2018). These advancements un
derscore the potential of SS as a valuable resource, reinforcing the need 
for innovative and environmentally friendly management solutions. 
Utilising SS for the formulation of AA provides sustainable solution for 
the increasing SS generation and associated management concerns, and 
the depletion of natural aggregate due to the rapid growing construction 
sector.

The construction industry remains a major environmental contrib
utor, responsible for high energy consumption, resource depletion, and 
approximately one tonne of CO₂ emissions per tonne of Portland cement 
produced (Hasheminezhad et al., 2024). Rapid urbanisation and popu
lation growth continue to increase the demand for concrete and aggre
gates. For example, China's cement consumption, a proxy for aggregate 
demand has surged by 438% in the past two decades, compared with a 
global average increase of 60% (Peduzzi and Peduzzi, 2014). Current 
global aggregate consumption is estimated between 32 and 50 billion 
tonnes per year (UNEP et al., 2016). This rising demand underscores the 
urgent need to identify sustainable aggregate alternatives.

The simultaneous challenges of aggregate scarcity and sludge over
production present a unique opportunity to integrate SS into construc
tion materials, particularly as AAs. Such valorisation strategies align 
with the United Nations Sustainable Development Goals (SDGs) notably 
SDG 12 (Responsible Consumption and Production) and SDG 13 
(Climate Action) by promoting resource efficiency, waste reduction, and 
reduced greenhouse gas emissions.

Accordingly, the primary objective of this review is to comprehen
sively evaluate the potential of SS for AA production and to consolidate 
emerging insights into process optimisation for sustainable and 
economically viable manufacturing. While several previous reviews 
have explored the use of waste derived materials as aggregate sub
stitutes, these studies have largely focused on material characterisation 
or individual processing techniques, with limited attention to energy 
demand, environmental performance, and comparative evaluation of 
alternative production routes. In particular, the specific potential of SS 
based aggregates, when assessed within an integrated framework 
encompassing processing mechanisms, performance behaviour, and 
techno economic considerations, remains underexplored. This review 
addresses these gaps by systematically examining the morphological, 
physical, and chemical characteristics of SS that govern aggregate per
formance, alongside a critical assessment of mechanical, durability, 
energy, and environmental outcomes. Emphasis is placed on process 
optimisation strategies including sintering conditions, material 
blending, and granulation parameters as well as on comparative analysis 
with low temperature aggregate production routes. By integrating these 

aspects, this review provides a holistic and critical assessment of SS 
valorisation for aggregate production, thereby offering clear guidance 
for future research and supporting sustainable waste management and 
resource recovery within a circular economy framework.

2. Review methodology

This review adopts a structured and systematic approach to ensure a 
comprehensive and unbiased synthesis of global research on the uti
lisation of SS for AA production. The methodology comprised several 
key stages, including the definition of research scope, database selec
tion, screening of relevant literature, critical evaluation, and thematic 
synthesis. The literature search was conducted across major scientific 
databases, namely Scopus, Web of Science, Google Scholar, ASCE Li
brary, Taylor & Francis Online, Wiley Online Library, and ScienceDirect, 
encompassing studies published between 2000 and 2025 within the 
fields of engineering, materials science, and environmental science.

To capture the most relevant literature, a combination of keywords 
and Boolean operators was employed, including “sewage sludge”, 
“artificial aggregate”, “lightweight aggregate”, “sintered aggregate”, 
“cold-bonded aggregate”, “waste valorisation”, and “circular economy”. 
Irrelevant search terms such as “recycled aggregate”, “asphalt”, and 
“artificial intelligence” were excluded to refine the dataset. The initial 
search retrieved approximately 9000 peer reviewed publications from 
over sixty journals, of which duplicates, and non-relevant records were 
removed. Titles, abstracts, and conclusions were then screened to 
identify studies that directly addressed the processing, performance, or 
environmental implications of SS based aggregates. This process yielded 
430 potentially relevant studies, which were subsequently subjected to 
full text evaluation. After detailed assessment, 180 papers meeting the 
inclusion criteria were retained for in-depth analysis.

Each selected paper was examined to extract data concerning the 
physicochemical composition of SS, sintering and cold-bonding pa
rameters, mechanical and environmental performance, and sustain
ability indicators. Bibliometric and co-occurrence analyses were 
performed using VOSviewer software to identify research trends, 
frequently co cited authors, and emerging themes. The final body of 
literature was organised into four primary thematic areas: (1) material 
characteristics of SS, (2) processing and sintering mechanisms, (3) me
chanical, physical, and environmental performance, and (4) socio eco
nomic and circular economy perspectives. This structured methodology 
ensures transparency, reproducibility, and scientific rigour in synthe
sising the state of knowledge surrounding SS based artificial aggregates.

3. Suitability of sewage sludge for artificial aggregate 
production

The utilisation of SS as a secondary product has gained increasing 
attention over the past two decades and continues to expand globally. 
Among its diverse valorisation pathways, aggregate production from SS 
presents considerable economic and environmental advantages, 
attracting substantial research interest (Khanbilvardi and Afshari, 1995; 
Korol et al., 2020; Lau et al., 2018; Laursen et al., 2006; Mun, 2007). The 
inherently high organic content of SS generates significant volumes of 
gas during thermal processing (sintering), which not only promotes pore 
formation and reduces bulk density but also lowers the energy demand 
during production (Chiou et al., 2006a; Forth et al., 2015). This phe
nomenon facilitates the creation of lightweight artificial aggregates 
(LWA) from SS, offering a sustainable alternative to natural aggregates 
while mitigating environmental concerns associated with resource 
depletion and ecological disturbance.

The suitability of SS for AA production depends on its performance 
across the two principal stages of AA manufacturing: granulation and 
hardening (Ren et al., 2021).
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3.1. Granulation process

The granulation process involves the preparation of green granules 
from fine raw materials prior to hardening. Two main techniques are 
employed: agitation granulation and compaction granulation. Among 
these, agitation granulation is the most commonly adopted due to its 
simplicity and energy efficiency (Chiou et al., 2006a; Huang and Wang, 
2013; Ren et al., 2021; Shi et al., 2019). In agitation granulation, raw 
materials are tumbled in a rotary drum or disc pelletiser without the 
application of external compaction forces. The moisture content within 
the raw materials promotes adhesion through capillary pressure, surface 
tension, and viscous forces, allowing the particles to coalesce into 
spherical green pellets (Suresh et al., 2016a). At this stage, the pellets 
have limited mechanical strength and must be handled carefully during 
drying, storage, and transport. Their initial strength derives primarily 
from particle interlocking and cohesive forces induced by surface ten
sion, which together form a dense outer layer stabilising the pellets 
(Arslan and Baykal, 2006). The characteristics of green pellets are 
influenced by two key groups of factors: 

1. Raw material properties, including particle fineness, moisture 
content, and the presence of binders (Arslan and Baykal, 2006; 
Geetha and Ramamurthy, 2010a; Lau et al., 2017; Manikandan and 
Ramamurthy, 2007)

2. Mechanical process parameters, such as granulation time, rotation 
speed, and inclination angle of the pelletiser (Shi et al., 2019; Tajra 
et al., 2018)

Material fineness plays a critical role in granulation efficiency. 
Manikandan and Ramamurthy (2007) reported that increasing the 
specific surface area of fly ash from 257 m2/kg to 414 m2/kg enhanced 
the conversion rate of raw materials into aggregates from 12% to 100%. 
Similarly, adequate moisture retention is essential to develop cohesive 
forces within the mix. Harikrishnan and Ramamurthy (2006) observed 
that maintaining a moisture content between 15% and 35% yields uni
form aggregates with consistent size distribution. In contrast, compac
tion granulation involves the application of mechanical pressure to 
compact the raw materials into dense granules, which are subsequently 
rolled into spherical pellets (Ren et al., 2021). This technique is suitable 
for producing aggregates with more uniform dimensions, typically be
tween 8 and 10 mm. The primary parameters affecting the mechanical 
properties of compaction-based granules include the moisture content of 
the feedstock and the applied compaction stress (González-Corrochano 
et al., 2009a; Liao and Huang, 2011; Tsai and Li, 2012).

3.2. Hardening process

The hardening process transforms the freshly prepared green pellets 
into mechanically stable aggregates. Among the various hardening 
methods, sintering remains the most widely used in commercial aggre
gate production and was first developed in the United Kingdom during 
the mid twentieth century (Ren et al., 2021) However, alternative 
techniques such as cold bonding and alkaline activation have recently 
emerged as sustainable and energy efficient options (Rashad, 2018). 
Sintering involves heating the green pellets to temperatures typically 
above 1000 ◦C, promoting particle fusion at points of contact and pro
ducing dense, hardened aggregates with enhanced strength and dura
bility (Ramamurthy and Harikrishnan, 2006).Two key phenomena 
govern the sintering of sludge-based aggregates: expansion and vitrifi
cation. Expansion results from the release of gases generated at elevated 
temperatures a process commonly referred to as bloating which creates 
internal pores and reduces density. Vitrification, in contrast, forms a 
dense, glassy, and crystalline matrix by melting the material's surface 
and sealing internal voids (Lau et al., 2017; Liu et al., 2018a). Together, 
these processes determine the final microstructure and performance of 
the aggregate. Sintering is a complex process influenced by both 

material composition and processing parameters such as temperature, 
heating rate, and dwell time (Ren et al., 2021). According to González- 
Corrochano et al. (2009a) the feedstock must contain sufficient organic 
matter to generate gas during sintering, a property reflected in its loss on 
ignition (LOI) value. Moreover, materials should exhibit pyroplasticity 
the ability to soften and deform under their own weight at high tem
peratures coinciding with gas generation. The synchronisation of pyro
plasticity and gas evolution ensures that the expanding gases remain 
trapped within a vitrified surface layer, producing aggregates with 
optimal porosity and mechanical strength.

