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ABSTRACT 

Global population growth has resulted in an increase in wastewater sewage sludge production, which has subsequently propelled the rise of various sludge treatment 

technologies. However, the increase in global CO2eq emissions and the measures taken to reduce this challenge have necessitated a demand for sustainable and 

innovative sludge treatment methods. Smouldering, a self-sustaining combustion process, has emerged as a viable alternative to conventional waste management 

methods owing to its capacity to substantially reduce waste volume and generate heat. This research assesses the efficacy of the smouldering technique as a viable 

option for waste treatment, focussing on its environmental impact and operational efficiency. 

An assessment on a sewage sludge smouldering combustion process was conducted, scrutinizing the energy inputs and CO2 emissions of the technique. The results 

were further compared with the other sludge treatment approaches, which include incineration, pyrolysis, dewatering and landfill, and dewatering and land 

application. Evaluating the effects of these waste treatment methods, will help in establishing a sustainable process strategy. The study found that during sludge 

smouldering, moisture content, sludge to sand ratio, and sludge composition all have an impact on both energy consumption and greenhouse gas emissions. High 

moisture content and high sludge-to-sand ratios typically require higher energy inputs, but in some cases, lower moisture content and lower sludge-to-sand ratios 

can still require high energy requirements. Additionally, the research found that an increase in the sludge-to-sand ratio leads to an increase in GHG emissions. 

The study went on to compare the energy requirements and GHG emissions of smouldering combustion with other sludge treatment techniques. The study revealed 

that the smouldering process uses less energy during operation compared to incineration, pyrolysis, dewatering and landfill, as well as dewatering and land 

application. Additionally, research revealed that self-sustaining smouldering combustion emits less CO2 than incineration, dewatering and landfills, but more than 

pyrolysis, and land application. 

Introduction 

Globally, the problem of waste management has become a major concern. It entails a variety of strategies and processes, including reducing, reusing, 

recycling, thermal treatment, and landfilling, all of which aim to minimise the environmental impact of waste and promote sustainability. In waste 

management, various techniques were used, including incineration, pyrolysis, anaerobic digestion, dewatering and landfilling, dewatering and land 

application, and smoldering. These techniques have been applied in various waste categories to effectively manage waste to a lesser extent and reduce its 

environmental impact. Although these processes have been sound and effective in managing waste, they have their own unique environmental impact, 

particularly when it comes to energy requirements and greenhouse gas emissions (GHGs). 

In recent times, the smouldering combustion technique has been an effective process for managing waste. A process that is characterised by slow, low-

temperature, and flameless burning has been put into practice in numerous disciplines, including environmenaatal science, fire safety, and waste 

management (Huang & Rein, 2016; Switzer et al., 2009; Torero et al., 2020). The process nearly eliminates all (up to 99.9%) of organic matter, including 

pollutants that were previously present in a material under a certain time of heating between 500 and 1000 oC, depending on the operation's scale (Switzer 

et al., 2015). Engineered smouldering applications aim to create self-sustaining conditions that consume fuel without requiring additional energy input 

beyond ignition, underscoring the significance of efficient combustion processes (Zanoni et al., 2020). Its capacity for self-sufficiency and its potential 

for treating waste make it a subject of interest for researchers looking for novel and sustainable solutions (Switzer et al., 2009; Yermán, 2016). Research 

has demonstrated the energy efficiency of this process; when the reaction produces heat, the nearby fuel absorbs it, leading to self-sustaining combustion 

(Solinger et al., 2020). The self-sustaining and energy-efficient are the main features that differentiate smouldering from other techniques of waste 

treatment, i.e., thermal treatment and incineration (Grant et al., 2016). 

Ebrahimzadeh et al. (2017) conducted studies that suggest the potential use of smouldering combustion in waste treatment and environmental remediation 

due to its intricate dynamics and mechanisms. Smouldering combustion is a distinct method of combustion that is different from standard flaming 

combustion because of its slow and persistent nature. Consequently, a wide range of environmental and waste treatment applications can utilise this 

method. (Huang & Rein, 2016). Especially for materials with a high moisture content, smouldering combustion has shown promise as a method for waste 

management and soil remediation (Switzer et al., 2009; Wyn et al., 2021). This approach to combustion shows its potential in a variety of biological and 

engineering applications by providing a self-sustaining burning process. 

