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Disposing of sewage sludge (SS), a by-product of wastewater treatment plants, poses significant challenges due to its potential harmful environmental impact related to its high content of pathogens and heavy metals. As a consequence, proper management of this biowaste is essential.
In the present study, a lab-scale fixed-bed gasifier was fed with SS coming from a drying facility. The experimental runs were carried out using 30 g of dried SS for each test, with steam as the gasifying agent. The reactor temperature was varied between 800 and 900 °C. Additionally, two different configurations for the reactor heating elements were used.
The results showed that the gasification test at 900 °C in the L1 configuration produced the highest hydrogen concentration of 56%. However, the highest hydrogen yield was achieved in the L2 configuration at 900 °C (33.2 g/g). Under these operating conditions, the syngas had a maximum lower heating value of 11.4 MJ/Nm3. 
Introduction
Over the past century, the global energy system has undergone significant changes due to the widespread use of fossil fuels (Li et al., 2025). Recent data indicate that fossil fuel consumption has increased approximately eightfold since 1950, now reaching about 140,000 TWh. If current trends continue without being counterbalanced by more sustainable energy systems, this consumption is expected to rise in the coming years (Ritchie and Rosado, 2017). The actual high dependency on finite carbon-based energy sources poses growing concerns about climate change, prompting research efforts toward alternative and sustainable energy sources to reduce greenhouse gas emissions. Renewable energy sources are gaining attention for their potential to supply carbon-neutral energy carriers, as they can close the carbon cycle through balanced CO₂ emissions.
In this context, interest in low-emission hydrogen has rapidly increased due to environmental concerns, technological advancements, and evolving global policies. While hydrogen is produced through established technologies and processes, large-scale sustainable production remains a challenge. As a key energy carrier, hydrogen can be generated from both renewable and non-renewable sources, employing either conventional technologies or more innovative methods (Ghodke et al., 2023).
According to recent data, hydrogen production reached 97 million tons in 2023; however, less than 1% of this comes from low-emission processes, since current production methods still predominantly rely on fossil fuels (International Energy Agency, 2024). The main fossil fuel-based technologies used for hydrogen production are steam methane reforming (SMR) and coal gasification. Of these, SMR is by far the most common due to its relatively low operational costs (Shahid et al., 2025). However, SMR produces significant amounts of CO2 as a by-product. To enhance the environmental sustainability of SMR, it can be integrated with carbon capture and storage (CCS) technologies, which capture and contain the CO2 generated during the process (Navas-Anguita et al., 2021). Coal gasification is the second most common conventional method for hydrogen production using non-renewable sources. This thermochemical process efficiently converts coal into synthesis gas (syngas), mainly composed of CO and H2. Although it is a mature technology that allows for low-cost hydrogen production, its widespread adoption is limited by environmental concerns related to CO2 and other harmful compounds emissions. Similar to SMR, coal gasification can also be integrated with CCS technologies to mitigate its carbon footprint. Alternatively, hydrogen can be obtained from renewable energy sources, conventionally referred to as green hydrogen. The most widely used technology for its production is water electrolysis, a process that splits water into oxygen and hydrogen using electrical energy (Ishaq et al., 2022). The main advantage of this method is that it utilizes water as a reactant and produces no greenhouse gas emissions if the electric energy is supplied by renewable sources, making it a promising solution for addressing climate change issues (Shiva Kumar and Lim, 2022). However, electrolysis is a highly energy-intensive process, requiring approximately 50 kWh of energy to produce one kilogram of hydrogen and around 9 kg of water per kg of hydrogen. Despite this energy demand, it can be regarded as a sustainable method if powered by renewable energy sources such as wind, solar, or hydroelectric energy. Nevertheless, the process is not without limitations, since water consumption is a critical issue, especially in water-scarce regions, where large-scale electrolysis may pose environmental or technical challenges (Angelico et al., 2025).
Biomass gasification is a suitable method for producing green hydrogen. Unlike traditional processes that rely on fossil fuels, this thermochemical technique converts organic materials into a hydrogen-rich syngas. The gasification process involves the partial oxidation of the feedstock in the presence of a gasifying agent, such as air, oxygen, steam, or carbon dioxide (Molino et al., 2016; Mastellone and Zaccariello, 2013). While woody biomass is the most commonly used feedstock in gasification, SS offers a viable alternative for hydrogen production. Utilizing waste-derived biomass not only provides a renewable and cost-effective feedstock but also addresses significant waste management challenges. Furthermore, since the carbon emitted during biomass gasification comes from biogenic sources, the overall CO₂ emissions are largely offset. This makes the process carbon-neutral and aligns with the objectives of a circular and low-carbon economy (Werle and Sobek, 2019).