3.3. Surface morphology of sewage sludge

The surface morphology of SS plays a crucial role in determining its 
suitability for AA production. Scanning Electron Microscope (SEM) 
images of SS particles reported in the literature as shown in Fig. 3(a). 
reveal irregular and highly porous surfaces, with particles agglomerated 
and adhered to fibrous structures. Such irregular morphologies promote 
mechanical interlocking between particles an essential mechanism 
contributing to the initial strength of green pellets during handling and 
storage, as illustrated in Fig. 3(a)-v. Similar observations have been 
reported by several studies, which identify fibrous biomass structures as 
the principal binding mechanism in densified products (Molenda et al., 
2021). Lau et al. (2017) reported that SS particles typically exhibit mean 
diameters ranging from 20.83 μm to 48.75 μm, accompanied by a spe
cific surface area of approximately 2675 m2/kg. This high fineness en
hances the reactivity and cohesion of SS when used as a raw material for 
AA production. Moreover, the elevated organic and fibrous content of SS 
confers substantial moisture retention capacity, a property that supports 
the development of cohesive forces during pelletisation and aggregate 
formation. This moisture behaviour is attributed to the flocculent mo
lecular structure of organic matter, particularly its prevalence in the 
ionic form of fulvic acid, which readily adheres to particle surfaces to 
form an adsorption film. These films enhance the capacity for water 
absorption and retention, thereby improving particle cohesion and 
plasticity during pellet formation (Fig. 3(b)) (Ruimin et al., 2021). 
Consequently, the organic matter in SS facilitates the formation of 
spherical green pellets with adequate integrity prior to hardening.

However, these same characteristics can also hinder granulation ef
ficiency. The adsorption of fine particles onto organic films may obstruct 
infiltration channels, reducing permeability, while the extensive specific 
surface area of organic matter promotes the formation of bound water 
films that impede drainage and consolidation (Fig. 3(b)). As a result, 
excessive organic content can increase material compressibility, 
reducing the overall stability of green pellets and complicating the for
mation of uniformly granulated aggregates (Tuncel and Pekmezci, 
2018).

In summary, the surface morphology of SS characterised by its 
irregular, fibrous, and porous nature offers both advantages and chal
lenges for AA production. While these features enhance interparticle 
bonding and moisture retention during granulation, they can simulta
neously compromise pellet strength and structural uniformity if the 
organic content is excessive. Optimising the organic-to-inorganic ratio 
in SS, therefore, remains essential to balance cohesion and drainage, 
ensuring the formation of structurally stable aggregates suitable for 
sintering.

3.4. Physical properties of sewage sludge

The physical properties of SS are key determinants of its performance 
and suitability in AA production. Chiou et al. (2006b) reported that SS 
exhibits a LOI compared with other commonly utilised raw materials 
such as fly ash and pulverised fuel ash. A high LOI indicates a greater 
proportion of volatile organic matter, which generates gas during ther
mal processing (sintering). This gas formation promotes pore develop
ment, resulting in porous, lightweight aggregates with reduced density 
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an essential characteristic of LWA. Consequently, the thermal decom
position behaviour of SS significantly influences both the efficiency and 
quality of AA production. Several studies have employed thermogravi
metric analysis (TGA) and differential thermal analysis (DTA) to 
examine the decomposition characteristics and LOI behaviour of SS 
(Franus et al., 2016; Lau et al., 2017; Magdziarz et al., 2011). The TG- 
DTA curve provides insights into the thermal stability, decomposition 
kinetics, and phase transitions of materials during heating, by moni
toring mass changes and associated thermal effects. Distinct peaks on the 
curve correspond to decomposition reactions, gas evolution, and glass- 
phase formation critical phenomena that define the gas-forming 
behaviour of SS during sintering. A representative TG-DTA curve for 
SS provided in the supplementary materials (Fig. S1(a)).

The TG-DTA profile typically displays multiple decomposition peaks, 
each corresponding to specific physical or chemical transformations. 
The initial peaks (P1 and P2) reflect moisture evaporation, attributed to 
the high inherent water content of SS (Zheng and Koziński, 2000). The 
exothermic peak P3 corresponds to the combustion of organic com
pounds, generating CO₂ and leading to noticeable mass loss. The sub
sequent P4 peak represents the combustion of weddellite (CaC₂O₄⋅2H₂O) 
and further mass reduction due to CO release. An endothermic reaction 
at P6 marks the decomposition of calcium carbonate (CaCO₃), accom
panied by rapid mass loss as CO₂ gas is released (Othuman and Wang, 
2011). The final P7 peak is linked to the breakdown of alkali metal 
sulphates, signifying the completion of major thermal decomposition 
events (Lau et al., 2017). A schematic representation of the combustion 
and decomposition stages of SS during sintering is shown in supple
mentary materials (Fig. S1 (b)).

Based on TG-DTA analysis, the principal gas forming reactions dur
ing the thermal treatment of SS include: 

1) Loss of free and bound water
2) Combustion of organic matter
3) Decomposition of calcium carbonate and calcium oxalate hydrates
4) Chemical reactions leading to particle melting and fusion
5) Decomposition of alkali metal sulphates

The cumulative effect of these reactions facilitates gas evolution, a 
crucial phenomenon for the formation of expanded, low-density AAs.

Furthermore, X-ray diffraction (XRD) analyses have identified min
eral phases such as quartz, portlandite, calcite, and weddellite as pre
dominant in SS (El-Deen and Zhang, 2012; Torri and Lavado, 2008). At 
elevated temperatures, quartz transitions into a viscous glassy phase, 
while CaO generated from calcite decomposition releases CO₂ gas, 
contributing to the formation of a lightweight, porous structure. This 
combined effect enhances the specific strength and structural integrity 
of the resulting aggregates (Chen et al., 2010). LWA are generally 
defined as granular materials with a loose bulk density below 1200 kg/ 
m3 and oven-dry particle density below 2000 kg/m3 (Lau et al., 2017). 
These materials offer significant advantages over conventional aggre
gates, including reduced dead load on structures, lower foundation and 
reinforcement requirements, and decreased transportation costs. 
Cheeseman and Virdi (2005) outlined the desirable characteristics of 
high quality LWA as follows: 

1. A strong, sintered ceramic core with low density and internal 
porosity

2. A dense outer shell exhibiting minimal water absorption
3. A nearly spherical geometry that enhances workability and reduces 

edge effects in fresh concrete.

Fig. 3. Microstructure and water retention mechanisms of sewage sludge: (a) (i, ii, iii, iv) SEM images of SS particles (Ábrego et al., 2009; Lima et al., 2015; 
Ramamurthy and Harikrishnan, 2006; Torri et al., 2014) (v) Schematic diagram of particle interlocking mechanism in SS (b) schematic illustration of water 
attachment due to flocculent structure.
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Chiou et al. (2006) further noted that SS-derived aggregates possess 
lower bulk density and, due to their high organic content, can achieve 
energy efficient sintering at reduced temperatures. This thermal effi
ciency arises from the exothermic combustion of organics within the 
sludge matrix, which partially offsets the external energy input required 
for sintering.

In summary, the physical and thermal characteristics of SS specif
ically its high LOI, favourable gas-forming behaviour, and mineralogical 
composition demonstrate strong potential for producing lightweight, 
porous aggregates under controlled sintering conditions. These proper
ties not only facilitate the production of sustainable AAs but also 
contribute to energy conservation and material circularity in the con
struction sector.

3.5. Chemical properties of sewage sludge

The chemical composition of raw materials fundamentally governs 
the viscosity, melting behaviour, and sintering characteristics of AAs. 
The major oxides present silicon dioxide (SiO₂), aluminium oxide 
(Al₂O₃), and calcium oxide (CaO) play distinct roles in determining these 
properties. SiO₂ and Al₂O₃ form a polymeric silicate-aluminate network 
that increases viscosity and stabilises the molten phase, while fluxing 
oxides such as CaO, Fe₂O₃, Na₂O, and K₂O act as network modifiers, 
lowering viscosity and softening temperatures(Lau et al., 2017). During 
sintering, materials with high SiO₂ and Al₂O₃ contents tend to form a 
highly viscous, adhesive glassy phase capable of trapping gases released 
from organic decomposition (bloating). This promotes the formation of 
a dense vitrified outer shell enclosing a lightweight porous core, thereby 
enhancing aggregate strength and reducing water absorption (Adell 
et al., 2007; Yue et al., 2011b). Conversely, excessive CaO combined 
with insufficient SiO₂ can hinder vitrification, leading to weak shell 
formation, excessive porosity, and reduced mechanical performance 
(Lau et al., 2017). The expansion and vitrification mechanisms occurring 
during SS-based AA sintering, and the resulting internal microstructure, 
are illustrated in Fig. 4. The suitability of SS as a precursor material is 
often evaluated using oxide mass ratios, particularly SiO₂/Σ(Flux ele
ments) and Σ(SiO₂ + Al₂O₃)/Σ(Flux elements), where flux elements 
comprise CaO, Fe₂O₃, Na₂O, K₂O, and MgO. A higher SiO₂/Σ(Flux ele
ments) ratio (>2) promotes stability and reduces excessive melting, 
while maintaining Σ(SiO₂ + Al₂O₃)/Σ(Flux elements) between 3.5 and 
10 ensures sufficient gas entrapment and optimal sintering behaviour 
(Chen et al., 2010; de’ Gennaro et al., 2004; González-Corrochano et al., 
2009a). Elevated flux contents lower the softening temperature, but 
excessive amounts may lead to uncontrolled expansion and poor 
aggregate integrity.