http://www.ijrpr.com/
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The ability of smouldering combustion to benefit co-waste management, including land restoration, hazardous liquid management, and decentralised 

sanitation, demonstrates its potential benefits in solving environmental challenges (Rashwan et al., 2023; Switzer et al., 2015). Waste water treatment 

(sludge treatment) is one notable sector in waste management that uses the smouldering technique. Rashwan et al. (2016) conducted a study on the use 

of self-sustaining smouldering combustion for the destruction of wastewater biosolids. Their results showed that smouldering combustion is an effective 

way to get rid of waste and clean up the environment. Additionally, studies have indicated the potential of self-sustained smouldering combustion in 

waste management by treating moist faeces under certain circumstances (Onabanjo et al., 2016). 

Smouldering combustion has also shown promise in turning lignocellulosic wastes into useful products like biochar and bio-oil, which indicates that it 

has the potential to recover resources (Wyn et al., 2023). Fournie et al., (2022) research on the use of smouldering combustion for phosphorus recovery 

from sewage sludge ash emphasises the technique's potential for resource recovery and environmentally friendly waste management techniques. 

Researchers have conducted studies on the scalability and energy recovery potential of smouldering as a sewage sludge treatment technology (Rashwan 

et al., 2021a). By optimizing smouldering processes, innovative waste management technologies can effectively transform sewage sludge into energy 

while minimizing environmental consequences. 

 Waste Water (Sewage Sludge) Treatment 

Efficient waste management is crucial for ensuring environmental sustainability and safeguarding public health. Among the various waste types, waste 

water, particularly sewage sludge, is a challenging waste form because of its large volume, complex composition, and potential environmental dangers if 

not appropriately managed. Conventional wastewater treatment techniques, such as incineration, pyrolysis, dewatering and landfilling, and dewatering 

with application, typically have high energy consumption, are expensive, and can emit a higher amount of greenhouse gases (GHGs), thereby worsening 

the environmental impact they are intended to mitigate. 

Recently, smouldering combustion has become a viable alternative in waste water treatment with several promising benefits. These advantages include 

lower energy consumption and the ability to simultaneously destroy organic pollutants while producing energy. Rashwan et al., (2023) listed smouldering 

combustion as one of the most sustainable techniques for managing wastewater because of its self-sustenance. 

However, the process, which is exothermic in nature, converts carbon compounds and an oxidant into carbon dioxide, carbon monoxide, methane, and 

volatile organic compounds (VOCs) (Chen, 2023; Grant et al., 2016). These emitted molecules are considered among the major greenhouse gases. 

According to Torero et al. (2022), non-uniform reactions, composition, and sludge type lead to a high fraction of CO2 and CO during sludge smouldering. 

Some studies have documented the energy usage and direct greenhouse gas emissions during the smouldering process of sewage sludge (Feng et al., 

2021; Rashwan et al., 2021). These studies, however, have not quantified the energy requirements and carbon footprint of this process. 

As a result, this research will aim to fill this knowledge gap by assessing the impact of smouldering as a waste treatment technique for wastewater (sewage 

sludge). The study will critically evaluate the operational and embodied carbon associated with sewage sludge treatment using the smouldering method 

and compare it with the other sludge treatment techniques. The purpose of this is to evaluate the potential of smouldering to improve waste management 

methods, minimise environmental effects, and present a more sustainable approach to wastewater (sludge) treatment. The findings of this research have 

the potential to make a substantial contribution to the advancement of more efficient and enduring waste treatment methods, in line with international 

environmental objectives and regulatory standards. 

Research Aims, Objectives, and Structure 

This study aims to assess the impact of the smouldering technique by calculating the process's carbon footprint. The study will focus on its application in 

waste-water treatment (sewage sludge) and examine its potential as a sustainable technique by evaluating the associated carbon emissions. 

The following objectives will assist in achieving the research's goal: 

1. Identify the sources of operational and embodied carbon of the smouldering process. 

2. To ascertain the operational carbon associated with all the stages of the smouldering process, such as energy requirements, mixing 

requirements, and additional emissions output. 

3. To assess the embodied carbon associated with all the materials involved in the smouldering process, such as sand, and filtration process. 

4. To compare the carbon footprint of smouldering with other technologies of waste water (sewage sludge) treatment. 

2. Methodology 

This chapter will detail the methods used to achieve the objectives of this study. It described the source of data used in calculating energy requirement, 

as well as the operational and embodied carbon. 