This study aims to provide a preliminary assessment of SS gasification in a laboratory-scale reactor, with a specific focus on the effect of reaction temperature and gasification system configuration on the process performance.
Experimental Section
Experimental apparatus
Gasification tests were carried out in a laboratory-scale fixed-bed reactor (Figure 1). The experimental apparatus consists of a gasification reactor, a heating system, a steam generator and a gas and tar sampling line. The gasification reactor, AISI 310S stainless steel, has a nominal diameter of 1¼″ and a total height of 1.10 m.
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Figure 1: Sketch of the gasification fixed bed reactor.
A perforated plate, 3 mm thick with 2 mm holes, is positioned at 70 cm from the bottom flange to support the biomass and ensure uniform distribution of the gasification agent (steam). At the top of the reactor, a feedstock hopper equipped with a ball valve allows for controlled feeding of the biomass. At the bottom, the reactor has a blind flange featuring two threaded holes, which allow steam injection into the superheating zone and accommodate temperature and pressure sensors for process monitoring. 
The heating system consists of two semi-cylindrical ceramic fiber heaters with a total power of 3.50 kW, which can reach a maximum operative temperature of 1100 °C. The temperature is controlled by a thermoregulator and a K-type thermocouple located at the base of the perforated plate. The heating elements are enclosed within two AISI 304 stainless steel shields, internally insulated with ceramic fiber. The support structure of the reactor and the heating elements includes a system that enables vertical adjustment of the reactor relative to the heating elements.
The steam generator, which provides the gasification agent, is made of AISI 304 stainless steel. It consists of a 2 L cylinder with a 0.50 kW wire heater, producing a maximum steam flow rate of 10 g min-1 at a temperature of 250 °C. A precision pump with an adjustable flow rate supplies water to the steam generator unit. 
The stream coming from the steam generator enters the reactor from the bottom and is heated up to the selected reaction temperature. Then, the superheated steam reaches the perforated plate where the SS is discharged from the hopper. In this region, gasification reactions take place. At the reactor outlet, a gas conditioning line, composed of four bubblers filled with dichloromethane and a cotton filter, provides for tar and particulate removal and collection. Then, the syngas coming from the gas treatment section is collected in multi-foil gas sampling bags and immediately analyzed in an Agilent 490 micro gas chromatograph. The micro-GC measurements provide the main syngas compounds (CO2, CO, H2, CH4, C2H2, C2H4, C2H6, C3H6, C3H8, and N2). After water separation, the tar dissolved in dichloromethane were quantified by removing the solvent in a rotavapor. Then, the tar is diluted in a specific ratio in dichloromethane and analyzed off-line in a Thermo Fisher Scientific ISQ 1300 gas chromatograph coupled with a mass spectrometer (GC-MS). With the purpose of obtaining reliable data, the sampling procedures of syngas, particulate, and tar were activated for the entire duration of the tests
Operating conditions
The gasification tests were carried out at three different temperatures (800 °C, 850 °C, and 900 °C) while keeping fixed SS amount (30 g), the reaction time (approximately 15 min) and the gasifying agent flow rate (5 mL min-1 of superheated steam). These tests were performed by adjusting the position of the gasification reactor relative to the heating elements at two different levels referred to as L1 and L2. Specifically, configuration L1 involves heating only the gasifying agent to the reaction temperature, whereas configuration L2 heats both the gasifying agent and the biomass bed to the reaction temperature. The L2 configuration allows for a greater amount of thermal energy to be supplied to the biomass bed area, thus supporting endothermic reactions to a greater extent.
Feedstock
The laboratory-scale reactor was operated using SS (Table 1) supplied by an SS drying facility located in the Campania Region, South of Italy. The design and operation of gasification processes require knowledge of fuel composition as well as its chemical energy content. In the present study, two types of analyses are performed: proximate and ultimate analyses. The proximate analysis provided moisture and ash contents, while the ultimate analysis revealed the fuel composition in terms of its basic elements such as carbon, hydrogen, nitrogen, sulfur, and oxygen. For the proximate analysis, the gross fuel sample was heated in air at 105 °C for 12 hours to determine the moisture content. Then, it was heated at 600 °C for 4 hours to assess the ash amount. The ultimate analysis was carried out using a LECO CHN/S 628 Analyzer to determine the elemental composition of the fuel.
The higher heating value (HHV) was evaluated by means of Equation 1 (Channiwala and Parikh, 2002) while the lower heating value (LHV) was evaluated by Equation 2.
 		(Eq.1)
 		(Eq.2)
Results of proximate and ultimate analyses and energy content of the tested fuel are listed in Table 1. 
Table 1: Main characteristics of sewage sludge.
	Ultimate analysis
%
	
