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ARTICLE INFO ABSTRACT

Keywords: The production of sewage sludge, a by-product of wastewater treatment plants, is steadily
Alternative feedstock increasing. With its hazardous properties but valuable resources and materials, sewage sludge
Biosolids

requires innovative management strategies to tackle environmental challenges and create op-
portunities for energy recovery and circular resource utilization. The most common applications
currently include incineration, agricultural use and composting. The trend towards thermal
treatment is steadily increasing, especially in Europe. State-of-the-art is to incinerate sewage
sludge, which offers the benefits of volume reduction and the destruction of toxins, pathogens as
well as the potential for recovery of the critical resource phosphorus from the generated ash. The
latter is becoming increasingly important, particularly due to emerging regulations within the EU.
Gasification as a thermal treatment method is also gaining traction as a suitable approach. The
thermochemical process offers the same benefits as incineration but additionally produces gas
(synthesis gas), a versatile fuel for energy generation and a precursor for the chemical industry.
Sewage sludge gasification has yet to be adopted on a large scale due to gaps in research, tech-
nological development and systemic requirements as well as financial constraints. This review
provides a comprehensive overview of legislation related to sewage sludge management and
feedstock characteristics, including ash chemistry. Furthermore, it explores the fundamentals of
gasification, focusing on optimizing parameters for sewage sludge by summarizing findings from
studies on the effects of feedstock parameters, process designs and operating conditions on
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efficiency and output. It concludes with an outlook on large-scale implementation to maximize
waste valorization through gasification.

1. Introduction

Efficient wastewater systems are essential for protecting public health and minimizing ecological impacts (Villarin and Merel,
2020). The global demand for municipal wastewater management has increased and with population growth, improvements have been
made based on regulations and government oversight. This resulted in the generation of significant volumes of sewage sludge (SS), a
by-product of wastewater treatment plants (WWTPs; Kacprzak et al., 2017; Ding et al., 2021). Between 2003 and 2006, municipal
wastewater treatment (WWT) by-products in the EU-27 reached 10 million tons of dry matter (dm) per year, with further increases
anticipated (Bianchini, 2016; Tarpani, 2020). In 2022, around 5 % of SS in Europe was landfilled, 22 % applied in agriculture, 22 %
composted, 38 % incinerated and 12 % used for other purposes (Statistics | Eurostat, 2024). While the land application of SS offers
benefits through the recycling of valuable nutrients such as carbon (C), nitrogen (N), and phosphorus (P), it is increasingly regulated
due to the presence of hazardous substances and micropollutants, including heavy metals (HMs), dioxins, furans, and polycyclic ar-
omatic hydrocarbons (PAHs; Demirbas et al., 2017; Fijalkowski et al., 2017). Currently, over 350,000 different chemicals or chemical
mixtures exist in production and use on a global basis (Wang et al., 2020) many of which have the potential to end up in SS after WWT
(Fijalkowski et al., 2017). Current regulatory frameworks emphasize pathogen control, air pollution reduction and soil contamination
prevention (Migliaccio et al., 2021). In response, some countries have banned the use of SS on farmland, while others allow it under
restrictions (Gianico et al., 2021). As the EU shifts priorities toward reducing emissions from organic waste (Directive - 2018/850,
2018) and promoting material and energy recovery, landfilling of SS is steadily declining (Kacprzak et al., 2017; Husek et al., 2022).

Thermal treatment processes, including incineration, gasification, and pyrolysis, are gaining relevance due to their ability to
effectively destroy pollutants, stabilize hazardous materials, and enhance resource efficiency (Wang and Azam, 2024), while the
resulting by-products are an integral pathway to improved nutrient recovery, particularly P (Hu, 2021; Li, 2023). Among the available
treatment methods, incineration remains the state-of-the-art technology due to its high technological readiness level (TRL). Incin-
eration transforms SS into energy, which can be recovered in the form of heat and/or electricity. The process yields ash and flue gas,
while also eliminating organic contaminants. However, its primary function to this day is volume reduction rather than energy re-
covery, as the net-energy production is limited and potentially even negative (Migliaccio et al., 2021; Amann et al., 2022). Without
proper flue gas treatment, incineration produces high emissions of SOz, NOy, and N=0, posing atmospheric pollution risks (Samolada
and Zabaniotou, 2014; Raveendravarrier et al., 2020). Pyrolysis operates in an oxygen-deprived environment, producing bio-oil and
gas as energy sources as well as char (Chang et al., 2022). Unlike incineration and gasification, it operates at temperatures between 300
°C and 900 °C (Gururani et al., 2022; Chang et al., 2025). Lower temperatures have shown to negatively affect the composition of
bio-oil and quality of the resulting char, which is due to the high moisture content of SS leading to incomplete thermal decomposition
(Gao et al., 2020). Additionally, the complete destruction of organic pollutants, although looking promising, remains a topic of debate
(Mosko et al., 2021). SS pyrolysis has primarily been tested in small pilot plants, where low throughput and high technical complexity
create economic disadvantages (Schnell et al., 2020; Gururani et al., 2022). Gasification is a high-temperature treatment method
utilizing an oxidizing agent and generating product gas, a valuable source for energy production and precursor for the chemical in-
dustry (Lin et al., 2024). The process occurs in a controlled, reducing atmosphere, significantly lowering emissions of SOz, NOx, di-
oxins, and furans compared to incineration (Magdziarz and Wilk, 2013; Porshnov, 2021). This reduction in pollutant formation makes
gasification a more environmentally sustainable alternative to conventional thermal conversion methods. While gasification is not as
widely established as incineration, it is more advanced than pyrolysis in terms of technological development. The TRL for the
treatment of SS is between 6 and 7 for gasification and 5 for pyrolysis in terms of commercial viability (Gherghel et al., 2019; Gao et al.,
2020). However, despite its advantages, gasification remains underutilized in many regions, which indicates the gap in technological
implementation and regulatory support.

Looking into the feedstock it is recognizable that SS differs from conventional biomass (wood, crop residues, etc.) in terms of its
composition and characteristics during gasification. Its higher inorganic content affects the behavior of the ash, which can lead to
slagging and fouling in the reactors. Due to high N- and S-content in SS, the process produces compounds such as NHs and H=S in the gas
phase, which require suitable gas purification measures (Netzer et al., 2023). Additionally, lower C and higher moisture content in-
fluence calorific value, making SS harder to compare to conventional biomass (Gururani et al., 2022). Pre-treatment is often beneficial
regarding the efficiency of gasification, as the state of SS; dewatered, anaerobically digested and/or dried, influences its characteristics
(Paya et al., 2019; Enebe et al., 2023). Furthermore, the presence of trace metals such as Cd, Pb and Hg must be taken into account, as
some of them may volatilize during gasification (Liew et al., 2021; Chang et al., 2022). These factors influence process conditions and
require adjusted technologies for optimal performance. However, SS also presents unique advantages over conventional biomass as it
is continuously generated as a waste byproduct, requiring no extra land or cultivation, while simultaneously holding the potential of
recovering nutrients.

Over the past decade, extensive research has explored gasification, yet few studies specifically address SS as a feedstock: Gao et al.
and Schnell, Horst and Quicker (Gao et al., 2020; Schnell, Horst and Quicker, 2020) examine gasification reactor types and operating
conditions. Liew et al. (2021) discuss legal frameworks and heavy metal stabilization, and Bora et al. (2020) focused on energy re-
covery and nutrient recycling. Spiewak (2024) reviewed the gasification of SS, analyzing the influence of various parameters on the
composition of the generated gas while also examining advanced gasification methods, including supercritical water and plasma
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gasification. Beyond gasification, Werle and Wilk (2010), Gao et al. (2020), Schnell et al. (2020) and Husek et al. (2022) also review
pyrolysis and incineration and thus represent a comparison of the thermochemical treatments of SS. Quan et al. (2022) investigates the
application of gasification and incineration technology and waste-to-energy. Furthermore, Manara and Zabaniotou (2012) and Fonts
etal. (2012) explore pyrolysis and gasification mechanisms, emphasizing biofuel production. While these studies offer valuable insides
on the topic, they highlight the need for a more timely and focused examination of SS gasification as a distinct and scalable technology.

This review aims to advance environmental sustainability by providing information for enhancing process efficiency, energy re-
covery, and resource utilization in SS gasification. It provides legal and economic considerations relevant to the recycling of SS and a
comprehensive analysis of feedstock characteristics for background information. Furthermore, the gasification process itself, reactor
types, and the specific challenges associated with SS gasification is presented to provide a deeper technical understanding. Energy
recovery in terms of product gas generation and its composition is discussed besides the material recovery of solid gasification residues,
i. e. char and ash. To support the advancement of this technology and improve its TRL, optimization efforts must extend beyond gas
production to include nutrient recovery, particularly P, in alignment with global P-recovery efforts. Finally, an intensive literature
review is applied to identify and discuss parameters that can be optimized as well as limitations and critical advances required for
employment and economic viability of SS gasification.

2. Background
2.1. Regulatory and economic considerations

EU legislation on SS management prioritizes waste stabilization, safe recycling, and recovery of materials, while regulating HMs
and nutrient levels in SS (Cieslik et al., 2015; Kroiss et al., 2021; Zhu et al., 2023; Council Directive 91/271/EEC, 1991; Regulation -
2019/1009 - EN - EUR-Lex, 2019). Table 1 shows the legal framework regarding wastewater and SS management, as well as P and N
removal in the EU. N and P management in SS is particularly important due to their dual environmental and resource challenges.
Excess N and P contribute to water contamination and eutrophication in aquatic environments (Mayer et al., 2016; Vaccari et al.,
2019). Simultaneously, phosphate rock (PR) has been classified as critical raw materials due to its role in agriculture, supply risks, and
economic importance for the EU (Regulation - EU - 2024/1252 - EN - EUR-Lex, 2024). Global demand is rising, reserve quality
declining, yet over 90 % of Europe’s supply relies on imports from reserves concentrated in Morocco, Algeria, Russia and Israel making
the recovery of P from sources like SS increasingly important (Cordell et al., 2009; Santos et al., 2021; Grohol and Veeh, 2023; Zhu
et al., 2023). While the EU has only started to establish explicit legislation promoting P-recovery (Directive - EU - 2024/3019, 2024),

Table 1
Legal framework regarding wastewater and SS management as well as P- and N-removal in the EU. Derived from Zhu et al. (2023) and extended
further.