2.1 Conceptual boundaries of the carbon balance 

In smouldering combustion, the major sources of carbon emissions fall into the operational and embodied carbon categories. The operational carbon 

emissions can further be subdivided into combustion emissions and energy requirements during the smouldering process. Combustion emissions are 

direct emissions that are released during the smouldering process as a result of combustion of organic material, which includes carbon dioxide (CO2), 

carbon monoxide (CO), methane (CH4), and volatile organic compounds (VOCs). Energy inputs during the smoulding process can contribute to the 

operational carbon emission. These energy requirements can include ignition energy, energy input for air injection, mixing energy requirements, and 

separation energy (Feng et al., 2021). In the context of embodied carbon emissions, in sewage sludge smouldering, these emissions come from material 

production, equipment, sand, input material mixing, post-treatment testing, and hardware energy requirements from the filtering process.  
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This study will mainly focus on direct smouldering carbon emissions, energy input requirements, carbon emissions associated with sand, and filtration 

energy input. Therefore, it will not assess the entire life cycle of smouldering processes. Figure 3.1 illustrate the conceptual model of smouldering 

operation. This research utalises a smouldering data from sewage sludge treatment process in access the smouldering impacts. The data was sourced from 

a study by Rashwan et al., (2021a) on scaling up self-sustained smouldering of sewage sludge for waste-to-energy. 
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Figure 3.1- Sewage Sludge Smouldering Operational Model 

 
3.2.1. Smouldering Parameter 

Rashwan et al., (2021a) provided data from 20 self-sustaining smouldering combustion experiments on sewage sludge (Table 4.1). The mass mixture of 

sludge and sand in kg was determined using the mass, volume, and density relationship (Bissenov et al., 2020). 

 

𝑀𝑎𝑠𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝑉 × 𝜌𝑠𝑎𝑛𝑑
𝑏𝑢𝑙𝑘                                                (2 − 1) 

and, 

𝑉 = ℎ𝑒𝑖𝑔ℎ𝑡(𝑚) × 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑚2)                                         (2 − 2) 

 

Assuming the bulk density of sand to be 1602 kg/m3 (Certified Material Testing Products, 2024). Then, the amounts of sand and sludge was determined 

using the sludge to sand mass ratio. 
 

2.2.1. Operational Carbon 

This study determined the distribution of carbon across CO2 and CO based on their respective molecular weights and mass fractions (Tchobanoglous, 
Burton, and Stensel, 2003). Initially, the dry weight of the sludge and ash weight were determined by considering their moisture content and ash content, 

respectively. The ash weight was subtracted from the dry weight of the sludge to obtain the organic matter weight.  To estimate the carbon content in dry 

solids, the organic matter weight was multiplied with the given mean fraction value of CO (Rashwan et al., 2021a). The dry weight of carbon in the dry 
sludge was used to find the total mass of carbon in the wet sludge. This is done by multiplying the mass of sludge with the percent carbon in sludge. The 

amounts of CO2 and CO (relative ratios) are calculated from the mean fraction of CO given in the data (Rashwan et al., 2021a). The individual CO2 kg 

(CO2eq), CO kg (CO2eq), and the total kg CO2e are calculated. This was obtained by multiplying the masses of CO2 and CO with their respective Global 
Warming Potential (GWP) factors (IPCC, 2009). 

Also, the energy required to ignite the smouldering process (Qin) was calculated in MJ using, 

𝑄𝑖𝑛 = 𝑀𝑠𝑠 × 𝐿𝐻𝑉𝑠𝑠                                        (2 − 3) 

where, 𝑄𝑖𝑛 is an energy input in MJ, 𝑀𝑠𝑠 is a mass of sewage sludge in kg, and 𝐿𝐻𝑉𝑠𝑠 is the lower heating value of the sewage sludge in MJ/kg (Sapmaz 

and Kılıçaslan 2023). 