The Riley (1951) is frequently used to predict the bloating potential 
of raw materials based on their oxide composition. This ternary diagram 
defines a “bloating region”, representing the optimal compositional 
range for materials capable of stable expansion during sintering. Mate
rials falling within this region typically exhibit SiO₂ contents of 
approximately 48–70 wt%, Al₂O₃ contents of 8–25 wt%, and Fe₂O₃ 
contents of 3–12 wt%, ensuring adequate glass-phase formation and 
melt viscosity control. In addition, the presence of alkaline and alkaline- 
earth fluxes, commonly expressed as CaO + MgO in the range of 1–12 wt 
% and Na₂O + K₂O in the range of 0.5–7 wt%, is critical for reducing 
softening temperatures and facilitating gas entrapment within the 
viscous melt. Raw materials whose overall oxide compositions fall 
within these compositional windows are therefore considered well 
suited for producing bloated, LWA with stable pore structures during 
high-temperature sintering.

The chemical compositions of SS reported in various studies on AA 
production are summarised in Table 1, along with mean values and 
standard deviations. The primary constituents SiO₂, Al₂O₃, Fe₂O₃, and 
CaO collectively account for approximately 66% of the total dry mass of 
SS. However, their relative proportions vary considerably depending on 

Fig. 4. SS aggregate internal structure change during sintering process and 
comparison with published research study (Huang and Wang, 2013).

Table 1 
Reported chemical compositions of sewage sludge used in artificial aggregate 
studies (Andrzejuk et al., 2024; Dang et al., 2023; Lau et al., 2017; Li et al., 2016; 
Li et al., 2020a; Min Wie et al., 2023; Mun, 2007; Ramadan et al., 2008; Souza 
et al., 2020; Thukkaram and Arun Kumar, 2024; Tuan et al., 2013; Wang et al., 
2009b).

Oxide 
Component

Reported 
Range (wt%)

Mean 
(wt%)

Standard 
Deviation 
(±)

Relevance to Aggregate 
Formation

SiO₂ 6.08–52.00 27.36 15.39 Primary glass former 
that promotes 
vitrification and the 
formation of a dense 
outer shell during 
sintering

Al₂O₃ 2.40–20.94 11.17 6.35 Enhances melt viscosity 
and structural stability

Fe₂O₃ 1.27–48.51 11.92 12.35 Acts as a fluxing agent, 
promoting bloating 
behaviour and 
contributing to colour 
development during 
sintering

CaO 2.63–41.53 11.22 10.92 Acts as a flux, lowering 
the softening 
temperature and 
influencing strength 
development and pore 
structure during 
sintering

MgO 0.63–10.68 3.13 3.23 Acts as a secondary flux, 
influencing melt 
behaviour

Na₂O 0.00–2.30 0.55 0.72 Acts as an alkali flux, 
reducing the melting 
temperature

K₂O 0.11–7.82 2.31 2.28 Acts as an alkali flux, 
promoting vitrification

SO₃ 0.22–11.00 4.27 4.08 Acts as a gas forming 
component, 
contributing to bloating 
through gas release 
during sintering

P₂O₅ 5.31–32.98 14.84 9.49 Influences glass network 
and melt chemistry

TiO₂ 0.41–1.40 0.88 0.38 A minor oxide, 
contributing to 
crystallisation

MnO 0.11–0.12 0.12 0.01 A trace flux oxide with a 
minor influence on melt 
behaviour during 
sintering
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factors such as wastewater source, treatment process, and sludge type 
(Sidhu et al., 2024). When compared with the optimal compositional 
ranges for bloating materials, most SS samples exhibit suitable levels of 
Fe₂O₃, CaO + MgO, and K₂O + Na₂O, whereas SiO₂ and Al₂O₃₃ are often 
lower than ideal. To address these deficiencies, researchers have 
explored the addition of silica and alumina rich supplementary mate
rials including Palm Oil Fuel Ash (POFA) (Lau et al., 2017), fly ash (Liu 
et al., 2012), rice husk ash (Souza et al., 2020), clay (Xu et al., 2006), 
and binders (Lau et al., 2017; Manikandan and Ramamurthy, 2007) to 
optimise SS feedstock composition. Among chemical additives, sodium 
silicate (Na₂SiO₃) is particularly effective, as it enhances the formation of 
glassy phases and improves aggregate strength through its high SiO₂ 
contribution (Jo et al., 2007; Xu et al., 2008, 2006). Similarly, coal ash is 
frequently incorporated to increase the SiO₂ and Al₂O₃ content, thereby 
improving mechanical strength and sintering performance (Wang et al., 
2009a). Other effective binders reported in the literature include 
bentonite (Manikandan and Ramamurthy, 2007), glass powders (Kockal 
and Ozturan, 2011), and lime (Ramamurthy and Harikrishnan, 2006) 
which modify surface chemistry and enhance cohesion during 
pelletisation.

Overall, the chemical composition of SS demonstrates promising 
potential for AA production, particularly when appropriately blended 
with corrective additives. The balance between silica, alumina, and flux 
oxides dictates the degree of expansion, vitrification, and structural 
stability, ultimately determining aggregate quality.

4. Sewage sludge based aggregate production

The production of sintered SS based aggregates involves homoge
neous mixing of SS with supplementary materials to achieve the target 
chemical composition (Section 3.5), followed by agitation and sintering. 
As discussed in Section 3.2, agitation technique is widely adopted for 
pelletising SS based materials at both laboratory and industrial scales.

In this process, raw materials are fed into a rotary drum or disc 
pelletiser and subjected to continuous rotation, which promotes particle 
collision, adhesion, and subsequent granulation. Pelletisation generally 
occurs in two stages. 

1. Stage 1: Dry mixing of raw materials for 2–3 min to ensure 
homogeneity.

2. Stage 2: Gradual addition of approximately 75% of the total water or 
liquid binder to initiate agglomeration, followed by spraying of the 
remaining moisture to act as a wetting agent, facilitating rolling and 
spherical pellet formation.

The efficiency of pelletisation and the size distribution of the 
resulting aggregates are primarily influenced by three operational pa
rameters: the inclination angle (IA) of the disc, the rotational speed, and 
the duration of rotation (Bekkeri et al., 2023). Adjusting the IA and 
rotational speed directly affects capillary attraction between particles, 
thereby influencing pellet growth and uniformity. Reported studies 
indicate that IA values between 35◦ and 55◦ yield favourable results for 
AA production (Bekkeri et al., 2023; Harikrishnan and Ramamurthy, 
2006; Risdanareni et al., 2020; Shivaprasad and Das, 2021). Exceeding 
55◦ can cause aggregate collapse due to excessive gravitational forces, 
while angles below 35◦ typically result in small, weakly bound particles 
(2–4 mm) (Ren et al., 2021).

Similarly, rotational speed plays a decisive role in granulation 
behaviour. At lower speeds, gravitational forces dominate, resulting in 
sluggish movement and limited cohesion, whereas at higher speeds, 
centrifugal forces become excessive, leading to pellet disintegration 
(Bekkeri et al., 2023; Harikrishnan and Ramamurthy, 2006). Therefore, 
an optimal balance between these forces is required. Previous studies 
recommend rotational speeds between 30 and 60 rpm (Colangelo et al., 
2015; Shivaprasad and Das, 2021; Vasugi and Ramamurthy, 2014). Tian 
et al. (2021) identified 40◦ IA and 55 rpm as optimal conditions, while 

Shi et al. (2019), proposed a range of 40◦-45◦ IA for stable performance. 
For staged mixing, Tian et al. (2021) recommended initiating at 30 rpm 
and increasing to 55 rpm in Stage 2. Several other studies also reported 
that speeds between 35 and 55 rpm yield higher palletisation efficiency 
(Baykal and Döven, 2000; Ren et al., 2021; Shivaprasad and Das, 2021). 
Additionally, an IA of 42◦ combined with a rotational speed of 45 rpm 
has been shown to further enhance palletisation efficiency(Gesoğlu 
et al., 2012; Ren et al., 2021). Bekkeri et al. (2023) suggested main
taining total pelletisation duration within 20 min, with 10–15 min 
typically sufficient for uniform aggregate formation a finding corrobo
rated by other studies (Kockal and Ozturan, 2011; Risdanareni et al., 
2020; Vasugi and Ramamurthy, 2014).

Following pelletisation, green aggregates must be handled cautiously 
due to their limited mechanical integrity. Prior to sintering, they are 
typically air-dried under ambient conditions for approximately 24 h, 
followed by preheating to remove residual moisture and volatile com
pounds, thereby preventing flash heating and structural damage. 
Omitting this step can result in aggregate cracking or explosion (Lo 
et al., 2016; F. Yang et al., 2023). A preheating regime of 15–20 min at 
300–400 ◦C is generally recommended, providing enhanced mechanical 
performance while maintaining energy efficiency (Yue et al., 2011a). 
However, it should be noted that reported preheating temperatures, 
dwell times, and subsequent sintering conditions vary considerably 
across studies. This variability reflects differences in SS composition, 
organic matter content, supplementary material chemistry, pellet size 
distribution, heating rate, and furnace configuration.

The sintering stage involves firing at temperatures typically 
exceeding 1000 ◦C to induce vitrification and expansion, producing 
hardened aggregates. Controlled slow cooling following sintering is 
essential to minimise thermal shock and microcrack formation. Zhang 
et al. (2015) reported that rapidly cooled aggregates exhibited 
compressive strength up to five times lower than those subjected to 
gradual cooling. A summary of experimental studies investigating SS- 
based AA production, covering raw materials, sintering conditions, 
and testing parameters, is presented in Table 2.

5. Properties of sintered sewage sludge based aggregates

The main mechanical and durability properties of sintered SS ag
gregates include: 

1) Bulk and particle density
2) Water absorption
3) Shrinkage index
4) Crushing strength.

According to Lau et al. (2017), these properties are primarily gov
erned by the proportions of raw materials, sintering temperature, and 
binder composition. The following subsections discuss how these factors 
influence the performance of AA.