Regulation/Directive Objective Main regulation/restriction Year Ref.
Sewage Sludge Directive Governs the use of SS in Sets limits on HMs and provides usage guidelines; 1986  (Council Directive
86/278/EEC agriculture mandates analysis of P and N for agricultural use 86/278/EEC, 1986)
Nitrates Directive 91/676/ Aims to reduce nitrate Requires identification of Nitrate Vulnerable Zones for 1991 (Council Directive - 91/676,
EEC pollution from agriculture  controlled farming to limit nitrate water pollution 1991)
Council Directive 1999/ Minimizes environmental Encourages reduction of landfill waste and promotes 1999  (Council Directive -
31/EC on landfill waste impacts of landfilling sustainable waste management 1999/31 1999)
Water Framework Protects and enhances Identifies organo-P compounds as pollutants and 2000  (Directive - 2000/60, 2000)
Directive 2000/60/EC water resources highlights nitrates and phosphates as eutrophication
agents

Groundwater Directive Protects groundwater Establishes EU-wide groundwater standards and sets 2006  (Directive - 2006/118 - EN
2006/118/EC from pollution and criteria for defining pollutant threshold values -Groundwater Directive -

degradation EUR-Lex, 2006)
Waste Framework Establishes EU-wide waste  Introduces a waste hierarchy prioritizing prevention, 2008  (Directive, 2008/98/EC,
Directive 2008/98/EC management practices reuse, recycling, and recovery before disposal 2008)
Plant Protection Product Harmonizes plant Regulates pesticide residues in the environment, 2009  (Regulation - 1107/2009 -
Placement Regulation protection regulations indirectly affecting biosolids used as fertilizer EN - EUR-Lex, 2009)
1107/2009 across the EU
Industrial Emissions Controls emissions to air, Targets pollutants contributing to eutrophication, 2010 (Directive - 2010/75, 2010)
Directive 2010/75/EU water, and soil particularly P and N compounds
Directive 2014/80/EU Enhances groundwater Adds nitrite and TP to the list of pollutants requiring 2014  (Commission Directive,
(amendment to Annex ITof  protection national threshold values 2014/80/E, 2014)
2006,/118/EC)
Fertilizer Products Governs fertilizers on the Defines acceptable recovered materials for fertilizers 2019  (Regulation - 2019/1009 -
Regulation (EU) 2019/ EU market (struvite, biochar, ash-based products); regulates EN - EUR-Lex, 2019)
1009 contaminants
Drinking Water Directive Ensures quality of water Sets thresholds for pollutants, including nitrates, 2020  (Directive - 2020/2184,
2020/2184/EU for human consumption nitrites, and P 2020)
Council Directive 24/ Protects the environment Sets discharge limits for WWTPs: 0.7 mg L~ TP and 2024  (Directive - EU - 2024/3019,

3019/EU on urban
wastewater treatment

from urban wastewater
discharges

10 mg L™! N (for 10,000-150,000 p.e.), as well as
minimum percentage of reduction; stricter limits for
> 150,000 p.e.

2024)
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several European countries have begun introducing national policies. As a main strategy, they are implementing thermal processes,
specifically incineration of SS, offering both volume reduction and the opportunity to recover P from sewage sludge ash (SSA).

An analysis of estimated SS management costs in the EU showed that incineration costs up to € 480 per dry ton (Roskosch and
Heidecke, 2018), which is more than twice the cost of landfilling and up to three times higher than direct land application (Domini
et al., 2022). Therefore, P-recovery from SSA alone is not cost-effective and solely driven by strict land application regulations, as seen
in the Netherlands, Switzerland, Austria and Germany (Santos et al., 2021; Xu et al., 2023). While there is a cost difference between
gasification and incineration, there are also variations within different gasification technologies. Cvetinovic et al. (2024) investigated
plasma gasification of SS and demonstrated that, under their analyzed conditions, steam gasification was more cost-effective than air
gasification when electricity from product gas and steam recovery met the plant’s energy demand. They also found that achieving
optimum conditions required less steam, which reduced fixed costs. For treating 360 kg h! of SS, steam gasification costs €72.30 t™!,
compared to €88.12 t! for air gasification. However, these figures cannot be directly applied to all process setups. Generalizing costs is
challenging, as they depend on various factors, including reactor type, operational scale, feedstock properties, gas cleaning technology,
regional economic conditions and more (Quan et al., 2022).

China and Japan face distinct challenges in P-recovery from SS. China is improving its legal framework but struggles with limited
mono-incineration, low P-content in SSA, HM contamination and delayed policies (Zhou et al., 2017; Xue et al., 2019; Li et al., 2024).
In Japan, thermal treatment of SS dominates, but ash is mostly landfilled, causing P losses. Regulations focus on HM control but lack a
P-recovery strategy. Sludge management is decentralized, with limited oversight of private sector practices (Husek et al., 2024). In the
US 20 % of SS produced is incinerated, 55 % is applied to soil for agronomic restoration and the remaining sludge is landfilled (Shaddel
et al.,, 2019; Ma and Rosen, 2021). Similarly to the EU, P-recovery, especially from incineration ash, is explored but large-scale
implementation remains limited (Law and Pagilla, 2021; Xie et al., 2023).

Table 2

SS properties. The values are derived from (Petersen and Werther, 2005; Houdkova et al., 2008; Seggiani et al., 2012; Zhu et al., 2015; Egle et al.,
2016; Demirbas, Edris and Alalayah, 2017; Schmid et al., 2019; Werle and Sobek, 2019; Raveendravarrier et al., 2020; Amann et al., 2021; Huang
et al., 2021; Fredriksson et al., 2022; Zhou et al., 2024). All values rounded to two significant digits.

Category Parameter Typical Values
Physical Properties Density 870 kg m~3 (raw)
460 kg m ™ (dried)
Higher Heating Value 12 MJ kg ! (anaerobically digested)
(HHV) 16 MJ kg~! (raw)

(compared to coal: ~25 MJ kg~?; lignite: 15-25 MJ kg™ 1)
Lower Heating Value (LHV) 4-12 MJ kg’l (dried)

Proximate Analysis Dry Matter Content 23-27 wt% (dewatered)
Moisture Content > 80 wt% (raw)
5-13 wt% (dried)
Volatile Matter 4.6 wt% (raw)
37-50 wt% (dried)
Fixed Carbon 4.5 wt% (raw)
6.4-7.5 wt% (dried)
Ash Content 35-52 wt% (dried)
Loss of Ignition 60 % (anaerobic or separated aerobic treatment)
71 % (simultaneous stabilization)
Chemical pH 5-7
Properties Ultimate Analysis C: 22-51
(C,H, N, 0) H: 3.8-8.2
wt% dm N:2.3-7
O: 3.6-21
Halogens Cl: 220-1060
mg kg~ dm F: 30-130
Trace Elements Zn: 440-1300
mg kg~ dm Cr: 19-110
Cu: 140-630
Ni: 16-49
Sn: 100-200
Pb: 21-130
Mn: 160-400
As: 5.3-9
Cd: 0.6-3.3
Hg: 0.3-2.5
Ag, Co: BDL
Organic Pollutants 3" PFAS: 50-1100 ng g~ dm in Sweden, 2200 ng g~! dm in Thailand, up to 2900 ng g~ dm in
Switzerland

3" PAH: 7 mg kg ™! dm
3" PCDD/F: 3.3 mg kg~ dm
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2.2. Feedstock characteristics

SS is generated as suspended solids settle during WWT. Primary sludge forms through sedimentation, while secondary sludge
results from microbial breakdown of organics (Demirbas et al., 2017; Lamastra et al., 2018). In most European countries (e.g. Austria
and Germany; Roskosch and Heidecke, 2018; Amann et al., 2021) anaerobic, sometimes aerobic digestion, further stabilizes the sludge.
This step reduces some hazardous substances and the sludge’s lower heating value (LHV; Kazimierczak, 2012). Considering that sludge
is typically dewatered to only 20-30 % dm (Amann et al., 2021), its LHV of < 4 MJ kg™! is low compared to other feedstocks.
Dewatered sludge is therefore unsuitable as feedstock for gasification but could be used for incineration if the sludge has a LHV with a
minimum of 4.2 MJ kg~! (Amann et al., 2022). The exact requirements depend on the respective process.

Table 2 gives an overview about SS properties found in the literature, apart from the main ash-forming elements.

As ash constitutes a significant part of SS, its composition is discussed in detail in Chapter 3.1. There, its chemistry as well as the
formation of char residues during SS gasification are analyzed and discussed alongside potential recovery strategies.

2.3. Gasification technology

2.3.1. Gasification basics

Gasification is a thermochemical process that transforms carbon-rich feedstocks into product gas with gasifying agents, such as air,
oxygen, steam, carbon dioxide, or various combinations of these (Mishra and Upadhyay, 2021). Additionally, fluids (water, tars) and
solids (char, ash) are produced (Zhang et al., 2020).

The gasification process can be categorized into five phases: drying, pyrolysis, oxidation/combustion, reduction/char gasification,
and cracking (Safarian, Unnporsson and Richter, 2019). The resulting product gas mainly contains Hy, CO, CO, and CH4. Depending on
the gasification technology and the gasifying agent (air), high amounts of No may also be included. Besides the main gas components,
higher hydrocarbons like ethane, ethene and propene are also found in the product gas (Benedikt et al., 2024).

2.3.2. Reactor design

In general, there are three different types of gasification reactor designs available, each with their own advantages and disad-
vantages. In fixed bed gasifiers (Fig. 1), the feedstock creates a stationary layer and distinct layers form depicting the different stages of
gasification. The feedstock is supplied from the top and undergoes various thermochemical transformations at different levels of the
reactor as the feedstock moves downward, resulting in ash accumulation at the bottom. The gasifying agent is supplied from the
bottom (updraft), top (downdraft) or the sides (cross-draft). This design is ideal for small-scale applications due to its simplistic nature
(Benedikt et al., 2024). So far, fixed bed gasification of SS has only been performed in small-scale experiments (Werle, 2015),
sometimes performed as batches (Ayol et al., 2019; Tezer et al., 2023).

Fluidized bed reactors contain suspended bed material that is held up by the gas flow. This bed material is comprised of solid
particles, usually between 0.5 and 1 mm in size, which can be either inert or serve as a catalyst (Kaltschmitt et al., 2016). By utilizing a
fluidized bed, there is effective gas-solid mixing and an even temperature distribution throughout, allowing for the use of various
feedstocks with differing qualities, such as moisture content ranging from 0.05 to 0.6 kg kg™ ! dry fuel (Basu, 2006). Fluidized bed
gasification of SS was tested in different fluidized bed types, namely bubbling fluidized bed (BFB), circulating fluidized bed (CFB), as
well as dual fluidized beds (DFB; Fig. 2). DFBs can be operated in different modes like steam gasification (Schweitzer et al., 2018;
Schmid et al., 2019), chemical looping gasification (Deng et al., 2019), and sorption enhanced gasification (SEG; Chen et al., 2017,

{l Feedstock ﬂ Feedstock ﬂ Feedstock

o9 o0
u%o\ [ >
Product
B e ?Gas
Drying
R
Pyrolysis Pyrolysis
o _— Gasifying Gasifying
Gasifying Gasifying =
Agent 2 < agent Agent Agent
Product Product
Gas < = Gas
Gasifying _ 5 —_|=> Product Gasifying

a) b)

c)

Fig. 1. Schematic concept of fixed bed gasifiers (a = updraft, b = downdraft, ¢ = cross-draft). Based on (Watson et al., 2018; Situmorang et al.,
2020; Pio and Tarelho, 2021; Benedikt et al., 2024).
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= Gas = Gas
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Fee.dstock Feedstock
®
soee
—) Bottom Ash
Gasifying Agent Gasifying Agent
a) b)

Product Flue

Gasification
Reactor

Feedstock

D

Gasifying Agent Air

c)

Fig. 2. Schematic concept of fluidized bed reactors (a = BFB, b = CFB, ¢ = DFB). Based on (Watson et al., 2018; Situmorang et al., 2020; Pio and
Tarelho, 2021; Benedikt et al., 2024).