	Proximate analysis
 %
	Heating value
MJ/kgSS-db

	C
	H
	N
	S
	O*
	
	Ash
	Moisture
	HHV
	LHV

	27.42
	4.28
	3.79
	1.25
	9.03
	
	45.76
	8.48
	13.97
	12.78


*by difference
3. Results and Discussion 
The type of gasifying medium significantly affects the selectivity of gasification reactions, thereby influencing the composition of the resulting syngas. Steam gasification is an attractive alternative process that allows the production of syngas with a high percentage of hydrogen from low-grade fuels (Tahir and Chen, 2024). The laboratory-scale apparatus was fed with SS to attain information about the effect of reactor temperature and reactor heating element configuration on the performance of the steam gasification process. The main experimental results are reported in Table 2.
The results showed that during the gasification tests conducted under configuration L1, an increase in temperature led to a higher concentration of hydrogen. Specifically, the concentration increased from 51.4% at 800 °C to 56.0% at 900 °C. This trend aligns with the endothermic nature of steam gasification reactions, where higher temperatures promote the steam reforming reaction, thereby increasing hydrogen production. This also led to a decrease in CH4 and light hydrocarbons (C₄Hₘ) concentrations from 3.8% to 2.3% and from 1.2% to 0.6%, respectively. Probably, this is due to the enhancement of cracking and reforming reactions of light hydrocarbons at elevated temperatures (Maitlo et al., 2022). 
Table 2: Main results of experimental runs.
	Test
-
	T
°C
	H2