5.1. Bulk density, and particle density and shrinkage

Bulk density and particle density are key parameters for classifying 
aggregates as LWA. According to EN 13055–1 (2002), aggregates with a 
bulk density below 1200 kg/m3(1.2 g/cm3) or a particle density below 
2000 kg/m3(2.0 g/cm3) are classified as LWA (Souza et al., 2020). The 
density of an aggregate is primarily influenced by its bloating behaviour, 
which depends on the composition and proportion of flux elements in 
the raw mix. Clays and SS typically produce aggregates of lower density 
than fly ash, owing to their higher contents of iron oxides and carbon, 
which enhance bloating through gas generation during sintering. In 
contrast, fly ash contains fewer flux elements and greater proportions of 
high-melting-point oxides (SiO₂ and Al₂O₃), limiting its expansion po
tential Ren et al. (2021). Yue et al. (2011b) compared aggregates pro
duced from fly ash clay mixtures with those containing clay and SS, 
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concluding that the latter exhibited lower densities due to their 
enhanced gas forming capacity from Fe₂O₃ and unburnt carbon.

The inclusion of binders has been found to increase both bulk and 
particle densities, while also affecting the shrinkage index of aggregates. 
Lau et al. (2017) demonstrated that using Na₂SiO₃ as a binder in an SS- 
POFA mixture increased both bulk and particle densities. This effect 
arises because Na₂SiO₃ reacts with atmospheric CO₂ to form sodium 
carbonate, which decomposes during sintering, releasing alkali oxides 
into the matrix. These oxides lower the eutectic temperature, promote 
vitrification, and consequently reduce open porosity.

Shrinkage is closely related to the pore structure of aggregates. Ewais 
et al. (2015) reported that higher shrinkage corresponds to a reduction 
in pore volume, thereby increasing overall density. Similarly, González- 
Corrochano et al. (2016) found that bulk and particle densities decrease 
under the following conditions: 

1) Longer pre-sintering dwell time
2) Shorter sintering dwell time
3) Lower sintering temperature

These relationships indicate that extended preheating promotes 
premature gas release, reducing bloating efficiency, whereas insufficient 
sintering duration or temperature prevents proper vitrification. Lau 
et al. (2017) further observed that, in SS-POFA aggregates, particle 
density increased with rising sintering temperature, as the formation of 

a viscous glassy phase densified the microstructure. Conversely, Li et al. 
(2021) reported that for SS-waste glass powder aggregates, particle 
density decreased with increasing sintering temperature. This con
trasting behaviour reflects the sensitivity of density to raw material 
composition and sintering conditions, as illustrated in Fig. 5(a), which 
compares loose bulk density variation against sintering temperature 
from multiple published studies. Raising the temperature from 1150 ◦C 
to 1200 ◦C resulted in a 39.9% reduction in particle density due to 
excessive bloating and gas release. A similar trend was noted by Latosí 
Nska et al. (2021) in SS-clay aggregates, where higher sintering tem
peratures produced lower apparent densities and porosities. This 
behaviour was attributed to reduced viscosity at elevated temperatures, 
which inhibits gas entrapment and allows gases to escape, resulting in 
lower bulk density.

In summary, the density and shrinkage behaviour of sintered SS 
aggregates are highly sensitive to both material composition and process 
parameters. Achieving optimal balance between expansion and vitrifi
cation is essential for producing aggregates that are lightweight yet 
mechanically stable.

5.2. Water absorption

The water absorption capacity of sintered aggregates is primarily 
governed by the formation, size, and connectivity of pores within the 
material. Aggregates possessing a vitrified and sealed surface, where 

Table 2 
Summary of representative experimental studies on SS based sintered AAs.

Raw materials 
used

Mixes / 
variations

Pre-sintering 
heating conditions

Sintering 
temperature 
(◦C)

Sintering 
time (min)

Variables compared Tests conducted Reference

SS 
Sanitary 
ceramic 
waste 
Loess

4 22–1150 ◦C, dwell 
4 h

1150 30 Raw material 
composition

Bloating index; porosity; water 
absorption; bulk density; crushing 
strength; SEM; vapour permeability; 
frost resistance; CaSO₄ crystallisation; 
UV durability; roughness; thermal 
conductivity; leachability

Andrzejuk et al. 
(2024)

SS 
Excavated 
soil

1 (3 size 
categories)

Preheat 300 ◦C 1150 20 Aggregate size SEM/EDX; loose bulk density; water 
absorption; crushing strength

Dang et al. 
(2023)

SS 
Waste glass 
powder

1 Heating rate 10 ◦C 
min−1

1150–1200 10–60 Sintering temperature 
Dwell time

Water absorption; particle density; 
crushing strength; SEM; Micro-CT 
analysis

Li et al. (2021)

SS 
Hard clay

6 Preheat 400 ◦C 
(10–40 min dwell)

1000–1150 10–40 Raw composition 
Preheating & sintering 
time

Particle density; water absorption; 
bloating index; pore analysis (3D-CT)

Min Wie et al. 
(2023)

SS 
Washed 
aggregate

5 Preheat 
300–450 ◦C (5 
min)

1150–1225 10–15 Raw mix 
Temperature & time

Crushing strength; water absorption; 
bulk / apparent / dry density; LOI; 
bloating index

González- 
Corrochano 
et al. (2009b)

SS 
Coal ash

5 Preheat 420 ◦C 
(20 min); heating 
rate 90 ◦C min−1

1050–1100 30 Composition 
Temperature

SEM; absorption; density; strength; 
leachability

Wang et al. 
(2009a)

SS (only) 1 Preheat 420 ◦C 
(20 min); heating 
rate 90 ◦C min−1

950–1080 15–45 Temperature 
Time

Absorption; density; strength; SEM; 
leachability

Wang et al. 
(2008)

SS 
POFA 
Na₂SiO₃

9 200–800 ◦C (30 
min dwell)

1160–1200 30 Binder 
Temperature

Particle density; shrinkage index; 
density; strength; water absorption; 
microstructure

Lau et al. 
(2017)

SS 
Saline clay 
Smectite

1 Preheat 
400–600 ◦C 
(30–50 min dwell)

1000–1150 5–20 Preheat 
Sinter parameters

Strength; density; absorption; shrinkage 
index; LOI; SEM

Li et al. (2016)

Municipal SS 
Waste glass 
powder

5 Heating rate 10 ◦C 
min−1

1180 20 Composition Absorption; density; strength; pore 
distribution; SEM; XRD; X-ray imaging

Li et al. (2020b)

SS 
RHA 
White & red 
clay

27 Heating rate 8 ◦C 
min−1

1100–1250 15 Composition 
Temperature

LOI; bloating index; absorption; density; 
strength; SEM

Souza et al. 
(2020)

SS 
River 
sediment

33 200–800 ◦C (10 
min); heating rate 
8 ◦C min−1

1100 30 K = (Fe2O3 + CaO +
MgO)/(SiO2 + Al2O3); 
Fe2O3:CaO:MgO and 
SiO2:Al2O3 ratios

Absorption; bulk / particle density; 
strength; SEM; leachability

Liu et al. (2017)
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pores are largely isolated, exhibit low water absorption, whereas those 
with open or interconnected pores demonstrate significantly higher 
absorption, behaving in a sponge like manner (Lau et al., 2017). When 
SS is used as the sole raw material in AA production, the resulting matrix 
often exhibits a highly porous and loosely bound structure, leading to 
elevated water absorption (Wang et al., 2009a; Xu et al., 2006). This 
behaviour is attributed to the high organic and moisture content of SS, 
which increases gas generation during sintering and leaves behind re
sidual porosity. To mitigate this effect, supplementary materials such as 
clay, coal ash, and fly ash are commonly incorporated to enhance 
densification and reduce porosity (Liu et al., 2012; Wainwright and 
Cresswell, 2001; Wang et al., 2009a; Xu et al., 2006). Ren et al. (2021), 
compared the water absorption characteristics of sintered aggregates 
derived from SS, clay, and fly ash, finding that SS-based aggregates 
displayed lower water absorption than fly ash aggregates. This 
improvement was attributed to the formation of a vitrified surface layer 
on SS aggregates, which effectively restricted water ingress.

The use of binders further enhances water resistance by reducing the 
sintering temperature required for glass-phase formation, promoting the 
development of a dense, impermeable shell (Geetha and Ramamurthy, 
2010b; Lau et al., 2017; Ren et al., 2021). In general, increasing the 
sintering temperature reduces water absorption, as elevated tempera
tures facilitate particle fusion and surface densification, resulting in 
fewer open pores (Geng et al., 2024; Li et al., 2021). This overall trend is 
illustrated in Fig. 5(b), which compiles published data on water ab
sorption variation with sintering temperature for SS-based aggregates. 
The results demonstrate a clear decline in water absorption as sintering 
temperature increases, although the exact rate of reduction depends on 
the raw material composition and binder type. Although water absorp
tion generally decreases with sintering temperature as shown in Fig. 5
(b), it is strongly moderated by mix design (SS fraction, binder chem
istry), pellet size distribution, and the thermal profile (preheating, 
heating rate, dwell time, and cooling regime). Nevertheless, within in
dividual studies where these variables are held constant, water ab
sorption is frequently described by a monotonic decay-type relationship 
with temperature, which may be represented in generic form as in eq. 
(1). 

WA = f(T),
d (WA)

dT
< 0 (1) 

where WA denotes the water absorption of the sintered aggregate (%) 
and T represents the sintering temperature (◦C). The negative derivative 
indicates that water absorption decreases as sintering temperature in
creases, reflecting progressive vitrification, pore closure, and surface 
densification. It should be noted that Eq. (1) is not intended to represent 
a universal predictive model, as water absorption is strongly influenced 
by multiple interacting variables, including raw material composition, 
flux content, binder type, heating rate, dwell time, and cooling regime. 
Accordingly, Fig. 5(b) is used to synthesise cross-study trends rather 
than to derive a global predictive correlation.