Yang et al., 2021).

In entrained flow gasification (Fig. 3), the feedstock must be finely ground and is then gasified at 1200 °C using a co-current flow
with air or oxygen. Owing to the small particle size, the feedstock becomes fully gasified in just a few seconds. Because of the high
temperatures involved, the feedstock ash typically melts and can be collected as slag (Kaltschmitt et al., 2016). Entrained flow
gasification of SS has been simulated in computational fluid dynamics (CFD) models (Fradet et al., 2018) and tested in lab scale (Ewald
et al., 2025).

2.3.3. Process parameters

In gasification, certain parameters serve as levers to influence the process and outcome. These parameters are defined as operator-
manipulable and are therefore the primary means of process regulation. Feedstock properties directly influence the physical and
chemical behavior of the gasification process (Baruah and Baruah, 2014); While high moisture content requires increased energy for
drying and is reducing reaction rates of gasification reactions, a certain amount of HoO enhances steam reforming and water-gas shift
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Feedstock +
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— Gas
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Cooler
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Fig. 3. Schematic concept of an entrained flow gasifier. Based on (Watson et al., 2018; Pio and Tarelho, 2021; Benedikt et al., 2024).

(WGS) reaction (Lin et al., 2023). Increased ash content can cause slagging and agglomeration within the gasification plant but may
also showcase advantageous catalytic effects on the gasification reactions (Fiirsatz et al., 2021; Zhou et al., 2023). Volatile matter is the
fraction of the feedstock that undergoes thermal decomposition. It includes aromatic and hydrocarbon compounds released during
pyrolysis (Pathak et al., 2023). Other inorganic elements such as S and N as well as certain HMs exhibit volatile behavior at specific
temperatures (Liew et al., 2021; Netzer et al., 2023). A higher volatile content results in accelerated gas-phase reactions and thereby
influences reaction dynamics as well as gas composition (Huang et al., 2021). Char is a solid carbonaceous residue formed after
devolatilization during gasification. The amount, reactivity and composition of char depend on factors such as the feedstock type,
volatile matter, ash composition and the gasification conditions. Its reactivity determines how efficiently C transitions to the gas phase
(Tian et al., 2022). Highly reactive char enhances gasification reactions, while less reactive char requires higher temperatures and
longer residence times (Trubetskaya, 2022). Residence time is the average duration that feedstock particles, gases or reaction in-
termediates remain inside the reactor (Mishra and Upadhyay, 2021). Extended residence times allow for thorough gasification and
char conversion by increasing exposure to high temperature and reactive gases. However, excessive duration may also lead to the
formation of unwanted C residues in the ash (Siddiqui et al., 2022). The operating temperature is another important parameter in
gasification. Higher temperature shifts the chemical equilibrium towards endothermic reactions, such as char gasification, leading to C
conversion and increasing reaction kinetics (Huang et al., 2021; Gao et al., 2023). Additionally, certain elements, such as K, Na and Mg
start to exhibit volatile behavior, while low melting point components may lead to slag formation (Deng, 2022; Wang, 2023). Lower
temperature generally slows down reaction rates, requiring longer residence time to complete reactions. Tar and condensable hy-
drocarbon formation is encouraged (Gao et al., 2023). The equivalence ratio (ER) is the ratio of actual to stoichiometric air supply
and controls the balance between gasification and combustion reactions (Guo et al., 2014). A lower ER promotes pyrolysis and
gasification over combustion reactions but may lead to incomplete conversion of C. A higher ER correlates to oxygen-rich conditions,
which promote combustion reactions, increasing the temperature in the gasification reactor. This favors char oxidation, but excessive
oxygen supply can shift the process from gasification to combustion (Suryawanshi et al., 2023). Another significant parameter is the
gasifying agent, which directly affects the thermal and chemical environment (Basu, 2018) and is selected based on requirements for
the processing of product gas (Sidek et al., 2020). If O, and/or air is utilized, combustion reactions are enhanced, raising the tem-
perature within the reactor. Conversely, steam and CO: participate in endothermic reactions, absorbing heat. The gasifying agent
supplies reactants that drive different chemical reactions; Steam supplies H* ions to chemical reactions, while CO2 promotes the
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Boudouard reaction, where solid C reacts with COz, producing CO (Sidek et al., 2020; Tezer et al., 2022; Alsawadi et al., 2025). The
Steam-to-Carbon (S/C) ratio becomes an important parameter when steam is employed as a gasifying agent. A higher S/C ratio
increases the extent of steam gasification, again, providing H* ions to reactions. Due to its endothermic nature, reactor temperature is
lowered as well. Too much steam dilutes reactive species and thereby controls C utilization during gasification (Pathak et al., 2023).
The feeding rate or throughput is defined by the rate at which feedstock is introduced into the gasification reactor. Higher
throughputs introduce more feedstock into the system, increasing the available material for conversion. However, they also shorten
residence time. Excessive feeding may even disrupt the process by causing reactor plugging (Asaad et al., 2023). In fluidized bed or
entrained flow reactors, the feeding rate affects mixing and fluidization and thereby heat transfer as well as reaction efficiency (Gopan
etal., 2024; Zhang and Yang, 2024). Further parameters specific to fluidized bed gasification are bed materials, additives/catalysts
and bed height variations, which can be varied to improve the overall process. Bed materials like olivine, silica, dolomite and
limestone affect heat transfer and reaction dynamics based on their thermal and chemical properties (M. Schmid et al., 2021; Zac-
cariello and Mastellone, 2023). Non-catalytic materials (e.g. silica sand) primarily function as heat carriers, while catalytic materials
(e.g. limestone, olivine) additionally alter reaction kinetics by lowering activation energy and thereby affect processes such as tar
breakdown and gas-phase reactions (Narnaware et al., 2023). Similarly, additives and catalysts modify the chemical environment
within the gasification reactor by influencing reaction conditions; reaction pathways can be modified and temperature requirements
reduced (Yan et al., 2022; Jie Li et al., 2023). Bed height variation refers to changes in the height of the solid bed material within the
gasification reactor, which can be adjusted by particle size of the bed and fluid inlet velocity. It directly affects the residence time,
gas-solid interactions and fluidization. Higher flow velocities lead to a steep increase of bed height which may cause solid particles to
be transported too quickly into the gasification zone (Gopan et al., 2024). If the bed height is too low, proper fluidization cannot be
achieved, which can create T gradients and inhomogeneous gasification conditions (Gao et al., 2024).

Detailed explanations of operating parameters relevant to gasification are provided in literature (Mishra and Upadhyay, 2021; Gao
etal., 2023; Narnaware et al., 2023; Pathak et al., 2023). The influences and optimization opportunities specifically for SS gasification
are explored through an extensive literature review in Chapter 3.4.

2.3.4. Key performance indicators

2.3.4.1. Gas yield (GY). The GY describes the volume of product gas obtained per kg of feedstock (Kadlez et al., 2025).

GY = - Vsyngas.dry basis
Myeedstock dry&ash free

It is an important measure of gasification performance, indicating how efficiently solid materials are converted into gas. Higher GY
demonstrates the dominance of gasification over pyrolysis. Reactions like methane reforming, WGS and char gasification with the
respective gasifying medium help improve it (Shahbaz et al., 2020).

2.3.4.2. Lower heating value of gas. The LHV describes the energy that can be obtained from burning one m® of product gas. This value
can also vary considerably mainly depending on the content of inert gas (i.e. Ny and COy; Kaltschmitt et al., 2016). LHV excludes water
condensation, while HHV includes it (Sheng and Azevedo, 2005).

2.3.4.3. Cold gas efficiency (CGE). The CGE is an indicator of gasification performance. It is defined as the ratio of the energy con-
tained in the product gas, determined by the product of GY and its LHV, to the energy input from the feedstock’s LHV (Ozonoh et al.,
2020; Kadlez et al., 2025).

Vigngas X LHViyngas 100

Nege =
mfeedxtock.dry&ashfree x LH eredstock

Higher CGE means that more of the inherent energy of the feedstock is found in the product gas and is a measure for conversion
efficiency, since the chemical energy of the product gas is what can be utilized in subsequent processes.

2.3.4.4. Carbon conversion efficiency (CCE). The CCE describes the share of C in the feedstock that is found in the gaseous components
of the product gas: CO, CO3, CHy, CoHy, CoHg (Ozonoh et al., 2020). A higher CCE indicates that higher amounts of carbon from
feedstock can be utilized in the subsequent upgrade of product gas and indirectly correlates with a more efficient energy recovery in
the form of product gas (Shahbaz et al., 2020). The CCE can encompass a wide range from 45 % to 97 % (Ramarao and Vivekanandan,
2016; Qin et al., 2023).

3. Gasification of sewage sludge for energy and resource recovery
3.1. Ash chemistry
The ash chemistry during the thermochemical conversion of SS represents one of the most prominent challenges for the specific

conversion process and subsequent resource recovery strategies, caused by a generally high ash content and a rather complex ash
composition compared to conventional biomass feedstocks (Vassilev et al., 2010). Furthermore, our understanding of ash formation
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and ash chemistry is currently mostly based on investigations of incineration processes. However, relevant investigations of chars
derived from gasification and pyrolysis processes are available and discussed in the final section of this chapter.

3.1.1. Ash composition

The ash content and composition of SS are subject to large variations depending on the origin (industrial/municipal) and the WWTP
processing. Fluctuations arise mostly from wastewater input and potential contamination sources, e.g., minerals, and the applied
chemicals to treat sludge, e.g., by precipitation, flocculation and pH-control (El-Bestawy et al., 2005; Bai et al., 2010; Comber et al.,
2013; Kriiger et al., 2014; Bunce et al., 2018; Rorat et al., 2019; Sichler et al., 2022). Fig. 4 displays the magnitude of these variations in
terms of the main ash-forming elements Na, Mg, Si, P, S, K, Ca, Ti, and Fe for a number of SSAs from different industrial, municipal, and
combined WWTP.