The LHVss is defined in a way that accounts for water loss as, 

𝐿𝐻𝑉𝑠𝑠 = 𝐻𝐻𝑉(1 − 𝑀) − 𝑀𝐿𝑣                                         (2 − 4) 

where, 𝐻𝐻𝑉 is the higher heating value of sludge in MJ/kg, 𝑀 is a moisture content of the sludge in percentage, and 𝐿𝑣 is the latent heat of veporisation 

of water (2.447 MJ/kg at 25 °C) (Boundy et al., 2011; Rashwan et al., 2016). Assuming the HHV of sewage sludge at an initial moisture content of 72–
80% and an ash content of 19–23% is 18 MJ/kg (Rashwan et al., 2016). 

Also, energy inputs from air injection, mixing preparation, and separation were determined. Assuming energy inputs from air injection, mixing 

preparation, and separation for sewage sludge smouldering were 0.0073 kWh, 6.0861 kWh, and 0.0145 kWh per tonne of sludge, respectively (Feng et 
al., 2021). The study directly related the energy input results to the mass of the sludge, thereby determining their respective energy inputs. 

 

2.2.2. Embodied Carbon  

As previously discussed in chapters 2 and 3, these emissions are linked to the production, processing, transportation, and disposal of a product or material. 

In the sludge smouldering aspect, embodied carbon will account for sludge transportation and sand extraction. 

Carbon associated with sand extraction is among the major sources of embodied carbon in sewage sludge smouldering. Studies that specifically estimate 
the embodied carbon of sand associated with sewage sludge smouldering are rare. However, various life cycle assessment (LCA) studies have estimated 

the embodied carbon of a sand quarry. According to Vinci and Rapa (2019) research, a sand quarry has a lower embodied carbon of around 0.0121 kg 

CO2eq per kg sand. This value can vary depending on factors such as the sand's source and the specific processes involved in its extraction, processing, 
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and transportation. However, this study assumes that 1.01 kg of sand extraction and transportation produce 0.0121 kg of CO2eq (Vinci and Rapa 2019). 

2.3 Summary of Key Findings 

The methodology described a comprehensive approach for estimating the energy inputs and assessing the carbon emissions of the sewage sludge 
smouldering. It utilised established equations and data from relevant studies, ensuring a standardized and systematic analysis of the energy requirement 

and carbon impacts of the smouldering process. The next chapter will present the results and discuss based on these calculations, providing insights into 

the carbon footprint and the energy demand of sewage sludge smouldering technique. 

3. Results and Discussion 

This section includes a discussion on the various external energy inputs involved in the smouldering process of sewage sludge. Additionally, the section 

will include a discussion on the smouldering emissions. The chapter will further compare the external energy input requirements and the GHG emissions 
for smouldering sludge with other sewage sludge treatment techniques. 

Various approaches are used in estimating carbon footprints. Including, Life-cycle Assessment, Input-Output Analysis (IOA), Hybrid method and GHGs 

Protocol. This study also evaluated the direct and indirect emissions of sludge treatment, as well as its energy requirements. However, the offset emissions 
were not estimated. The study analyses 20 forward smouldering experiments and estimate their energy requirement, and carbon emission (Table 3.1). 

 

Table 3. 1: Smouldering energy requirement in kWh per kg and CO2e in kg per tonne of wet and dried Sewage Sludge across RUM and LAB 

Experiments (Rashwan et al., 2021a). 
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3.1 External Energy Inputs 

The major external energy inputs in the treatment of sewage sludge are: starting energy (ignition energy), which is the energy required to begin the 

process; energy from air injection; mixing preparation energy; and separation energy. The process has a total energy requirement of around 0.39601 to 

0.07055 kWh/kg under various moisture content conditions that range from 75% to 3.2%, across both the DRUM and LAB experiments. The total energy 
input was calculated as, 

𝑄𝑇 = 𝑄𝑖𝑛 + 𝑄𝑠𝑒𝑝 + 𝑄𝑎𝑖𝑟 + 𝑄𝑚𝑖𝑥                                     (3 − 1) 

where, 𝑄𝑇 is the total energy input, 𝑄𝑖𝑛 is the ignition energy, 𝑄𝑚𝑖𝑥 is the mechanical mixing energy, 𝑄𝑎𝑖𝑟 is the energy from air injection, and 𝑄𝑠𝑒𝑝 

is the separation energy input. Figure 3.1 highlights the energy variations across the experiments. The reason for the energy variation might be due to 

wide ranges in the sludge moisture content and differences in the sludge to sand ratio. 