Souza et al. (2020) investigated SS-RHA aggregates and reported a 
consistent reduction in water absorption as the sintering temperature 
increased from 1100 ◦C to 1250 ◦C, across 27 different SS-RHA formu
lations. A similar trend was observed by Lau et al. (2017) found that in 
SS-POFA aggregates, raising the sintering temperature from 1160 ◦C to 
1200 ◦C led to a marked decline in water absorption across nine different 
mixtures. However, Li et al. (2021) observed a non-linear trend in SS- 
waste glass powder aggregates, where water absorption initially 
increased between 1150 ◦C and 1160 ◦C, followed by a reduction at 
1200 ◦C. This behaviour was attributed to the competition between gas 
evolution and vitrification: insufficient viscosity at intermediate tem
peratures allowed excessive bloating and surface cracking, which were 
subsequently sealed by vitrification at higher temperatures.

In summary, water absorption in SS-derived aggregates is a function 
of both microstructural evolution and sintering dynamics. Optimising 

Fig. 5. Effect of sintering temperature on the physical and mechanical prop
erties of sewage sludge based aggregates reported in published studies: (a) loose 
bulk density variation (Bouachera et al., 2021; Chiou et al., 2006a; González- 
Corrochano et al., 2016; Lau et al., 2017; Liu et al., 2018b; Souza et al., 2020; 
Tuan et al., 2013; Wang et al., 2009a); (b) water absorption variation 
(Bouachera et al., 2021; Cheeseman and Virdi, 2005; Chiou et al., 2006a; 
González-Corrochano et al., 2016; Li et al., 2016, 2021; Liu et al., 2018b; Souza 
et al., 2020; Tuan et al., 2013; Wang et al., 2009a); and (c) compressive 
strength variation (Bouachera et al., 2021; Cheeseman and Virdi, 2005; 
González-Corrochano et al., 2016; Lau et al., 2017; Li et al., 2016, 2021; Souza 
et al., 2020; Wang et al., 2009a).
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temperature, binder type, and additive composition is crucial to 
achieving a dense, low-permeability matrix. Aggregates exhibiting 
water absorption below 10% are generally considered suitable for 
structural lightweight concrete applications, highlighting the potential 
of SS-based aggregates when processed under controlled sintering 
conditions.

5.3. Crushing strength

The compressive strength of sintered aggregates is influenced by 
several interrelated factors, including: 

1) The density and shape of the aggregate
2) The pore size distribution and porosity within the matrix
3) The water absorption capacity
4) The softening temperature of the constituent materials
5) The mineralogical composition
6) Densification behaviour during sintering
7) The formation of cracks or internal fractures due to thermal stresses

Several studies (Geng et al., 2024; González-Corrochano et al., 2016; 
Lau et al., 2017; Li et al., 2021) have reported that the crushing strength 
of a single sintered aggregate can be determined using eq. (2): 

S =
2.8Pc

πd2
(2) 

where S (MPa) is the single aggregate crushing strength, Pc (N) is the 
fracture load, and d (mm) is the distance between the upper and lower 
loading plates. Previous studies (Liao and Huang, 2011; Liu et al., 
2018a) recommend a loading rate of 0.1 mm s−1 for testing individual 
aggregate particles.

Liu et al. (2018a) investigated SS-river sediment aggregates and 
observed a strong correlation between crushing strength and particle 
density, indicating that strength is largely governed by aggregate 
porosity. Li et al. (2021) similarly reported that increasing porosity re
sults in lower particle density and reduced strength. However, in SS- 
waste glass powder aggregates, increasing the sintering temperature 
from 1160 ◦C to 1180 ◦C raised porosity by 13.75%, while crushing 
strength decreased by only 12.9%. This relatively small reduction was 
attributed to the transformation of irregular pores into spherical, evenly 
distributed voids, which distribute stress more uniformly. These findings 
highlight that pore geometry, rather than porosity alone, plays a critical 
role in determining crushing strength. Aggregate size is another 
important factor affecting strength. Several research studies have shown 
that larger aggregates exhibit lower crushing strength than smaller ones 
(Gesoğlu et al., 2012; Gomathi and Anandan, 2013; Gomathi and Siva
kumar, 2014). Geng et al. (2024) attributed this to the more efficient 
expulsion of moisture from smaller aggregates during sintering, which 
leads to a denser microstructure. Baykal and Döven (2000) reported a 
similar trend, observing that each incremental increase in aggregate 
diameter resulted in a measurable decrease in crushing strength.

During sintering, the formation of a molten liquid phase contributes 
positively to strength by producing a vitrified outer shell that enhances 
mechanical integrity (Ren et al., 2021). Increasing the sintering tem
perature promotes shrinkage and densification, thereby improving 
crushing strength. However, excessively high temperatures reduce the 
viscosity of the molten phase, impeding gas release and potentially 
causing aggregate collapse (Tang et al., 2023). Moreover, over sintering 
can cause smaller pores to coalesce into larger ones, weakening the 
overall structure (Geng et al., 2024). The variation of compressive 
strength with sintering temperature for different SS-based mixtures is 
illustrated in Fig. 5(c), which compiles results from several published 
studies. A general upward trend in strength is observed up to approxi
mately 1150 ◦C, beyond 1200 ◦C, a reduction or plateau in strength is 
commonly observed, attributed to over melting and pore coalescence. 

Aggregates incorporating supplementary materials such as coal ash, 
POFA, or waste glass exhibit consistently higher strengths due to their 
elevated silica and alumina contents, which enhance vitrification and 
reduce internal defects.

Due to the high organic content of SS, its use at high proportions 
often leads to excessive gas evolution, inhibiting densification and 
producing aggregates with lower strength. For example, Lau et al. 
(2017), reported a crushing strength of only 0.05 MPa for aggregates 
containing 60% SS in an SS-POFA mix sintered at 1200 ◦C. Similarly, 
Souza et al. (2020) recorded 0.4 ± 0.08 MPa for aggregates containing 
70% SS in an SS-RHA mix at the same temperature. The incorporation of 
SiO₂ and Al₂O₃ rich binders, however, can significantly enhance me
chanical strength. Lau et al. (2017) observed that adding Na₂SiO₃ to an 
SS-POFA mix increased crushing strength from 1.5 MPa to 8.1 MPa at 
1200 ◦C. Comparable improvements have been reported in other studies 
(Souza et al., 2020; Xu et al., 2008, 2006), confirming that silica and 
alumina based additives promote matrix densification and strengthen 
the vitrified surface layer.

Table 3 summarises the applicability of AA based on their water 
absorption and crushing strength. Chen et al. (2010) stated that LWAs 
with a crushing strength of ≥5 MPa are suitable for the production of 
Grade 40 concrete. Furthermore, according to the Chinese National 
Bureau of Standards, a minimum crushing strength of 7.5 MPa is 
required for LWAs used in civil engineering applications (Liu et al., 
2018a).

To contextualize the performance of SS based AAs, it is useful to 
compare their strength-to-density efficiency with that of commercial 
LWAs. Past research studies reported that commercial LWAs such as 
expanded clay, shale, and slate typically exhibit compressive strengths 
of 5–25 MPa at bulk densities ranging from 300 to 900 kg/m3, yielding 
strength-to-density ratios of approximately 0.01–0.04 MPa⋅m3/kg (Fořt 
et al., 2024; Haddadian et al., 2023). In comparison, SS based sintered 
aggregates frequently achieve crushing or compressive strengths in the 
range of 5–15 MPa at particle densities between 600 and 1100 kg m−3, 
resulting in comparable strength-to-density efficiencies. This indicates 
that, despite their waste derived origin, SS based aggregates can attain 
mechanical performance efficiencies similar to those of conventional 
LWAs, particularly when optimised sintering conditions promote 
controlled bloating and the formation of a vitrified outer shell.

In conclusion, the crushing strength of sintered SS aggregates de
pends on the delicate balance between bloating and densification. While 
high gas evolution and porosity reduce strength, controlled sintering 
and the use of silica rich binders can yield aggregates with both low 
density and satisfactory mechanical performance for structural use.

5.4. Comparative evaluation of alternative artificial aggregate production 
routes

While the preceding sections focus on the production and perfor
mance of SS derived sintered aggregates, a broader perspective is 
required to position this approach within the wider landscape of AA 

Table 3 
LWA classification criteria (Rossignolo, 2009; Souza et al., 2020).

Particle 
Density (g/ 
cm3)

Water 
Absorption (%)

Crush 
Strength 
(MPa)

Application

< 2.00 0–20 > 5.00 High-strength concrete
< 2.00 0–20 > 2.30 Structural lightweight 

concrete
< 2.00 0–34 > 1.80 Non-structural lightweight 

concrete, Lightweight mortars
< 2.00 10–38 > 1.80 Geotechnical Applications
< 2.00 10–38 > 1.00 Gardening & Landscaping, 

Thermal and Acoustic 
Insulation
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technologies. AAs can be produced via multiple hardening routes, 
notably high temperature sintering, cold bonding, and alkali activation, 
each characterised by distinct processing requirements, energy de
mands, curing strategies, and performance outcomes (Bekkeri et al., 
2023; Lau et al., 2017; Ren et al., 2021; Tian et al., 2021). A comparative 
evaluation of these routes is therefore essential to assess their relative 
technological maturity, environmental footprint, and suitability for 
large scale implementation.

Fig. 6. presents a synthesis of key physical and mechanical properties 
including water absorption, particle density, loose bulk density, and 
crushing strength for AAs produced via sintering, cold bonding, and 
alkali activation, based on data compiled from published literature (Li 
et al., 2016; Ren et al., 2021; Ruimin et al., 2021; Wainwright and 
Cresswell, 2001; Wang et al., 2009a). As shown in Fig. 6(a), sintered 
aggregates generally exhibit lower water absorption compared with cold 
bonded and alkali activated aggregates. This behaviour is primarily 
attributed to the formation of a vitrified outer shell during sintering, 
which effectively inhibits the ingress of water by sealing surface pores.