With respect to recovery strategies for inorganics, especially P, from SS, the relative share of the element to be recovered, the SS
origin, and other elements present in the feedstock matrix are of key importance. SS from municipal wastewater contains P at levels
similar to low-to-medium grade geological phosphate resources (Amar et al., 2022; Ryszko et al., 2023). In Fig. 5, the molar ratios of P,
Al+Fe, and Ca are shown in a ternary composition diagram for 355 SSA samples from 29 municipal, 7 combined, and 2 industrial
WWTP. The impact of wastewater origin becomes obvious in this comparison, as P stems mostly from human feces (Egle et al., 2014).
The diagram also highlights that elements added in significant amounts during the WWTP processing of municipal wastewater such as
Ca, Fe, and Al, provide a molar surplus over P in the SSA matrix. Fe and Al, which are added for the specific purpose of precipitation of
P and flocculation of the sludge phase, as well as Ca must be considered as viable reaction partners for P during thermochemical
conversion of SS. The resulting phosphates in SSA are mostly orthophosphates associated with these elements such as AlPOy,
Cas(PO4)3(0OH), and different types of Fe-phosphates and whitlockites (Pettersson et al., 2008; Adam et al., 2009; Nanzer et al., 2014;
Skoglund et al., 2014). The phosphate matrix and P-content in SSA are comparable to PR in terms of its orthophosphate configuration
but presents a more diverse pool of incorporated cations, with PR mostly containing apatite structures.

3.1.2. Strategies for utilizing ash

Depending on the process parameters during thermochemical conversion, the accruement of different coarse and fly ash fractions
can be modulated to allow for continuous ash discharge. The formation of these ash fractions is mostly dependent on the specific
conversion technology and operating conditions.

Ash management during thermochemical conversion of SS primarily has to deal with risks related to ash accumulation and
agglomeration. Commonly used incineration technologies for SS conversion such as rotary kilns, multiple hearth furnaces and flu-
idized bed reactors vary largely regarding these risks. It ranges from fluidized bed conversion, operating at temperatures where
agglomeration cannot take place, to high temperature conversion, where molten ash for maximum volume reduction and immobili-
zation of HMs is formed and discharged (Werther and Ogada, 1999).

Co-conversion of SS with other biomass or waste feedstocks may be an option to facilitate ash management as well as enhance the
potential for resource recovery from the derived ashes. Mixtures of SS with feedstocks of higher calorific value and lower ash content
may enhance the conversion performance by improving the energy balance and decreasing the ash load per mass of feedstock (Amand
and Leckner, 2004). P-recovery from SS mixtures with other feedstocks may also target an alteration of the phosphate speciation,
possibly creating phosphates with increased bioavailability directly during conversion processes (Haggstrom, 2021; Hannl, 2024;
Nordin, 2020). Similar approaches have been developed as thermochemical post-processing operations for SSA (Egle, 2016; Steck-
enmesser, 2017; Xiao et al., 2022). An industrial implementation of such a co-conversion feedstock design is yet to be demonstrated.
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Fig. 5. Composition of 355 SSAs plotted in a ternary P-Al+Fe-Ca diagram based on molar ratios. Data from (Kriiger et al., 2014; Sichler, 2022).

An important aspect during the thermochemical conversion of SS aside from the solid ash fractions is the formation of gaseous
compounds. Depending on the process conditions, elements such as S but also P may end up at least partially in the gas phase of the
conversion process (Bourgel, 2011; Wang, 2023). This has severe implications not only for recovery strategies targeting these ele-
ments, but also in terms of the required gas conditioning. However, quantitative P-release requires conditions unlikely to be applied

Table 3
List of exemplary P-recovery methods from incineration SSA including main and by-products.
Process Product(s) (intermediate) ~ Product(s) Method %P- Ref.
Name (final) recovered
Ash2Phos Ca-phosphate, Fe- MCP/DCP, MAP/DAP, phosphoric acid, HCI/H,S04-extraction, filtration, 90-95 % (Chrispim, Scholz
hydroxide, Al-hydroxide superphosphate, Fe-chloride, Al- refinement and Nolasco,
chloride, Al-sulfate 2019)
AshDec HM-lean ash (formation Ca-Na-phosphate Thermochemical treatment with ~ 98 % (Amann, 2018;
of Cl-volatiles) MgCl; and NaySO4 Egle, 2016)
Eberhard P,0s-rich leachate Ca-phosphate H,S04-extraction, Ion exchange / > 90 % (Franz, 2008)
sulfide precipitation, lime
precipitation
EcoPhos Mono- and di-calcium Phosphoric acid, gypsum, CaCl,, HCI- HCl-extraction 93-98 % (DeRuiter, 2014)
phosphate recyclate
LeachPhos P-rich leachate Ca-Mg-phosphate, HM enriched sludge H,SO4-extraction 70-80 % (Morf, 2012)
Mephrec P-rich slag (no consistent Ca-Si-phosphate, product gas, Fe-alloys Post-treatment with coke-additive 70-80 % (P-Rex, 2015)
depollution), Fe-rich slag at temperatures up to 2000 °C
PASCH P-rich leachate Ca-phosphate (primary, secondary, HCl-extraction, CaOH- 70-80 % (Montag, 2011)
tertiary) precipitation
Phos4Life P-rich leachate Phosphoric acid, HM concentrate, H,SO04-extraction, HCl-extraction > 95 % (Mehr, 2018)
gypsum, Fe-chloride
RecoPhos - Ca-Mg-dihydrogen phosphates H3PO4-extraction/reaction 99 % (Weigand et al.,
2013)
SEPHOS Al-phosphate Ca-phosphate, Al-precipitation agent H,S04-extraction, precipitation, ~99% (Schaum, 2007)
filtration, NaOH-precipitation
TetraPhos P-rich leachate Phosphoric acid, gypsum, Fe-Al-salts H3POg-extraction, precipitation, >80 % (Lebek et al.,
ion-exchange 2018)
Thermphos Iron phosphides Gaseous P4 with 99 % purity HCl/H,S04-extraction, filtration, 90-95 % (Jupp et al., 2021)

refinement
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during thermochemical treatment of SS but rather as post-treatment for the derived ash (Abdoli et al., 2024). The volatilization of
ash-forming elements during thermochemical conversion can also be targeted for HM separation from the bulk matrix of residual
P-rich ash, with most methods being based on additive usage (Geng et al., 2020). A study looking at SSA (incineration) showed that it
can sequester around 20 kg CO: per ton through carbonation, driven by its calcium content. While effective for CO: capture,
carbonation had limited impact on P-extraction (Massa et al., 2025).

3.1.3. Recovery of inorganics

The promising perspective of recovering inorganics from gasification of SS is related to the concentration of elements compared to
the bulk SS elemental matrix combined with a separation of elements due to reactions and phase transitions during the conversion
process. The separation is specific to elements and determined by the SS matrix. However, for most thermochemical processing options
including gasification, the fate of elements such as H, C, N, and Cl is a gas-phase release (in compounds such as CO, Hy, CO2, Hy0O, NH3,
and HCl), whereas the elements Na, Mg, Al, Si, P, K, Ca, and Fe mostly remain in the condensed phases, i.e., ash or char. The fate of S
represents a transient case, where the specific conditions and feedstock composition plays a large role for its behavior. Differences in
the ash constitution between incineration and gasification SSA have been investigated, highlighting the influence of the conversion
atmosphere on the state of Fe in the ash (Gil-Lalaguna et al., 2015; Hannl et al., 2021).

P is the most frequently targeted element in terms of recovery from SSA. Several publications have summarized the technologies
and products, mostly based on post-processing of SSA. A list of P-recovery strategies from SSA that have reached implementations in
pilot-scale facilities is shown in Table 3.

Recovery of other elements and compounds is mainly considered as by-products of the respective P-recovery strategies. These by-
products include Al- and Fe-salts that may be recycled to WWTPs as precipitation agents, creating a lateral recycling route. Residual
minerals and slags can be recovered for the use as additives in construction materials and cement (Smol et al., 2015). Considering the
gaseous inorganics, viable recovery strategies include the formation of gypsum in the desulfurization units of combustion (Werther and
Ogada, 1999) but also the potential recovery of NH3 as a product of drying, pyrolysis, and gasification (Aznar et al., 2009; Wang et al.,
2022). Several of the by-products are listed with the targeted P-compounds in Table 3.

3.1.4. Char and gasification residues

Since most of the recent research refers to analysis and recovery strategies for SSA from mono-incineration facilities, noticeable
differences to other processing methods such as pyrolysis and gasification need to be considered. Exposure to a substoichiometric
environment (ER < 1) and incomplete conversion of feedstock to ash may lead to aggregates significantly different from the common
derivates of incineration processing such as hydrite gas compounds (HyS, NH3) and sewage sludge char (SSC) residue. SS, with its
commonly high shares of S and N and specific characteristics for char burnout due to a high ash content, can be considered a good
candidate for the recovery of N and S from the gas phase as well as for the recovery of a discharged char fraction possibly suitable for

Table 4
Comparison of product gas compositions from different studies under varying gasification conditions.
Source (Zhu et al., 2015) (Roche et al., 2014) (Schmid et al., 2019) (Judex et al., (Werle and Dudziak, 2014)
2012)
Parameters - Reactor: CFB - Reactor: FB - Reactor: DFB - Reactor: BFB - Reactor: fixed bed
- Feedstock: dried SS - Feedstock: dried SS - Feedstock: dried SS - Feedstock: dried - Feedstock: dried SS,
- Gasifying agent: air - Gasifying agent: - Gasifying agent: SS granulated
- Pilot scale air+steam steam - Gasifying agent: - Gasifying agent: air
- Lab scale - Pilot scale, air - Lab scale
“steady state” trial - Large scale, “Ss1”
“Balingen”
LHV 3.2 MJ m~2 (cool, dry 3.1 MJ Nm 3 - 3.2MJ Nm 3 3.65 MJ Nm 3
basis)
Product gas composition
Carbon monoxide 6.5 vol% 5.3 vol% 12.6 vol% 8.1 vol% 21.70 vol%
(CO)
Carbon dioxide (CO3) 15.84 vol% 15.0 vol% 33.5 vol% 16.7 vol% 16.50 vol%
Hydrogen (Hz) 13.87 vol% 14.0 vol% 32.6 vol% 13.1 vol% 5.50 vol%
Methane (CH4) 2.37 vol% 2.4 vol% 10.8 vol% 2.1 vol% 0.85 vol%
Ethylene (CoHg) 1.3 vol% 2.3 vol% - -
Ethane (CyHg) 0.04 vol% 0.11 vol% - -
Oxygen (03) 0 vol% - - - -
Nitrogen (N2) - 60.2 vol% 2.1-2.2 vol% 60 vol% 55.45 vol%
Nitric oxide (NO) 0 mg Nm 3 - - - -
Nitrogen dioxide 0mg Nm~3 - - - -
(NO2)
Nitrous oxide (N,O) 0 mg Nm 2 - - - -
Ammonia (NH3) 271 mg Nm 3 - 4.6 vol% - -
Hydrogen cyanide 592 mg Nm > - - - -
(HCN)
Hydrogen sulfide - - 1.4 vol% - -
(HaS)
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post-treatment or direct application in soil amendment. SSC is an optional product of gasification if there is no process requirement for
converting the feedstock completely and the gasification process allows for discharge of SSC from the reactor system. Current literature
mostly focuses on investigations of SSC from pyrolysis conditions, where SSC accrues as a process product. The share of residual-C in
the SSC, i.e., the share of feedstock-C fixed in the SSC, after thermochemical processing depends on the specific process conditions of
conversion atmosphere, temperature, residence time (Nowicki et al., 2011; Yuan et al., 2015; Cao et al., 2024), and presence of
catalyzing agents (Spiewak et al., 2023). Although the interaction of ash-forming elements in the SSC-matrix is hampered, limiting the
possibilities for altering the ash matrix in terms of phosphate species and HM volatilization, the nutrient value is improved by fixation
of immobile HM species in SSC (Kleemann et al., 2017; Alipour et al., 2021; Zhang et al., 2022). The destruction of organic compounds
such as PFAS was also determined in pyrolysis conditions (Mosko et al., 2021; Alipour et al., 2022).