 

 
Figure 3.1- Sewage Sludge Smouldering Energy Input 

 
3.1.4. Other Sewage Sludge Technologies 

In comparison to other techniques for sewage sludge treatment, such as incineration, pyrolysis for fuel production, dewatering and landfilling, and 

dewatering and land application, the smouldering process was found to have a less energy requirement. Table 4.2 highlight the techniques energy 
requirement from lowest to the highest.  

Incineration 

In the context of the incineration technique, the energy input value is a crucial factor to take into account while incinerating sludge in order to implement 
effective and sustainable waste management techniques. Numerous studies have discussed the energy consumption and generation aspects of sludge 

incineration. He et al., (2023) determined the energy used in the sludge dewatering and incineration procedures. The amount of energy required for the 

incineration of sewage sludge varies based on a number of variables, including the sludge's moisture content, the kind of incineration technology 
employed, and the process's efficiency. According to Sapmaz and Kılıçaslan (2023), the net energy needed for sludge incineration might range from 555 

to 1068 kWh per tonne of dry sludge. The necessity to dry the sludge, which typically has a high moisture content (up to 80%) before incineration, is the 

reason for the high energy demands for the technique (Sapmaz and Kılıçaslan 2023). 
Sewage sludge treatment using incineration requires a significant amount of energy for air injection due to the necessity of maintaining optimal 

combustion conditions and ensuring complete burning of the sludge. The process, which is aerobic in nature, involves the combustion of organic 

substances in the presence of sufficient oxygen (air). Suez's (n.d.) research reveals that a fluidised bed incinerator, a common sludge type, typically 
requires an energy injection (air injection) ranging from 200 to 300 kWh per tonne of sludge. This energy is used to maintain the fluidised state of the 

sand bed and ensure thorough mixing and combustion of the sludge. However, after incineration, the process requires less energy to mix sludge and 

separate the ash and residues. According to a study by He et al. (2023), the energy requirements for mixing sludge and separation after incineration range 
from 5 to 20 kWh and 10 to 30 kWh per tonne of sludge, respectively. 

Pyrolysis 

In the realm of pyrolysis, the energy input value can vary widely based on several factors, such as the type of sludge, the moisture content, and operational 
conditions. Generally, the energy requirement for pyrolysis processes is significant because the sludge must be heated to high temperatures. Typically, 

the input energy requirement for sewage sludge pyrolysis is in the range of 200 to 600 kWh per tonne (kWh/t) of sludge, depending on the specific 

conditions and technology used (Lu et al., 2009). Compared to starting energy for pyrolysis, mixing sludge to ensure homogeneity before pyrolysis 
typically requires low energy. According to research by Xie et al. (2023), the energy consumption for mechanical mixing of the sludge was estimated to 

be approximately 1–5 kWh per tonne (kWh/t) of sludge. The post-pyrolysis separation procedures, which involve separating the gas, liquid (bio-oil), and 

char phases, also require energy. However, the separation process necessitates a higher energy input compared to the mixing process. The energy 
requirement for the separation was estimated to be around 10–20 kWh/t of sludge. Research by Wang et al., (2012) divided the energy consumption 

associated with the pyrolysis process into three stages. The first stage is moisture evaporation, followed by heating and drying, and the third stage is 

reaction (endothermic or exothermic). He estimated the total energy requirement to be between 250 and 400 kWh/t of sludge, depending on the differences 
in moisture content of the sludge.  

 

Dewatering and Land Filling/Application 

Numerous studies clarify the energy requirement for the dewatering and landfilling processes. According to Lu et al., (2011) and (Pinasseau et al., 2010), 

the energy consumption for sludge dewatering and landfilling is approximately 120–131 kWh per tonne of sludge. The amount of energy required to mix 

sludge during the dewatering and landfilling processes varies depending on the type of machinery used and how well the mixing goes. Mixing is a crucial 
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step in ensuring consistent sludge properties and enhancing the effectiveness of stabilisation and dewatering procedures. Typically, mixing sludge during 

dewatering and landfilling requires 3 to 20 kWh of energy per tonne of sludge (Pinasseau et al., 2010). This range takes into account variations in the 

equipment type, the specific treatment and stabilisation techniques used, and the mixing process. 