The particle density trends illustrated in Fig. 6(b) further indicate 
that sintered aggregates typically possess lower densities than those 
produced by low temperature routes. This reduction is associated with 
the bloating phenomenon during sintering, whereby gas evolution at 
elevated temperatures generates closed internal pores within the 

aggregate core, thereby reducing overall density (Lau et al., 2017). A 
similar trend is observed for loose bulk density (Fig. 6(c)). In contrast, 
cold bonded and alkali activated AAs generally lack significant bloating, 
and their densities are strongly influenced by the type and dosage of 
binders used. Many binder systems exhibit relatively high specific 
gravity and contribute to pore filling, which limits void formation and 
results in higher aggregate densities (Ren et al., 2021).

Fig. 6(d) compares the crushing strength of aggregates produced via 
the different processing routes. Alkali activated aggregates frequently 
demonstrate higher strength development than both sintered and cold 
bonded counterparts, reflecting the formation of dense reaction prod
ucts resulting from alkaline activation of aluminosilicate precursors 
(Ren et al., 2021). However, the strength of aggregates produced by all 
three routes shows substantial variability, depending on raw material 
composition, binder chemistry, and curing regime. For example, Ren 
et al. (2021) reported crushing strengths exceeding 23 MPa for sintered 
aggregates incorporating bentonite, while similar strength levels have 
been achieved in alkali activated aggregates formulated with fly ash and 
GGBS (Gomathi and Sivakumar, 2015; Suresh et al., 2016b).

A critical examination of key process variables, including curing 
methods, energy intensity, mechanical performance, and environmental 
safety, is presented in Table 4. to compare the advantages and limita
tions of the principal AA production routes reported in recent literatures 

Fig. 6. Literature derived comparison of key physical and mechanical properties of AAs produced via different processing routes: (a) water absorption, (b) particle 
density, (c) loose bulk density, and (d) crushing strength for sintered, cold-bonded, and alkali-activated aggregates (Li et al., 2016; Ren et al., 2021; Ruimin et al., 
2021; Wainwright and Cresswell, 2001; Wang et al., 2009a).
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(Andrzejuk et al., 2024; Bekkeri et al., 2023; Duan et al., 2025; Geetha 
and Ramamurthy, 2010b; Geng et al., 2024; Gesoğlu et al., 2012; 
Gomathi and Sivakumar, 2014; Wainwright and Cresswell, 2001; Wang 
et al., 2009b, 2008; Yang et al., 2023). Particular emphasis is placed on 
curing regimes for cold bonded and alkali activated aggregates, as these 
strongly influence strength development, durability, and scalability. 
This comparative analysis provides context for SS based sintering while 
highlighting alternative low temperature pathways and identifying key 
areas where further optimisation and standardisation are required.

Although most studies on SS based AAs are conducted at laboratory 
scale, several aspects of the proposed production routes are compatible 
with existing industrial practice. In particular, sintering based produc
tion can be directly aligned with established rotary kiln technologies 
currently used for LWA manufacture, suggesting clear potential for scale 
up. From a techno economic perspective, thermal energy demand re
mains the dominant cost and emission contributor (Yang et al., 2023). 
However, this may be partially offset by the high organic content of SS, 
which can act as an internal fuel, as well as by avoided sludge disposal 
and natural aggregate extraction costs(Mohanta and Murmu, 2022; 
Peduzzi and Peduzzi, 2014; Yang et al., 2023). Low-temperature routes 
such as cold bonding and alkali activation offer advantages in reduced 
energy demand, but challenges related to curing time, binder or 

activator cost, and performance consistency at larger scales remain (Ren 
et al., 2021; Tang et al., 2020). Overall, wider adoption will depend on 
pilot-scale validation, regulatory acceptance, and the development of 
standardised performance criteria for waste-derived aggregates.

5.5. Environmental safety of sewage sludge-based aggregates: Heavy 
metals and organic contaminants

SS contains potentially harmful heavy metals such as chromium (Cr), 
cadmium (Cd), copper (Cu), molybdenum (Mo), antimony (Sb), zinc 
(Zn), lead (Pb), nickel (Ni), and selenium (Se), which can leach into the 
environment and pose serious ecological and human health risks 
(Donatello et al., 2010; Li and Zhang, 2021; Sidhu et al., 2024). Among 
these, Pb exposure has been associated with neurotoxicity and devel
opmental impairment, underscoring the importance of controlling 
contaminant release during the production and application of SS-based 
AAs (Wang et al., 2020).

Table 5 summarises the leachate limit values for key heavy metals 
according to the European Landfill Waste Acceptance Criteria (WAC) 
guidelines (CEN, 2002) and contextualises their relevance to SS-based 
aggregate production. Experimental studies consistently demonstrate 
that sintering significantly reduces the leachability of most heavy 

Table 4 
Synthesised comparison of sintering, cold bonding, and alkali activated AA production routes based on representative studies reported in the recent literature 
(Andrzejuk et al., 2024; Bekkeri et al., 2023; Duan et al., 2025; Geetha and Ramamurthy, 2010b; Geng et al., 2024; Gesoğlu et al., 2012; Gomathi and Sivakumar, 2014; 
Ren et al., 2021; Wainwright and Cresswell, 2001; Wang et al., 2009b, 2008; Yang et al., 2023).

Criterion Sintering based aggregates Cold bonded aggregates Alkali activated aggregates

Primary hardening 
mechanism

Thermal expansion (bloating) coupled with vitrification at 
elevated temperatures, producing a porous core and dense 
outer shell

Hydraulic hydration and pozzolanic 
reactions forming a cementitious 
binding matrix

Chemical geopolymerisation via alkaline 
dissolution and re-polymerisation of 
aluminosilicates

Typical temperature 
regime

High temperature (>1000–1200 ◦C) Ambient to low temperature (≤60 ◦C) Ambient to moderately elevated temperature 
(≤80 ◦C)

Key raw materials SS, clay, shale, fly ash, industrial residues SS ash, fly ash, slag, quarry fines, 
recycled powders

SS ash, fly ash, slag, metakaolin, 
aluminosilicate rich wastes

Binder/activator 
system

Self fluxing oxides inherent to feedstock composition Cement, lime, blended mineral binders NaOH, Na₂SiO₃, or combined alkaline activators

Pelletisation step Disc or drum pelletisation Disc or drum pelletisation Disc or drum pelletisation
Curing / hardening 

strategies
Preheating 
Rotary kiln sintering 
Controlled cooling

Natural curing (ambient) 
Oven curing 
Steam curing 
Carbonation curing 
Autoclave curing

Ambient curing 
Mild thermal curing 
Steam curing 
Autoclave curing

Typical curing / 
processing time

Minutes to hours Days to weeks (curing method 
dependent)

Hours to days (curing method dependent)

Energy demand Very high due to thermal sintering Low (dominated by binder production) Low-moderate (dominated by activator 
production and curing)

CO₂ emission profile High (fuel combustion and process emissions) Low to moderate (cement content 
dependent)

Low to moderate (activator manufacturing 
dependent)

Bulk density (typical 
range)

Low (800–1200 kg m−3) Moderate (900–1600 kg m−3) Moderate (900–1400 kg m−3)

Crushing strength Moderate to high (>6–10 MPa) Moderate (~3–8 MPa), highly mix- 
dependent

Generally high (~6–17 MPa) with optimised 
curing

Water absorption 
behaviour

Low to moderate due to vitrified shell and isolated pores Often high due to open pore networks 
unless surface densification is applied

Typically, lower than conventional cold 
bonding owing to denser reacted shell

Heavy metal 
immobilisation

Excellent 
Encapsulation within vitrified/crystalline matrix

Moderate 
Strongly dependent on binder chemistry

Good 
Chemical binding and encapsulation, element- 
specific behaviour

Process complexity High (kilns, fuel supply, emission control) Low (simple equipment and ambient 
curing)

Moderate (alkali handling, curing control)

Technological 
maturity

Industrially established Pilot to early industrial scale Predominantly laboratory to pilot scale

Key advantages High strength 
Durability 
Low absorption 
Robust environmental safety

Low energy demand 
Simple processing 
Strong circular-economy potential

Cement-free binding 
Improved performance over cold bonding 
Reduced thermal demand

Key limitations High energy consumption 
High CAPEX/OPEX 
Greenhouse gas emissions

Long curing times 
Higher absorption 
Performance variability

Alkali cost and safety concerns 
Durability and standardisation gaps

Critical improvement 
needs

Lower temperature sintering 
Energy recovery 
Emission reduction strategies

Rapid curing methods 
Cement free binders 
Pore sealing and durability 
enhancement

Optimised activator systems 
Safer handling protocols 
Long-term durability validation
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metals. For example, Franus et al. (2016) reported that SS-clay aggre
gates containing 10 wt% SS exhibited metal concentrations well below 
regulatory limits, attributed to immobilisation within aluminosilicate 
mineral lattices such as beidellite, illite, and kaolinite. Similarly, Geng 
et al. (2024) observed that although Zn leaching from sintered aggre
gates was marginally higher than that from green granules, all values 
remained compliant with regulatory thresholds.

Sintering temperature plays a decisive role in heavy metal stabili
sation. Liu et al. (2018a) showed that increasing the sintering temper
ature from 950 ◦C to 1050 ◦C markedly enhanced the immobilisation of 
Cd, Cr, Cu, and Pb, owing to the formation of a continuous liquid phase 
that encapsulates metals within a vitrified matrix. At lower tempera
tures, incomplete vitrification limits stabilisation efficiency. Compara
ble trends were reported by Wang et al. (2008) who noted reduced 
leaching of As, Cd, and Cr at higher firing temperatures, although Ni, Pb, 
and Zn showed more limited sensitivity. These findings indicate that the 
effectiveness of immobilisation depends on elemental properties such as 
volatility, ionic radius, and bonding affinity within the glassy or crys
talline phases.