The application of SSC as soil nutrient, buffer medium for water decontamination, and soil remediation agent has shown promising
outcomes (Krahn et al., 2023; Zhao et al., 2023). Direct application of SSC to provide P as fertilizing agent benefits from additives such
as CaO being used during thermochemical conversion as P-bioavailability is enhanced. This strategy may be especially noteworthy for
SSC from co-conversion processes with biomass, as nutrients present in SS could be redirected to soils together with nutrients directly
derived from biomass feedstocks (Cao et al., 2024). Carbon sequestration by means of SSC generation is an important factor to consider
in the applications of SSC. The effect of heavy metals, carbon stability, and total potential for carbon sequestration in SSC were
evaluated in reference to the processing conditions (Halalsheh et al., 2024; Kujawska et al., 2024) and the sewage sludge life cycle (Sun
et al., 2022).

3.2. Product gas composition

Product gas composition and LHV in SS gasification largely depend on feedstock, process design and process parameters with
literature reporting a wide range of values. Experiments using downdraft gasifiers produced product gas with a LHV of approximately
4-6 MJ m™ (Gil-Lalaguna et al., 2014; Brachi et al., 2022). In literature, on the higher side, LHVs from 9 to 11 MJ m™ (Choi et al., 2015)
up to 26 MJ m™ (Stritigas et al., 2017) have been reported. The CGE is around 60-65 % (Brachi et al., 2022).

Table 4 highlights the significant variations in product gas composition across different studies. The range of produced H; alone
varies from 5.5 to 32.6 vol%, which demonstrates its substantial variability. The strong influence of experimental setups, operating
conditions and gasifying agents on gasification outcomes is thus demonstrated. A more detailed discussion of these influencing factors
is provided in Chapter 3.4.

3.3. Impurities in sewage sludge gasification

Apart from the main gas components, a wide variety of impurities and catalyst poisons are typically found in product gas. These
impurities typically lead to clogging of equipment, corrosion and catalyst deactivation during synthesis. Removal of impurities is of
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special interest during SS gasification since a wide variety of elements apart from C, H, O are present at increased amounts compared to
coal or biomass gasification. Typical impurities found are ash (including HMs), char, tar and gaseous inorganic compounds. Ash and
char are typically removed in cyclones and filters (Basu, 2018).

Due to its high nitrogen content, impurities like NH3, HCN and NOx (NO, NO>) are produced in significantly higher quantities (Pinto
et al., 2007). In general, most of the nitrogen forms NHg, which in turn leads to NOy formation when combusted in a gas engine (Wilk
and Hofbauer, 2013). Since NH3 is easily dissolved in water, acidic water scrubbers are typically employed to remove N-compounds.

Sulfur compounds, such as HyS, COS and thiophene, are another significant impurity encountered during SS gasification (M.
Schmid et al., 2021). To remove those, advanced gas cleaning systems, such as scrubbers and adsorption units, are employed. Lastly,
halogenides, such as chlorine and fluorine, are typically removed in wet scrubbing (Kaltschmitt et al., 2016; Benedikt et al., 2024).

The most studied impurity occurring during gasification is the formation of tars (Jeong et al., 2022). In general, tars summarize all
aromatic compounds with a higher molecular weight than benzene, and high concentrations in the product gas are linked to clogging
of equipment and catalyst deactivation (Maniatis and Beenackers, 2000). There is limited literature on tar formation in SS gasification.
Adegoroye et al. (2004) indicated that SS produces less tar than conventional biomass. Tars are typically removed in cold filters and
solvent scrubbers.

HM content in SS and newly identified organic compounds like PFAS are concerning due to their persistence, toxicity, and high
accumulation in urbanized areas (Schnell et al., 2020; Morales et al., 2024). Removal through gasification shows over 90 % efficiency
for analyzed PFAS (Hakeem et al., 2024; Morales et al., 2024). However, limited data on in-situ compounds and the fate of thermal
products (solids, product gas, emissions) questions the safety of these methods. Most of the HMs end up in the ash fraction due to their
low volatility at operating temperatures (Pinto et al., 2007).

3.4. Optimization parameters

The gasification of SS can be tailored to different objectives, such as energy recovery, product gas upgrading, or inorganic recovery,
as shown in Fig. 6. For energy use (e.g., gas engines), the GY and calorific value are important factors. Product gas upgrading requires
high gas quality with minimal impurities, while inorganic recovery focuses on the chemical fate and accumulation of valuable ma-
terials. Stable process design is critical for long-term, economically viable operation. Optimization can be achieved through feedstock
pretreatment, reactor design, gas cleaning steps, or adjusting operating conditions to meet specific goals.

In literature, many studies investigated the effects of different parameters on process outcomes to identify optima or specific cases
from a concrete point of view. Table 5 summarizes the major findings.

By analyzing the results and findings in literature, general correlations of the effects of optimization parameters and levers on
different optimization objectives can be identified.

Feedstock: By altering the feedstock, several optimization objectives can be addressed. One of the significant feedstock properties is
its moisture contents. Higher water content of SS affect the product gas composition e.g. by increasing H, contents, and increases its
LHV (Xie et al., 2010), whereas other references found out, that energetically optimum results can be achieved by dried SS (Mountouris
etal., 2008), and the LHV of the product gas reduces by 30 %, when increasing moisture content of the feedstock (Netzer et al., 202.3).
Either way, gasification technologies can only process the feedstock in dried form. Sludges with a water content of less than 15 wt%
can be considered granular solids and are easily handled (Lumley et al., 2014). Furthermore, the tar contents can be reduced by an
optimum of feedstock moisture contents (Mun and Kim, 2013).

The feedstock composition and especially its inorganic contaminants determine the contaminant amount in solid residues (Werle
and Dudziak, 2014). High concentration of volatiles (S, N) demand more extensive product gas cleaning (Netzer et al., 2023), while
elevated HMs and organic pollutants require closer monitoring, especially for subsequent P-recovery (Spiewak, 2024). Feedstock
mixtures can be utilized to optimize SS gasification. The addition of other types of biomass (e.g. wood, cereal straw or sunflower husks)
significantly enhances the process stability by reducing ash amounts and increasing ash melting temperatures (Seggiani et al., 2012;
Thomsen et al., 2017) since too high SS shares in the feedstock can lead to slagging and ash melting problems. Furthermore, plant
availability of P can be improved as well as the fertilizer quality of inorganic ash components for fertilizers and its inorganic
contamination (e.g. HM contents) is reduced (Thomsen et al., 2017; Hannl et al., 2022).

Process design: Reactor design modifications can optimize SS gasification by improving energy efficiency, product gas quality,
process stability, and inorganic fate. Gasification releases HMs, with reactor design influencing their fate and ash composition (Manara
and Zabaniotou, 2012; Thomsen et al., 2017). Lower feeding heights in fluidized beds and additional reactor stages reduce particulates
and tars while enhancing GY and conversion (Petersen and Werther, 2005; Choi et al., 2016).

Another important lever is the utilization of additives and catalytic, reaction-affective bed materials (e.g. olivine, limestone, Al-, Ni-
, Fe-containing species or AC) for fluidized bed gasification of SS. SEG increases gas quality by changing the chemical equilibrium to
higher Hj shares but also reduces tars and inorganic contaminants (Moles et al., 2024). Different references showed that the addition of
AC, CaO and CaCO3 dolomite as well as kaolin have the ability to promote conversion by increasing GY as well as Hy formation by
simultaneously reducing tars and HyS (Mun and Kim, 2013; Choi et al., 2017, 2018; Schmid et al., 2018). A comparison of olivine,
alumina and dolomite as catalytic bed material showed a tar removal tendency for all three, with olivine having the lowest and
dolomite the highest efficiency (de Andrés et al., 2011b). Both dolomite and alumina lead to changes in gas composition, increasing Ho
and CO concentrations and decreasing the production of CH4, CO2 and higher hydrocarbons. Olivine only has a slight effect on the
product gas composition. The effect on NH3 in product gas differs depending on the additive (Schweitzer et al., 2018).

Operating conditions: The gasification temperature was found to be the most influential parameter on the gasification performance,
increasing GY and gasification efficiency while reducing solid/liquid yield like char and tar content (Gil-Lalaguna et al., 2014; de
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Table 5
Summary of major findings.