 
Table 4.2- Energy Input Requirement for the Various Sewage Sludge Treatment Techniques in kWh per tonne Sludge 

Method Energy Input (kWh/t) Refeermce 

Smouldering 110  
Dewatering and Landfill/ Land 

Application 

120–131 Lu et al., (2011); (Pinasseau et al., 2010 

Pyrolysis 200 - 600 Wang et al., (2012); (Lu et al., 2009). 
Incineration 555 - 1068 Sapmaz and Kılıçaslan (2023), 

   

 

4.2. Smouldering Emission 

Smouldering of sewage sludge produces various emissions, including pollutants and greenhouse gases. In the context of greenhouse gases, the 

smouldering of sewage sludge emits CO2, CO, CH4, and volatile organic compounds (VOCs) (Tang et al., 2023). Rashwan et al., (2021a) estimated that 
CO2 carries the highest emission ratio among the GHGs emitted, particularly in self-sustained smouldering combustion. According to Surawski et al. 

(2015), CO2 emissions tend to increase during smouldering combustion, while CO emissions also increase, but to a lesser extent. 

Notably, the biomass content in the sludge must be carefully taken into account when evaluating GHG emissions from sewage sludge treatment. When 
assessing CO2 emissions from sewage sludge, different nations use different techniques. For instance, some countries attribute all CO2 emissions to 

biomass (Kang et al., 2017). This emphasises how important it is to have standardised techniques in place in order to accurately measure the greenhouse 

gas emissions from the sewage sludge treatment process. This study identified two major carbon-containing gas species: carbon dioxide (CO2) and carbon 
monoxide (CO). Because all of the experiments were self-sustaining, CO2 was identified as the primary source of carbon emissions. Also, CO was 

observed, which is the second principal substance released during any biomass combustion process (Manisalidis et al., 2020). 

The sum of all the GHGs released during smouldering results in the total CO2e of the process. Table 4.1 presents the total CO2e in this study, which 
ranges from 345.34 to 595.47 kg per tonne of sludge. It was calculated as, 

𝑡𝑜𝑡𝑎𝑙 𝐶𝑂2𝑒 = ∑(𝐶𝑂2 + 𝐶𝑂) 𝑘𝑔 𝐶𝑂2𝑒                                         (4 − 2) 

where, CO2 is the carbon sssssdioxide, and CO is the carbon monoxide emitted during the smouldering process. 

 
 4.2.3. Total Green House Gases (CO2 Equivalent) 

As mentioned earlier in this chapter, these experiments determined only the CO2 and CO emissions, which are believed to be among the major greenhouse 

gases that contribute to global warming (Wu et al., 2021). Figure 4.2 displays the CO2e from the study, which ranges from 345.34 to 595.47 kg per tonne 
of sludge, representing the lowest and highest values, respectively. The highest CO2e was observed in LAB S6; this might be due to the high organic 

content in the sludge, which aids in the combustion of the sludge, producing excess CO2 during the process. Concurrent to this, DRUM S5, with the 

lowest organic matter content, released the lowest CO2e (345.34 kg per tonne of sludge). Research by Werther and Ogada (1999) explains how the 

organic content of sewage sludge impacts its combustibility and the resultant emissions. 

 
 
Figure. 4.2- Sewage sludge smouldering experiments across DRUM and LAB, and their kg CO2eq per tonne of sludge. 

Compared to other sludge treatment techniques, sewage sludge smouldering has demonstrated a lower energy requirement and moderate CO2 emission. 

Looking into tables 4.1 and 4.2, we will find that DRUM S10 has a moderate energy requirement and CO2eq emission, respectively. Figure 3.3 displays 
the energy input distribution and GH emission in DRUM S 
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Figure 3.3- Average sludge smouldering energy inputs in kWh/kg and kg CO2eq emission per kg sludge  

3.3. Other Sludge Treatment Methods (CO2 Equivalent) 

In contrast to the smouldering technique, other sewage sludge treatment methods—incineration, dewatering, landfill, thermal treatment for fuel products, 

dewatering, and agricultural application released higher CO2. According to numerous studies, the incineration technique, which operates at a very high 

temperature (650–1100 °C) in the presence of a sufficient amount of air, emits CO2e of around 600–1200 kg/t of sludge (Zhao et al., 2022; Hu et al., 

2024; Houillon and Jolliet, 2005). These emissions are primarily caused by direct and indirect emissions from transport, electricity use, and fuel use. The 

major GHGs released during sewage sludge incineration include nitrous oxide (N2O) and carbon dioxide (CO2) (Lee et al., 2015). According to Hu et 

al., (2024), during the sludge incineration process, CO2 contributes to the highest overall GHGs emissions (about 897.56 kg CO2-eq). Also, the process 

has a relatively high N2O emissions of 113.10 kg CO2-eq, this accounts to about 11.2% of total GHGs emissions. In contrast, CO and CH4 contribute to 

the least overall GHGs emission, releasing 7.44 and 0.47 kg CO2-eq, respectively. 