	CH4

	C4Hm
%
	CO

	CO2

	Gas Yield kgGas/kgSS

	L1-800
	800
	51.39
	3.78
	1.21
	7.06
	36.55
	0.35

	L1-850
	850
	53.99
	2.97
	0.60
	6.37
	35.80
	0.49

	L1-900
	900
	56.00
	2.30
	0.58
	6.12
	34.99
	0.42

	L2-800
	800
	55.67
	2.51
	0.84
	6.69
	34.29
	0.58

	L2-850
	850
	52.62
	1.50
	3.05
	10.18
	30.17
	0.53

	L2-900
	900
	51.02
	1.94
	3.20
	14.96
	25.79
	0.55


The gas composition obtained from the tests conducted under configuration L2 exhibited a trend distinct from that observed under configuration L1. As the temperature increased, the concentrations of H2 and CO2 decreased from 55.7% to 51.0% and from 34.3% to 25.8%, respectively. In contrast, the concentrations of CO and C4Hm increased with rising temperature. Instead, CH4 showed a peak concentration at 800 °C. These results can be explained by considering the reactions R1–2.
		(R1)
  		(R2)
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Il contenuto generato dall'IA potrebbe non essere corretto.]Higher temperatures are expected to thermodynamically favor the water-gas reaction (R1) and the reverse of the water-gas shift reaction (R2) (Zaccariello and Mastellone, 2020). As a result, an increase in the concentrations of H₂ and CO would be observed. These findings are consistent with the gas composition obtained from the gasification tests using the L2 configuration. This suggests that the L2 configuration is most favorable for the thermodynamic equilibrium of the gasification reactions. This hypothesis is further supported by the results displayed in Figure 2. 
Figure 2: a) Hydrogen Yield, b) Syngas Lower Heating Value c) Tar concentration, d) Cold Gas Efficiency. 
The figure indicates that the hydrogen yield is higher in the tests conducted using the L2 configuration compared to those using the L1 configuration, despite the volumetric fraction of H2 is greater in the tests conducted with the L1 configuration at various reaction temperatures (Figure 2a). In particular in the L1 configuration, the hydrogen yield increases from 16.6 to 22.2 g/g, while in the L2 configuration, it rises from 31.9 to 33.2 g/g.
LHV showed its highest value of 11.4 MJ/Nm3 in the L2 test configuration at a temperature of 900 °C (Figure 2b). Another significant advantage provided by L2 configuration is the impressive conversion of tar and char into permanent gases. In the tests conducted at temperatures of 800 °C and 850 °C, the tar concentration decreased by approximately 65%. At a temperature of 900 °C, the reduction was even more significant, with a decrease of 83% (Figure 2c). As far as char is concerned, a comparison of the results from tests conducted under the L1 and L2 configurations reveals that the carbon content in the resulting char decreased by over 90% (Table 3). These findings lead to an increase in the Cold Gas Efficiency (CGE) (Equation 2) of the syngas (Figure 2d).
  		(Eq.3)
where LHV is the lower heating value, while Q indicates volumetric flow rate and W mass flow rate.
Table 3: Elemental composition and ash content of the char.
	Test
-
	C

	H

	N
%
	O*

	Ash

	Yield
kgChar/kgSS

	L1-800
	10.44
	0.74
	0.97
	5.41
	82.45
	0.53

	L1-850
	10.04
	0.85
	0.93
	3.58
	84.59
	0.40

	L1-900
	8.13
	0.60
	0.72
	1.06
	89.27
	0.47

	L2-800
	0.99
	0.26
	0.28
	0.36
	98.11
	0.35

	L2-850
	0.38
	0.22
	0.23
	6.23
	92.95
	0.41

	L2-900
	0.33
	0.15
	0.22
	6.17
	93.13
	0.42


*by difference
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Il contenuto generato dall'IA potrebbe non essere corretto.]The conversion of char and tar into permanent gas resulted in a change in the distribution of chemical energy (CE) among the gasification products. It can be observed that there is an increase in the syngas CE from 36.9 to 46.5% and from 68.0 to 87.2% when shifting from the L1 to the L2 configuration (Figure 3). In the gasification tests conducted with the L1 configuration, most of the CE was retained in the tar (approximately 50%), compared to syngas (around 40%) and char (around 10%). In contrast, the L2 configuration promoted a higher degree of feedstock conversion, leading to a significant increase in the CE associated with syngas (from 68 to 87%) and a reduction in that attributed to tar (from 32 to 13%). This indicates that the L2 reactor configuration enhances the transfer of CE from the feedstock to the syngas. 
Figure 3: Chemical energy of the syngas.
4. Conclusions
This study evaluated the feasibility of using SS as a feedstock for producing hydrogen-rich syngas through the gasification process. The results indicated that higher temperatures and a specific reactor configuration (L2) significantly enhanced the conversion of the feedstock, resulting in a higher yield of syngas, increased hydrogen production, and reduced tar formation. Under optimized conditions (900 °C and L2 configuration), the distribution of chemical energy shifted in favour of syngas, indicating improved process efficiency. These findings suggest that gasification is a suitable strategy for valorizing SS, offering potential environmental benefits and opportunities for energy recovery.
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