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
Efficiency Gas quality Process stability Nutrient recovery
-ER Three-stage 650 (auger), Air Higher ER result in Tars can be reduced (Choi, Ko and Kim,
- Activated carbon gasification 810-830 - higher CGE and CCE by 2017)
(AC)/feedstock ratio (auger, fluidized (fluidized bed, - lower LHV and Hy - higher ER
bed, tar cracking tar cracking) contents - higher AC/feedstock
zone) ratio
- higher residence
time and lower flow
rate
NH; and H,S contents
reduced by
- higher ER
- higher AC/feedstock
ratio but with
optimum of 2 - above
no significant
improvement
- higher residence
time and lower flow
rate
- Throughput Fluidized bed 800 Air, steam - Lower throughput - Tars can be reduced (Roche et al., 2014)
- Addition of steam leads to higher CGE and by lower throughput,
- Addition of catalyst higher H, contents addition of steam and
(dolomite) - Addition of steam and dolomite as catalyst
dolomite as catalyst lead - High throughput
to higher H; contents promoted heavy
polyaromatic
hydrocarbon contents
- Catalyst had
stronger tar reduction
effect than steam
-T Fluidized bed 770-850 Mixtures of - T most influential - Higher T reduced (Gil-Lalaguna et al.,
- Steam/oxygen steam and factor (increases GY, tars and solids 2014)
ratio enriched air carbon yield in gas, - Higher steam/
-ER (air and gasification efficiency) oxygen led to slightly
oxygen) - Higher steam/oxygen increased or constant
ratio leads to higher LHV  tars and higher Hy/
- Higher ER leads to CO ratio
higher conversion
Feedstock composition Fixed bed - Air Higher inorganic (Werle and Dudziak,
(inorganic contaminant content 2014)
contaminants) led to higher levels in
ash, char (HMs
accumulate in solid
byproducts)
- Reactor type - Two-stage 630-850 Air and steam - Pyrolysis + post- (Thomsen, Sérossy,
- Process regime downdraft oxidation gave best Ahrenfeldt, et al.,
(incineration, - Low plant availability of P 2017)

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
gasification, Temperature - Gasification led to
pyrolysis) (LT)-circulating highest release of Cd
fluidized bed and other relevant
HM s (reduction in ash)
- Cu is reduced in LT-
CFB ashes but not in
two-stage ashes
- Two-stage showed
significant decrease in
S-content in ash
- Ni increased
substantially in two-
stage ashes
-T Bubbling 700-850 - Air - Higher T increases - Higher T reduced (de Andrés et al.,
- Throughput fluidized bed - Air and steam  combustible gas tars 2016)
- Addition of - Higher throughput - Higher throughput

different catalysts
(dolomite, Al,
olivine)

- Addition of steam

Moisture of sewage
sludge

Feedstock mixture
(sewage sludge and
wood pellets)

-T
- ER
- Gas velocity
- Feeding height

External heated 800
downdraft fixed

bed

Fixed bed updraft  550-850
Circulating 750-850
fluidized bed

leads to lower GY

Air Higher moisture
contents of SS increased
LHV of gas

Air High SS content reduces
GY

and increases
condensate production

- Air - Optimal ER at 0.3

- CO2/Nyp- - Higher T increased GY
mixture

-Ny

increased tars

- Dolomite reduced
tars and PAH
compared to alumina
(Al) and olivine

- H, and CO,
elevated, tars reduced
by combination of air
and steam with
catalyst

- Higher moisture
contents led to higher
CO,, CH,4, Hy
contents as well as
lower CO

- Higher moisture
content reduced tars
- SS content led to
increased H,S
concentrations

- Optimum of 30 % SS
should not be
exceeded for
sufficient gas quality
- Low feeding height
increased gas quality
(less particle
entrainment and
higher C conversion)
- Near-bottom feeding
achieved high
feedstock throughput

Process stability
decreased with higher
content of SS due to

- increased ash amount
- decreased melting
temperature

Higher T increased risk
of ash melting/
agglomeration

HMs mostly found in
solid residues

(Xie et al., 2010)

(Seggiani et al., 2012)

(Petersen and
Werther, 2005)

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
through higher
velocity
Steam flow rates Fixed bed 1000 Steam Higher steam flow Higher steam input (Lee, Dong and Chung,
improved kinetics increased H; yields 2018)
- faster reaction
- shorter gasification
time
- ER Fixed bed - - Air - Higher concentrations - Higher T and O, (Werle, 2015)
- T of gasifying agent - Enriched air of C and H in SS content in gasifying
- Gasifying agent (O improved LHV of agent improved yield
contents, product gas of Hz, CO
preheating) - Higher T of gasifying
agent improved LHV
and GY
- LHV had maximum
value at ER = 0.18
- LHV decreased with
increased ER
ER Fixed bed - Air Highest LHV with ER Highest CO and H, (Werle, 2013)
0.18 contents with ER 0.23
-T Fixed bed 700-1000 Steam - Higher T increased - Higher T led to (Nipattummakul et al.,
- Gasifying agent yields and efficiency higher H, and CO, 2010)
- Feedstock lower CO, contents
- SS gasification
produced higher H,
amount than other
feedstocks
- Steam as gasifying
agent increased Hj
yield compared to air
Coupling with secondary ~ Downdraft 800-850 Air - Secondary plasma - Secondary plasma (Striugas et al., 2017)
thermal plasma processing reduced LHV ~  treatment reduced
- Secondary plasma higher hydrocarbons
treatment increased GY and tars
and total produced - Secondary plasma
energy amount treatment reduced
H,, CO, CH4
Feedstock mixture Circulating < 750 Air Mixing SS with cereal (Thomsen, Sarossy,
(sewage sludge and fluidized bed straw increased process Ggbel, et al., 2017)
cereal straw) stability (dilution of
ash, reduction of
accumulation rate of
inorganics in the bed)
Feedstock mixture Circulating < 750 Air - Co-gasification (Thomsen,
(sewage sludge and fluidized bed increased Hauggaard-Nielsen,
cereal straw) bioavailability of ash Ggbel, et al., 2017)

components (P)
- Co-gasification
improved fertilizer

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
quality of ash,
regarding PK
composition
- Co-gasification
reduced HM content
(especially cadmium)
- Co-gasification led to
higher content of
recalcitrant carbon
Moisture content of Plasma 1000 Air Optimal energy recovery (Mountouris, Voutsas
feedstock when S8 is dried before and Tassios, 2008)
gasification
-T Fixed bed 900-980 Air - Higher T increased CGE - Higher T led to (Carotenuto et al.,
- ER and CCE higher H, and CO and 2023a)
- Higher ER increased moderately higher
CCE and decreased CGE CH,4 concentrations
- ER < 0.2 resulted in - C3Hg remained
pyrolysis rather than constant with T
effective gasification, changes
leading to higher - Higher T decreased
amounts of tar, char, ash CO, and C,Hg and
- Conditions for optimal C3Hg concentrations
product gas - Higher ER led to
composition, CGE and increase of Hz and
CCE: CO:z and decrease of
T 900 °C and ER 0.2 C,Hg and CsHg
concentrations
- CO and CH4 remain
constant with ER
- Bed material Bubbling 850 Oxygen, steam - Addition of CaO as (Schmid et al., 2018)
(limestone) fluidized bed bed additive led to
reduction of tars and
H,S
- To avoid catalytic
degradation, makeup
limestone or
recycling of CaO was
required
- ER Fixed bed 800-1000 Air - Higher ER led to (Gorazda et al., 2018)
formation of
phosphates

- Lower ER led to
formation of
anhydrides

- Only at highest ER
calcium
pyrophosphate was
formed

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
-T Rotary kiln 750-800 Air - Increase of ER and T Higher T increased (Freda et al., 2018)
-ER decreased char yieldand ~ CO, H and CH4
increased GY content
- Maximum CGE (0.67)
at 850 °C and ER = 0.16
-T Fixed bed 650-850 Steam - Higher T increased CGE - Addition of CaO (Chen et al., 2017)
- Catalytic bed - Addition of CaO enhanced tar
material (CaO, TiO,, increased total GY and cracking and
Aly03 and 3 A CGE hydrogen fraction,
molecular sieve as - TiO,, Al,03, CaO—3A decreased CO, and
support, metal as support for CaO CH,4 in product gas
additives Ni, Fe) increased surface area - Higher T increased
and pore volume of the H, yield
sorbent particle and - Metal additives Ni
increased Hy, GY and and Fe favored to tar
CGE cracking, increase Hy
- Metal additives Ni in product gas
and Fe increased GY and
CGE
- Steam/feedstock ratio Two-stage: 800 Air and steam - Increased steam/ (Choi, Cho and Kim,
- Additives (CaO, bubbling feedstock ratio 2015)
AC) fluidized bed, increased Hy and NH3
fixed bed content
- AC reduced tar
production and
increased Hy
- Acid treated AC was
less effective (tar
cracking and H,
production)
- Addition of CaO led
to increased Hy
production and tar
cracking
- Catalytic bed material Bubbling 850 Steam and - Small additive ratio (M. Schmid et al.,
- Additive ratio fluidized bed oxygen reduced heavy tars 2021)

(limestone)

significantly

- Additive had minor
influence on
components of light
tars

- H,S and COS were
reduced with
increasing additive
ratio

- Higher limestone
share increased CO,
and Hp

- NH3 is not affected

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
Plasma-gas/feedstock Two-step: 620-680 Air - Utilization of plasma (Vishwajeet et al.,
ratio entrained flow increased product gas 2022)
plasma, quality
vitrification - Plasma gas diluted
product gas and
reduced LHV
-ER Fixed bed 900 Oxygen - Higher ER reduced - Higher ER increased (Fang et al., 2021)
- Steam/feedstock chemical looping carrier, air and tar N in gas phase,
ratio steam - Higher steam/ reduced tar-N and
- Reaction time feedstock ratio char-N as well as
- Cycle number reduces tar higher N, lower NH3
and HCN
- NH3 and HCN
formation in the first
5 min
- Cycle numbers
decreased NH3 and
HCN
-T Fluidized bed 750-900 Oxygen and - Higher T led to higher - Higher T reduced (Schmid,
- Steam/carbon ratio steam GY - Higher ER led to tars and C in bed and Schmidberger and
-ER lower GY fly ash Scheffknecht, 2023)
- Additive ratio - Higher steam/
(limestone) carbon ratio lowered
tars
- Increased limestone
additive ratio
reduced H,S
Steam/feedstock ratio Fluidized bed 750 Air Addition of steam led to Addition of steam (Elbl et al., 2024)
increased CGE, GY, CCE reduced amount of
and LHV tar and tar dew point
T (freeboard) Fluidized bed 600-850 Oxygen (in Higher freeboard T (Aznar et al., 2009)
mixture with reduced NH3 and N-
argon) tar, increased Ny
Feedstock mixture Single-pellet 800/950 CO,, Hy0, Ny Co-gasification with K- (Hannl et al., 2022)
(sewage sludge, reactor rich feedstock enabled
wheat straw, (electrically formation of plant-
sunflower husk) heated) available K-bearing
phosphates
General Different - Different Product gas formation - Higher T led to higher - NH3 formation and (Manara and
(review) (review) promoted by mixing SS amounts of mobilized decomposition depend Zabaniotou, 2012)

and straw (synergetic
effects due to kinetic

acceleration of release of

volatile matter)

HMs in gas phase (can
be found downstream)
- Fate of HMs depended
on reactor, T,
turbulence,
downstream processing
design

- Cd, Pb mainly in ash
dust in turbulent

on T, steam/oxygen
content, feedstock N,
inorganic matter in
feedstock

- NH3 decomposition
endothermic,
increased at higher T
- Higher O, reduces
NH,4

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
gasification (influence - Mixing with straw
of reactor form and reduces NH3, H,S in
conditions) product gas
- Hg, Cd in downstream
products (depending on
downstream
temperature profile due
to condensation),
others in char
T Entrained flow 500-1500 Air - P to gas phase at 700 (Bourgel et al., 2011)
°C
- Athigh T
(1300-1500 °C), up to
50 % of initial P to gas
phase as POz, PO, and
(P203)2
- Richer P sludges
showed more
pronounced
phosphorus release
- P-leaner sample
showed no volatility of
P
- P primarily
condensed as
Cas(POa): in residues
ER Fluidized bed 850 Air, nitrogen Higher ER resulted in Higher ER resulted in