In addition to inorganic contaminants, SS is known to contain 
harmful organic pollutants, notably PFAS, pharmaceuticals, and per
sonal care products. Table 6 provides an integrated assessment of PFAS 
occurrence in SS and biosolids, associated regulatory thresholds, parti
tioning behaviour, and reported thermal treatment effectiveness. Re
ported PFAS concentrations in SS often approach or exceed regulatory 
limits for land application, highlighting the need for destructive or 
immobilising treatment prior to reuse.

Unlike land-application scenarios, the high-temperature sintering 
process employed for SS-based aggregate production typically exceeds 
1000–1200 ◦C, well above the thermal degradation thresholds reported 
for most PFAS compounds. Literature consistently indicates near com
plete destruction of PFAS at temperatures above 700–800 ◦C, particu
larly when coupled with oxidative conditions that prevent secondary 
emissions (Arvaniti et al., 2012; Ismail and Tizaoui, 2025; Schlederer 
et al., 2024; Winchell et al., 2024). Consequently, sintered SS-based 
aggregates present a substantially lower risk associated with organic 
contaminants compared with untreated or low-temperature-treated 
sludge.

Overall, the combined effects of vitrification, mineral encapsulation, 
and high-temperature degradation render sintering a technically robust 
and environmentally sound route for mitigating both inorganic and 
organic contaminant risks in SS-based aggregates. While available 

evidence strongly supports compliance with EU WAC limits, further 
systematic leachate and durability testing under long-term service 
conditions would strengthen regulatory confidence and facilitate 
broader industrial adoption.

6. Sustainability assessment of sewage sludge-based aggregates

6.1. Socio economic and sustainability implications of sewage sludge- 
based aggregates

The global construction industry faces mounting challenges due to 
the diminishing availability of conventional aggregates. According to 
the United Nations Environment Programme (UNEP), annual aggregate 
consumption is approximately 50 billion tonnes, and demand is pro
jected to rise in parallel with global economic and population growth 
(OECD, 2019). Given the finite nature of natural aggregate resources, 
meeting this escalating demand represents a critical long-term challenge 
for the construction sector (Lau et al., 2017).

The forecasted demand for concrete infrastructure, gravel, and stone, 
together with predictions of known gravel resource availability, are 
presented in the Supplementary Information (Fig. S2). These data 
indicate that demand for gravel, stone, and concrete infrastructure 
continues to increase, particularly for road construction, paving, and 
structural applications. However, this trajectory directly conflicts with 
the declining availability of gravel reserves and rising concerns 
regarding the environmental and social impacts of extraction. Efforts to 
sustain supply rely on the identification of new reserves, the granting of 
extraction permits, and the rehabilitation of depleted sites (Bendixen 
et al., 2021a). Yet, replenishment rates fall well below consumption. The 
Mineral Products Association (2017) reports that only 61% of land-won 
sand and gravel is currently replaced through new planning permissions, 
indicating a trajectory of resource depletion incompatible with long- 
term sectoral growth.

The socio-economic implications extend beyond resource scarcity. 
Aggregate mining has become a subject of public and media scrutiny, 
often framed through the lens of illegality and informal operations the 
so-called “sand mafia” phenomenon (Bisht and Gerber, 2017; Mahade
van, 2019). While this framing draws attention to governance failures, it 
oversimplifies a complex global issue. In many developing regions, 
informal sand and gravel extraction provides a crucial livelihood for 
impoverished communities. Conversely, there is abundant evidence 
linking unregulated aggregate mining to ecological degradation, 

Table 5 
Leachate limits specified by European Landfill Waste acceptance criteria guidelines (CEN, 2002; EN, B.S, 2002; Sidhu et al., 2024; Wang et al., 2020).

Element Inert waste limit 
(mg L−1)

Non-hazardous waste limit 
(mg L−1)

Hazardous waste limit 
(mg L−1)

Environmental relevance Implications for SS based AA

Cu 2.0 50 100 Toxic to aquatic organisms at elevated 
concentrations

Typically immobilised in vitrified or 
cementitious matrices

Zn 4.0 50 70 Mobile in acidic conditions 
Phytotoxic

Generally stabilised during high- 
temperature sintering

Pb 0.5 10 50 Neurotoxic 
Strict regulatory control

Effectively encapsulated in glassy phases

Cd 0.04 1.0 5.0 Highly toxic even at low concentrations Strongly immobilised via vitrification and 
mineral bonding

Ni 0.4 10 40 Potential carcinogen 
Groundwater concern

Partial stabilisation; sensitive to pH 
conditions

Se 0.1 0.5 7.0 Bio accumulative 
Ecosystem toxicity

Generally low leachability after sintering

As 0.5 2.0 25 Carcinogenic 
Redox-sensitive

Immobilisation depends on oxidation state 
and matrix

Cr 0.5 10 70 Cr(VI) highly toxic and mobile Reduced leaching through high 
temperature treatment

Ba 20 100 300 Groundwater contamination risk Typically remains within inert limits
Mo 0.5 10 30 High mobility in alkaline systems May require optimisation of matrix 

chemistry
Hg 0.01 0.2 2.0 Volatile and highly toxic Effectively retained in vitrified structures
Sb 0.06 0.7 5.0 Emerging contaminant 

Increasing regulation
Generally low release in SS-based AAs
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landscape disruption, and labour rights violations (Bisht, 2021). Hence, 
aggregate extraction embodies a dual socio-economic reality: it sustains 
livelihoods while simultaneously exacerbating environmental and social 
vulnerabilities.

Dredging and large-scale mining operations also leave visible scars 
on the landscape, and urgent measures are required to safeguard 
biodiversity from both direct habitat loss and indirect geomorphological 
impacts, such as altered sedimentation in rivers, floodplains, and coastal 
ecosystems (Bendixen et al., 2021a). Historically, these impacts were 
not considered major threats to aquatic biodiversity, and few protected 
areas were established to mitigate mining pressures. The growing body 
of evidence highlighting the adverse ecological consequences of aggre
gate extraction, coupled with the limited conservation response, poses a 
serious risk to global biodiversity, particularly concerning SDGs 14 (Life 
Below Water) and 15 (Life on Land) (Bendixen et al., 2021a; Cicin-Sain 
and Belfiore, 2005; Saunders et al., 2002). Furthermore, the construc
tion and building sectors collectively account for approximately 39% of 
global energy-related CO₂ emissions. Promoting circular economy ini
tiatives, such as the utilisation of SS in aggregate production, offers a 
pathway to reduce dependence on virgin raw materials, minimise car
bon emissions, and directly support climate change mitigation efforts 
(SDG 13: Climate Action) (Dagnachew and Hof, 2022).

With an annual generation of approximately 53 million tonnes, SS 
represents a substantial secondary resource capable of partially or even 
fully substituting natural aggregates in both structural and non- 
structural applications (Bendixen et al., 2021a). The adoption of SS- 
based aggregates can thus generate economic, environmental, and so
cial co-benefits: 

1. Economic, through reduced raw-material costs and waste- 
management expenditures.

2. Environmental, through resource conservation and lower 
greenhouse-gas emissions

3. Social, through the creation of green jobs and the promotion of 
sustainable construction practices

By integrating SS into the aggregate supply chain, the construction 
sector can transition toward a more resilient and circular economic 
model, balancing material efficiency with social equity and environ
mental stewardship.

6.2. Comparative life cycle energy, carbon and cost performance of 
sewage sludge-based aggregates

A quantitative evaluation of CO₂ emissions, energy consumption, and 
production cost provides a clearer basis for assessing the suitability of SS 
based AA as an alternative to natural aggregates in the construction 
industry. To enable a consistent comparison, life-cycle assessment (LCA) 
based data reported in the published literature were compiled and 
synthesised, with particular emphasis on studies providing detailed in
ventories of fuel consumption, electricity use, and transportation re
quirements (Piippo et al., 2018; Yang et al., 2023). It should be noted 
that no new experimental data were generated; rather, the present 
analysis builds upon primary data reported in existing peer-reviewed 
studies, notably the comprehensive LCA framework proposed by Yang 

Table 6 
Integrated assessment of PFAS occurrence, regulatory thresholds, partitioning 
behaviour, and thermal treatment effectiveness in sewage sludge and biosolids.

Aspect Key findings 
(quantitative)

Implications for 
sewage sludge 
based artificial 
aggregates

Ref

PFAS 
concentration 
in sewage 
sludge and 
biosolids

PFOS: <0.01–552.6 
ng/g dw 
PFOA: <0.01–601 
ng/g dw 
PFHxS: 
<0.01–157.7 ng/g d 
PFBS: <0.01–36.97 
ng/g dw (region- 
and treatment- 
dependent)

Confirms sewage 
sludge as a 
significant 
reservoir of long 
chain PFAS, 
necessitating 
robust treatment 
prior to 
valorisation

(Bossi et al., 
2008; Letcher 
et al., 2020; 
Moodie et al., 
2021; Stahl 
et al., 2018; 
Venkatesan and 
Halden, 2013; 
Zhou et al., 
2024)

Regulatory 
thresholds 
(soil/sludge)

PFOS limits: 1–390 
ng/g dw (EU, 
Australia, USA) 
PFOS+PFOA: 100 
ng/g dw (Germany, 
Austria) 
PFBS up to 1900 ng/ 
g dw (Canada)

Many reported 
sludges 
concentrations 
approach or 
exceed regulatory 
limits, 
underscoring the 
need for 
destructive or 
immobilising 
treatments

(Government, 
2016; Hall, 
2021; Zhou 
et al., 2024)

PFAS 
partitioning in 
sludge (log Kd, 
L/kg)

Long-chain PFAS 
show strong 
sorption  

1. PFOS ~2.6–4.0
2. PFUnDA 

~3.5–3.9
3. PFDA ~3.0–3.7
Short chain PFAS 
show weaker 
sorption (~0.6–1.5)

Strong sorption 
implies 
persistence in 
solids 
Physical 
separation alone is 
insufficient 
thermal or 
chemical 
transformation 
required

(Arvaniti et al., 
2012; Ismail and 
Tizaoui, 2025; 
Lewis et al., 
2023)

Low-temperature 
thermal 
treatment 
(<400 ◦C)

Incomplete PFAS 
removal 
Redistribution to 
biochar 
Py-oil or gas phases 
frequently observed

Unsuitable as a 
stand alone 
mitigation 
strategy for SS 
valorisation into 
construction 
products

(Hušek et al., 
2024)

Intermediate- 
temperature 
thermal 
treatment 
(500–700 ◦C)

Significant PFAS 
reduction 
Partial transfer to 
gas/oil unless 
secondary treatment 
applied

Indicates 
temperature 
sensitivity of PFAS 
degradation 
Process 
integration 
required

(Ismail and 
Tizaoui, 2025; 
McNamara 
et al., 2022; 
Sørmo et al., 
2023)

High- 
temperature 
thermal 
treatment 
(>700–800 ◦C)

Near complete PFAS 
destruction 
residual PFAS often 
below detection 
limits

Confirms thermal 
severity threshold 
for effective PFAS 
elimination

(Schlederer 
et al., 2024; 
Sørmo et al., 
2023)

Thermal 
treatment with 
oxidation 
coupling

Pyrolysis + thermal 
oxidation achieves 
PFAS 
concentrations 
below detection in 
solids and scrubber 
water.

Demonstrates 
importance of gas 
phase treatment to 
prevent secondary 
emissions

(Ismail and 
Tizaoui, 2025)

Relevance to 
sintered SS- 
based 
aggregates

Sintering 
temperatures 
typically 
>1000–1200 ◦C, 
exceeding PFAS 
destruction 
thresholds reported 
in all studies

Strong evidence 
that SS based 
sintered 
aggregates 
provide superior 
PFAS mitigation 
compared with 
low temperature 
routes

(Hušek et al., 
2024; Winchell 
et al., 2024)

Environmental 
risk mitigation 
pathway

High-temperature 
vitrification 
encapsulates 

Supports 
environmental 
safety of SS 

(Ren et al., 
2021; Zhou 
et al., 2024)

Table 6 (continued )

Aspect Key findings 
(quantitative) 

Implications for 
sewage sludge 
based artificial 
aggregates 

Ref

residual inorganic 
contaminants while 
destroying organics

derived 
aggregates within 
EU waste 
acceptance 
criteria
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et al. (2023).
For SS based AAs, the main processing stages typically include sludge 

drying, transportation, compaction and moulding, drying of green pel
lets, and high-temperature sintering, whereas natural aggregates pro
duction involves drilling, excavation, crushing, screening, and 
transportation (Bendixen et al., 2021b; Lau et al., 2017; Mahadevan, 
2019; Peduzzi and Peduzzi, 2014). For comparison purposes, a func
tional unit of 1 t of aggregate was adopted for both systems. Published 
data on fuel consumption for transport, natural gas usage for sintering, 
and electricity demand for auxiliary operations were collected and 
normalised to this functional unit (Yang et al., 2023).

Transportation related CO₂ emissions were calculated using the 
approach reported by Yang et al. (2023) and D. Li et al. (2020), 
expressed as in eq. (3): 

CO2 emission = Σi

((
Ei,l + Ei,e

)
x Σn

n=1mnxdi
n

)
(3) 

Where i denotes the transport mode, Ei,l and Ei,e are the emission factors 
for loaded and empty vehicles, respectively, n denotes the type of ma
terials and mn and di

n represent the mass of material and transport dis
tance. Emissions associated with sludge drying and thermal processing 
were estimated based on reported fossil fuel consumption by Yang et al. 
(2023), using standard emission coefficients according to eq. (4): 

CO2 emission (kg) = Fuel used x Energy content x CO2 emssion factor
(4) 

The resulting stage-wise CO₂ emissions for SS based AAs and natural 
aggregates are presented in Fig. 7(a). The total CO₂ emissions were 
estimated as 441 kg CO₂ tonne−1 for SS based AAs and 604 kg CO₂ 
tonne−1 for natural aggregates, indicating that SS based AAs exhibit an 
approximately 27% lower global warming potential. This reduction is 
primarily attributed to lower transportation-related emissions and waste 
valorisation benefits, despite the energy-intensive sintering step.

Energy consumption and associated costs were subsequently evalu
ated using energy demand values reported by Yang et al. (2023), com
bined with scenario-based unit energy prices representative of 2025 
market conditions. The assumed costs were £0.06 kWh−1 for thermal 
energy (sintering), £0.15 kWh−1 for transport (diesel), and £0.28 kWh−1 

for electricity and auxiliary processes. The resulting energy demand and 
cost breakdowns are illustrated in Fig. 7 (b and c).

The total energy demand was estimated as 1875 kWh tonne−1 for SS 
based AAs and 1569 kWh tonne−1 for natural aggregates. While sin
tering dominates the energy demand for SS based AAs, transportation 
constitutes the principal energy contributor for natural aggregates. 
Importantly, the total production cost derived from this energy cost 
proxy was £280.10 t−1 for SS based AAs compared with £436.96 t−1 for 
natural aggregates, indicating that SS based aggregates are approxi
mately 36% cheaper under the assumed conditions. This cost advantage 
is largely driven by substantially lower transportation energy demand.

7. Conclusion

This review synthesised the current state of knowledge on the val
orisation of SS into AAs, with emphasis on processing mechanisms, 
performance characteristics, environmental safety, and economic im
plications. The analysis demonstrates that SS exhibits intrinsic suit
ability for LWA production, as its organic content and mineral 
composition promote gas evolution, bloating, and vitrification during 
sintering, enabling strength to density efficiencies comparable to com
mercial LWAs when appropriately optimised. Sintering temperature and 
raw material blending were identified as the dominant parameters 
governing aggregate performance, with optimal properties consistently 
reported within a relatively narrow temperature range (approximately 
1050–1200 ◦C). High temperature sintering also provides robust envi
ronmental risk mitigation by immobilising heavy metals within vitrified 

matrices and effectively reducing organic contaminant risks, including 
PFAS, thereby ensuring compliance with regulatory acceptance criteria. 
Life cycle assessments reported in the literature indicate that SS based 
aggregates can achieve lower global warming potential and competitive 

Fig. 7. Stage wise comparison of life cycle CO₂ emissions (kg CO2 tonne−1), 
energy demand (kWh tonne−1), and associated production costs (£ tonne−1) for 
sewage sludge based artificial aggregates and natural aggregates: (a) CO₂ 
emissions; (b) energy demand and cost for Sewage sludge based artificial ag
gregates; (c) energy demand and cost for natural aggregates.
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production costs relative to natural aggregates, largely due to reduced 
transportation requirements and the valorisation of an unavoidable 
wastewater by product. While alternative low temperature routes such 
as cold bonding and alkali activation offer energy saving potential, their 
current variability in mechanical performance and durability highlights 
the need for further optimisation. Overall, SS valorisation into AAs 
represents a viable pathway toward resource efficiency, waste reduc
tion, and circular bioeconomy implementation, strongly aligning with 
the objectives of UN SDGs 6, 12, and 13.
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Zheng, G., Koziński, J.A., 2000. Thermal events occurring during the combustion of 
biomass residue. Fuel 79, 181–192. https://doi.org/10.1016/S0016-2361(99) 
00130-1.

Zhou, T., Li, X., Liu, H., Dong, S., Zhang, Z., Wang, Z., Li, J., Nghiem, L.D., Khan, S.J., 
Wang, Q., 2024. Occurrence, fate, and remediation for per-and polyfluoroalkyl 
substances (PFAS) in sewage sludge: a comprehensive review. J. Hazard. Mater. 466, 
133637. https://doi.org/10.1016/J.JHAZMAT.2024.133637.

K. Thushanthan et al.                                                                                                                                                                                                                          Bioresource Technology Reports 34 (2026) 102658 

21 

https://doi.org/10.1016/J.CONBUILDMAT.2023.132507
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMR.150-151.1068
https://doi.org/10.4028/www.scientific.net/AMR.150-151.1068
https://doi.org/10.1016/j.conbuildmat.2015.04.045
https://doi.org/10.1016/j.conbuildmat.2015.04.045
https://doi.org/10.1016/J.JCLEPRO.2022.135084
https://doi.org/10.1016/S0016-2361(99)00130-1
https://doi.org/10.1016/S0016-2361(99)00130-1
https://doi.org/10.1016/J.JHAZMAT.2024.133637

	Thermal valorisation of sewage sludge into artificial aggregates: A critical review of processes, environmental performance ...
	1 Introduction
	2 Review methodology
	3 Suitability of sewage sludge for artificial aggregate production
	3.1 Granulation process
	3.2 Hardening process
	3.3 Surface morphology of sewage sludge
	3.4 Physical properties of sewage sludge
	3.5 Chemical properties of sewage sludge

	4 Sewage sludge based aggregate production
	5 Properties of sintered sewage sludge based aggregates
	5.1 Bulk density, and particle density and shrinkage
	5.2 Water absorption
	5.3 Crushing strength
	5.4 Comparative evaluation of alternative artificial aggregate production routes
	5.5 Environmental safety of sewage sludge-based aggregates: Heavy metals and organic contaminants

	6 Sustainability assessment of sewage sludge-based aggregates
	6.1 Socio economic and sustainability implications of sewage sludge-based aggregates
	6.2 Comparative life cycle energy, carbon and cost performance of sewage sludge-based aggregates

	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