- Bed material (calcined
dolomite and AC)
- Moisture content
- Residence time
- Bed height

Two stage reactor 800
- Bubbling

fluidized bed

(lower reactor)

- Tar-cracking

zone (upper

reactor)

Air

- lower LHV
- higher CGE

- lower tar contents

- lower Hy/CO

- higher CO,/CH,4

- lower water
contents

- Calcined dolomite as
bed material led to
higher Hz, CO2, and
CO, decreased
hydrocarbon and tar
- Tar reduced by
longer residence time
and higher bed
heights

- Calcined dolomite
combined with AC in
the upper reactor
enhances H: and tar
removal

- Ash showed
catalytic effect on tar
cracking and increase

(Migliaccio et al.,
2021)

(Mun and Kim, 2013)

(continued on next page)
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Table 5 (continued)

Optimization parameters ~ Reactor type Gasification T Gasifying Main findings Reference
tested [°C] agent
of Hz and CO
- Moisture content of
30 wt% showed
highest tar removal
and He
- Two-stage vs. three- - Two-stage 500-700 Air - Additional auger - Additional auger (Choi et al., 2016)
stage (fluidized bed, (auger), reactor led to higher GY  reactor reduced tars
- T of all reactors fixed bed) 650-830 (fixed - AC increased GY and promoted H,
- Addition of AC - Three-stage and fluidized production
(first step auger bed) - Higher T in auger
reactor) and fixed bed reactor
decreased tar
- Fluidized bed T
affected product gas
composition
- AC reduced tars,
increased H, and
decreased CO, CO,
and CHy4
-T Fluidized bed 750-850 - Air - High T increased CCE - High T increased Hy (de Andrés et al.,
-ER gasifier - Air + steam and CGE and CO 2018)
- Gasifying agent - Increased ER led to - Addition of steam
higher carbon increased Hj content
conversion, but lower
LHV of product gas
- Gasifying agent T Fixed-bed updraft 900 Air - Higher gasifying agent (Carotenuto et al.,
- ER T increased LHV, H, and 2023b)
CO by simultaneously
decreasing CO, and CHy4
- Higher ER decreased
LHV, but also increased
H, and CO, decreased
CO, and CH4
-T Dual fluidized 710-820 Steam GY increased with T - Higher T led to more (Schweitzer et al.,
- Additives bed Ha, and CO, CO, and 2018)
Cy-C4 decreased
- CaO reduced tar best
- NH3, H,S minimized
with kaolin
-ER Bubbling 770-850 - Air - Higher ER reduced CGE - Higher T resulted in (de Andrés, Narros
-T fluidized bed - Air-steam but increased CCE higher H; and CO and Rodriguez, 2011a)
- Gasifying agent mixtures - Steam addition contents and reduced
- Steam/biomass increased CCE and CGE tars
ratio (with increasing steam/ - Higher ER reduced

- Bed material (Al
addition as catalyst)

biomass ratio)

- Addition of Al
increases LHV, CGE und
CCE

H, and CO contents
but also tars

- Addition of Al
reduced tar contents,

(continued on next page)
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Table 5 (continued)

Optimization parameters
tested

Reactor type

Gasification T
[°Cl

Gasifying
agent

Main findings

Reference

- Bed material (dolomite,
olivine, Al)
- Gasifying agent

- Gasification time
- Additives in tar
cracking zone (AC
impregnated with Ni
or Fe, recycled AC)

- Reactor type
-T
- Gasifying agent
- GA flow rates

-T
- Steam/carbon ratio
- Sorbent/biomass
ratio

- Bed height
- ER

Fluidized Bed

Three-stage
gasifier: auger
and fluidized bed
reactor, tar-
cracking zone

- Fixed bed
(updraft)

- Fixed bed
(downdraft)

Bubbling
fluidized bed

Bubbling
fluidized bed

750-850

640-820

700-900

640-815

- Air
- Air-steam
mixtures

Air

- Dry air

- Pure oxygen

- Sorption
enhanced
gasification
(steam)

- Steam/
oxygen

Air

- GY and LHV increased
in presence of catalysts
leading to higher CGE
and CCE

- AC increased GY

LHV of product gas
higher with pure oxygen

- T and gasification
mode influenced GY and
fixed carbon conversion,
but no clear conclusion
based on presented
results drawn

- Steam-oxygen
gasification highest GY
and fixed carbon
conversion

- Increase of the bed
height improved

effect is increased by
steam introduction

- Dolomite shows
highest activity in tar
elimination, followed
by Al and olivine

- Al and dolomite
increased Hy and CO
contents and
decreased CHy4, CO»
and C,H,
concentration

- Steam increased Hy
content

- AC reduced tars and
inorganic
contaminants

- Ni-impregnated AC
produced highest Hy
and NH3 with highest
tar removal efficiency
- Fe-impregnated AC
reduced H,S content
with lower tar
removal efficiency
and lower H,

- Longer gasification
times deactivated AC
- Downdraft gasifier
led to higher H, at
same conditions

- H and CO increased
when T increased

- Optimum of GA flow
in regard of Hy
contents and LHV can
be found

- Higher Sr/B ratios
increased H:
concentration and
reduced CHa4

- Higher Sr/B ratio
reduced tar
compounds

- Higher T and Sr/B
ratio reduced H2S

- Concentration of H,
CO, CHa, CoHa, C2He

(de Andrés, Narros
and Rodriguez,
2011b)

(Choi, Ko and Kim,
2018)

(Tezer et al., 2023)

(Moles et al., 2024)

(Manya et al., 2006)

(continued on next page)
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Table 5 (continued)

Optimization parameters

tested

Reactor type

Gasification T
[°C]

Gasifying
agent

Main findings

Reference

- Addition of
calcium hydroxide
(simulation of lime
drying of SS)

- Feedstock properties:
volatile content, C
content
- Moisture content

Fixed bed

Stochastic
Reactor Model

500-800

850

Steam

Air

efficiency

- LHV was decreased as
ER increased (effect can
be compensated by
increasing the bed
height)

- T increase led to higher
GY

- Additive Ca(OH),
increased GY

- Increase of moisture
content led to reduction
of LHV

decreased as ER
increased

- Increase of bed
height increased said
gas components

- N concentration
increased with higher
ER and decreased
with bed height
increase

- CO,, vol% was not
influenced

- Additive Ca(OH)y
increased Hy
production

- Calcium hydroxide
promoted tar
cracking

- Dry, high-volatile
sludge favors CHa, CO
formation

- High moisture, low-
volatile sludge favors
CO: formation.

- High concentrations
of N and S species in
fuel led to increased
release

- High T supports
formation of COS,
H,S, SO,

- High moisture
content led to lower
formation of emission
precursors but
increased NO
concentrations

(Lin et al., 2024)

(Netzer et al., 2023)
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Andrés et al., 2018; Freda et al., 2018; Schmid et al., 2023). The temperature also influences the resulting product gas composition,
leading to higher Hy and CO and lower CO2 and CHy yields at higher temperatures (Carotenuto et al., 2023b).

Inorganic product gas components are affected by higher temperatures as well. Due to endothermic formation reactions, higher
amounts of NH3 can be found at higher gasification temperatures (Manara and Zabaniotou, 2012), the transfer of P-species to the gas
phase is increased and the fate of HMs depend on temperature (Bourgel et al., 2011). Besides the positive effects of higher operating
temperatures, the risk of ash melting and slagging is increased, especially relevant for ash-rich feedstocks like SS (Petersen and
Werther, 2005).

The choice of gasifying agent also affects the gasification process and outcome. Higher oxygen contents in the gasification at-
mosphere in comparison to air lead to an increase of the LHV of the resulting product gas, also due to the lack of inert Ny (Tezer et al.,
2023). Steam improves GY and overall efficiency (Elbl et al., 2024). Experiments have shown a positive effect of steam addition during
air gasification on heating value and Hy:CO ratio. The increase in Hy:CO ratio is mainly caused by the WGS reaction (de Andrés et al.,
2011a; Gil-Lalaguna et al., 2014). Higher steam rates result in faster reactions and promote H; formation (Lee et al., 2018), but elevate
NHj yields (Choi et al., 2015; de Andrés et al., 2018). The utilization of steam has shown a positive effect on tar reduction, improving
product gas quality (Roche et al., 2014; Fang et al., 2021; M. Schmid et al., 2021; Elbl et al., 2024).

Not only the type but also the amount of gasifying agent, characterized by the ER, can be optimized in SS gasification. Higher ER
reduces tar and char but lowers H2:CO ratios and gradually decreases the Hy contents. Additionally, CO2:CO ratios and conversion is
increased and CGE improved to a certain extend (Petersen and Werther, 2005; Gil-Lalaguna et al., 2014; Choi et al., 2017; Freda et al.,
2018; Migliaccio et al., 2021). Higher agent amounts can increase N in gas phase, reduce NHs, and affect occurring P-species from
anhydrides to phosphates and pyrophosphates (Gorazda et al., 2018; Fang et al., 2021). Operating parameters like throughput, bed
height, and fluid flow rate influence reaction and contact times, affecting efficiency. An increase in bed height in fluidized bed reactors
generally increases gasification efficiency (Manya et al., 2006), potentially due to an effect of SSA and gas diffusion with a higher
fluidized bed allowing higher contact times. Lower throughput increases residence time, maximizing GY, reducing tars, and lowering
NHs and H2S (Roche et al., 2014; de Andrés et al., 2016; Choi et al., 2017). However, longer times may deactivate catalysts like AC
(Choi et al., 2018).

Fig. 6 provides a surface-level overview of optimization levers and objectives, while Fig. 7 illustrates the direct influences and
consequential effects identified in the reviewed literature. However, these effects are derived from specific experimental conditions
and should not be interpreted as universally applicable. Variations in operational parameters can lead to different outcomes depending
on the context of each study. Therefore, it serves as an overview of observed trends rather than an absolute representation of cause-
and-effect relationships.

4. Additional considerations

The main limitation to the commercialization of SS gasification is its TRL, as the technology is not yet technically mature. Due to
high investment and operational costs, gasification of SS is viable primarily for large-scale operations. Current applications are
restricted to pilot plants (Brachi et al., 2022). For instance, three SS gasification plants, located in Germany, are in operation. They are
designed to generate heat and electricity and have a processing capacity of 2000-5000 t year " of dried SS and produce between 0.5
and 1.5 MWy, and 65 and 425 kW, of heat and electricity, respectively (‘SULZLE KOPF SynGas’, 2024). Simultaneously, Schnell et al.
(Schnell et al., 2020) reported on three SS gasification plants from a single manufacturer in Germany with significant technical
problems during commissioning and operation.

The reviewed literature in Table 5 confirms that SS gasification is technically feasible, but the studies are predominantly carried out
at lab scale. Several challenges remain, especially the lack of standardized operating conditions, which makes it difficult to ensure
consistent performance across different process setups. Additionally, current literature lacks a systematic evaluation of the influence of
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Fig. 7. Optimization levers for SS gasification: insights from literature review. Adapted from (Gururani et al., 2022) and focused on SS gasification.
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processing parameters in incineration, gasification, and pyrolysis of SS on the resulting ash and char fractions. Overcoming these
challenges is necessary to prove the viability of SS as a gasification feedstock and facilitating the transition from lab-scale research to
pilot, demonstration, and ultimately commercial-scale plants. The following sections outline obstacles in SS gasification and explore
potential strategies and future advancements.

4.1. Technological challenges

Feedstock-related challenges in SS gasification are caused by its highly variable composition, influenced by WWT methods, sea-
sonal fluctuations and the nature of the input. This variability is evident in Fig. 4 and Fig. 5, which illustrate the differences in ash
composition depending on municipal or industrial origin. The composition has a significant impact on gasification, regarding
contaminant management and product gas quality (Werle and Dudziak, 2014; Netzer et al., 202.3; Spiewak, 2024). This complicates
process optimization compared to more uniform feedstocks like wood. Standardizing pre-treatment methods could be beneficial.
Advanced techniques such as hydrothermal carbonization and torrefaction have shown promising results in improving feedstock
consistency and enhancing its suitability for gasification (Kossinska et al., 2023). Additionally, computational models, such as CFD
could support SS gasification by analyzing heat transfer, fluid dynamics, and reaction behavior and helping to optimize reactor design
and improve control strategies for this complex feedstock (Kuttin et al., 2025). Furthermore, real-time process monitoring could play
an important role in maintaining stable operating conditions. Artificial intelligence-based models and algorithms have already shown
potential in gasification technology but those are not sufficient on their own due to the complexities and varying outputs of thermal
conversion techniques. Integrating AI with machine learning, optimization algorithms, or statistical tools enhances predictive accu-
racy and process optimization. However, challenges remain in data accessibility and quality as well as standardization for reliable
gasification modeling (Alfarra et al., 2024). Looking ahead, integrating Al-driven analytics and smart process control systems may
provide a way to dynamically adjust operational parameters in response to changing feedstock properties to enable greater efficiency
and reliability in SS gasification (Gasperini et al., 2025).

The high moisture content of SS presents another challenge for its use in gasification. One of the main obstacles for large scale
implementations of SS gasification is the availability of dried SS. For gasification sludges with water contents of less than 15 wt% are
suitable (fully dried sludge; Houdkova et al., 2008; Lumley et al., 2014; Oladejo et al., 2019) and energy requirements for sludge drying
typically range from 850 to 950 kWh per t HoO (thermal) and 25-100 kWh per t H20 (electric; Wolf, 2019). Even in European countries
with a high share of thermal treatment of SS, drying capacities are limited. As low to no excess heat is available at WWTPs (Policy Brief
- The Potential of the Wastewater Sector in the Energy Transition, 2018), drying on-site is rare (Amann et al., 2021). Current in-
stallations of SS incineration typically recycle heat to partially dry incoming sludge (Roskosch and Heidecke, 2018). Gasification uses
most of SS’s energy, leaving less for drying. Centralized hubs near industrial parks or incineration plants with available excess heat are
ideal for gasification rollout, though the energy crisis limits surplus heat availability (Emiliozzi et al., 2025).

The high ash content of SS and its handling in gasification is another obstacle to overcome. Ash contents of 35-52 wt% (Table 2) are
multiple times higher compared to biomass such as wood, which typically contains less than 5 wt% ash, depending on the type of wood
(Smotka-Danielowska and Jabtonska, 2022; Hochstoger et al., 2025). This fraction complicates process handling and limits the TRL
due to the lack of well-developed ash management strategies. However, this challenge also presents a major advantage. Like incin-
eration, gasification yields P-rich solid residues (Gorazda et al., 2018). The additional generation of product gas results in two valuable
product streams, while avoiding flue gas generation (Magdziarz and Wilk, 2013; Porshnov, 2021). With P-recovery becoming a legal
requirement in several countries (Directive - EU - 2024/3019, 2024) research has largely focused on state-of-the-art incineration
methods, yet gasification offers an alternative pathway that warrants greater attention. To address these challenges, improved ash
management strategies are needed. Co-gasification with more stable and lower-ash feedstocks, such as wood, offers a promising
approach to mitigate excessive ash generation in feedstock-related fluctuations in general (Seggiani et al., 2012; Thomsen et al., 2017).
Though, the legal implications of co-gasification remain unclear.

Hazardous substances, particularly HMs and organic pollutants, are of concern during SS gasification. The behavior of HMs during
the process varies, which makes their management complex (Liew et al., 2021). It is suggested that both the composition of the input
material and the operating parameters dictate how metals are distributed in the system (Migliaccio et al., 2021). Currently, no
definitive solution exists for their removal in gasification. Research has primarily focused on P-recovery from SSA (incineration), with
particular attention to HM leaching during wet chemical P-extraction to minimize contamination in recovered materials (Xu et al.,
2023). Lab-scale investigations highlighted that resulting ash fractions from incineration and gasification processes are similar (Hann!
et al., 2022), indicating that the ash chemistry and resource recovery methods depend less on the conversion method and more on the
nature of the resulting matter, weather char or ash (Liu et al., 2021). However, further research is needed to confirm these findings and
assess their implications for large-scale implementation.

Regarding process related aspects, it needs to be stated that not all reactor types are suitable for SS gasification. Fixed bed reactors,
while effective for small-scale applications, have limited capacity and scalability (Benedikt et al., 2024). Entrained flow reactors
operate at high temperature and are designed for fine, dry feedstocks (Kaltschmitt et al., 2016). SS would require extensive pre-
processing, and its high ash content poses additional challenges, including slagging and operational issues at the generally high
operating temperature (Petersen and Werther, 2005). Fluidized bed gasifiers are the most developed for gasification at scales above
3 MW, across various biogenic feedstocks, which makes them a logical choice for large-scale SS gasification, though further research is
needed on scaling and process optimization (Pio and Tarelho, 2021).

Furthermore, tar formation remains a challenge in SS gasification (Jeong et al., 2022). Managing this issue requires controlling
secondary reactions to minimize tar in the product gas. Implementing more reactor stages (Choi et al., 2016; Choi et al., 2017, 2018) or
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even just additional plant modules, such as a counter-current column in the DFB system, has shown promising results (Huber, 2024;
Schmid, 2021). Furthermore, variations in process parameters can reduce tar formation, as demonstrated in Table 5 and Fig. 7.

Volatile compounds in the product gas including N- and S-based species, as well as HMs can act as catalytic poisons and hamper
further processing. Effective gas cleaning is necessary, particularly for removing the NOy precursors (NHs, HCN), S-compounds (H-S,
COS) and potentially alkali metals (M. Schmid et al., 2021; Netzer et al., 2023). The required level of purification depends on the
intended application. For instance, Fischer-Tropsch synthesis demands higher gas purity than combined heat and power plants,
making gas cleaning more costly but also increasing the value of the final product (Rauch et al., 2016). Additionally, product gas can be
upgraded for Hy or synthetic fuel production which offers diverse utilization pathways beyond nutrient recovery (Su et al., 2024). This
flexibility highlights the advantages of SS gasification in enabling multiple high-value end products.

4.2. Environmental issues and regulations

The successful implementation of SS gasification depends not only on technological advancements but also on regulatory frame-
works and policy support. Limited commercial applications and an unclear legislative framework further restrict the implementation
of SS gasification. The recast of the EU Urban Wastewater Directive and its call for increased P-reuse and recycling will present a
further chance to boost the rollout of gasification of SS (Directive - EU - 2024/3019, 2024). The technology aligns with existing
legislation promoting sustainable waste-to-energy solutions, contributing to renewable energy production and advancing the goals of
the circular economy (Samolada and Zabaniotou, 2014). However, the main obstacle for recycling and/or reusing SSA from gasifi-
cation are the limitations put forth in the EU fertilizing products regulation (Regulation - 2019/1009 - EN - EUR-Lex, 2019). In the
component material category 14 for pyrolysis and gasification materials, SS is explicitly excluded as a permissible input material for
gasification, if the resulting gasification products are to be used in fertilizer production (Commission Delegated Regulation EU,
2021/2088, 2021). This means that currently fertilizing products from gasification materials cannot achieve European Conformity
Marking for EU wide use. However, EU member states can authorize the use of these products in their individual member states, laying
down their own process and product requirements.

4.3. Economic considerations

An additional challenge is posed by economic feasibility. Gasification systems require high initial investment and advanced product
gas cleaning, making economic feasibility a challenge (Alves et al., 2022). Additionally, low market prices for fossil and primary
resources further hinder competitiveness. To address this, a market design that reflects true-cost pricing is necessary. In parallel,
economic viability can be enhanced by diversifying revenue streams, for example, through the sale of byproducts such as char and ash,
as well as the utilization of product gas and heat for additional value generation. At the same time, given the unavoidable high in-
vestment costs of thermal technologies, increasingly driven by regulatory requirements, research should focus on reducing operating
expenses and maximizing the value recovered from SS to accelerate the payback period.

5. Conclusion

To conclude, the thermal treatment of SS is likely to become increasingly necessary and prominent in the future. Gasification has
the potential to be a sustainable alternative to state-of-the-art incineration. Its versatility and nutrient recovery potential align with
upcoming P-recovery regulations. The recovery of P and other inorganic substances depends largely on the origin of the SS and the P-
precipitation method used. Comprehensive recovery strategies should consider both the ash chemistry and the volatile inorganic
substances generated during processing. The aim should be in-situ or post-treatment to separate fractions enriched in certain major
constituents of the ash and facilitate recovery. For large-scale roll out of SS gasification further research and technological demon-
strations are still necessary. Furthermore, economic feasibility remains a barrier to SS gasification due to high initial investment costs,
complex gas cleaning requirements and low market prices for conventional fossil resources. Improving viability will require both
policy support and strategies to reduce operating expenses, diversify revenue through byproduct valorization and maximize resource
recovery. This can, in part, be achieved through improved process design and the optimization of process parameters. Several notable
levers with promising influence on optimization objectives in SS gasification have been recognized from the literature reviewed in this
review; Temperature proves to be a major factor regarding product gas quality and efficiency. Co-gasification with other biomass
feedstocks has shown great promise for improving process stability, product gas quality and gas yield. The use of steam as a gasifying
agent offers significant advantages, though it depends on a reliable supply. To fully exploit the potential of SS gasification, operating
conditions should therefore be thoroughly evaluated to optimize existing systems and support future technological development.
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