Researchers Hu et al. (2024), Wang et al. (2013), Foley et al. (2010), also found that dewatering and landfilling sewage sludge produce the most 

greenhouse gases (about 500–1300 kg CO2-eq/t sludge) compared to the other methods. Dewatering and landfilling have a major impact on the 

environment due to the significant emission of methane during the landfill. The major GHG released by landfills is CO2 (647.25 kg CO2-eq), but they 

also release a substantial amount of CH4 (617.65 kg CO2-eq), which makes up to 86.1% of their overall emissions. However, landfills release relatively 

low CO and N2O which accounts to 10.85 and 7.01 kg CO2-eq respectively. In contrast to landfills, dewatering, followed by land application (agricultural 

application), involves using the sludge as fertiliser or soil amendment. Researchers have found that using sewage sludge for agriculture produces fewer 

greenhouse gases (GHGs) than landfills. This is because landfills release high amounts of methane (CH4), which is considered to have a higher Global 

Warming Potential (GWP) value. Recently, Hu et al., (2024) evaluated the GHG emissions of sludge dewatering and landfill, and compared them with 

those of land application, observing that land application results in lower GHG emissions. Various studies estimated the CO2e of sewage sludge 

dewatering and land application to range between 583 and 277 kg CO2-eq/t sludge (Hu et al., 2024; Yoshida et al., 2013; Houillon and Jolliet, 2005). 

However, researchers found that the pyrolysis of sewage sludge for fuel production produces less CO2eq. Pyrolysis prevents combustion by heating 

sewage sludge without oxygen. During the pyrolysis operation, the sludge is broken down into biochar, bio-oil, and syngas, with less emission of CO2 

and CH4. Gievers et al. (2021); Meyer et al. (2011); Houillon and Jolliet (2005) approximate the CO2e of sewage sludge pyrolysis within 250–400 kg 

CO2-eq/t sludge. 

3.4. Actual Comparison between Carbon Footprints of Sludge Treatment Methods 

Recently, there has been an increase in the use of various techniques in waste water (sewage sludge) treatment around the globe. This is due to the higher 

volume of sludge production, which results from the general increase in the population. Although these processes have proven to be effective when it 
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comes to sludge management, there is a need to compare the energy consumption and carbon footprint of the techniques. This comparison will give an 

insight into the most sustainable and environmentally friendly method to choose when it comes to sewage sludge treatment. The energy requirements and 

GHG emissions vary depending on the sludge treatment technique as shown in Table 3.3 and figure 3.4. The composition of GHG emissions and the 

contribution of various emission sources varied among the approaches, underscoring the necessity of considering these elements when evaluating the 

environmental impact of sludge treatment. 

 

Table 3.3- Waste-water (Sewage-Sludge) Treatment Techniques and their CO2e per tonne of sludge 

Method kg CO2e per tonne sludge Reference 

Thermal treatment for fuel production 

(pyrolysis) 

250  Gievers et al., 2021; Houillon, and Jolliet 

(2005) 

Dewatering and land application 276.41 - 583 Hu et al., (2024); Houillon, and Jolliet (2005) 

Smouldering 470  

Incineration 232 – 920 Zhao et al., (2022); Hu et al., (2024); Wang 

et al., 2013; Houillon, and Jolliet (2005) 

Dewatering and landfill 296 - 1303 Hu et al., (2024); Wang et al., 2013; 
Houillon, and Jolliet (2005) 

 

 

This study found that among the five sewage sludge treatment approaches, incineration has the highest overall energy requirement, ranging from 555 to 

1068 kWh/t sludge. The majority of this energy comes from the sludge drying process. The process, which operates in the presence of sufficient oxygen 

and at a very high temperature, releases lots of GHGs (600–1200) kg/t of sludge during sewage sludge treatment, particularly N2O and CO2. As opposed 

to incineration, the pyrolysis technique, which operates at a lower temperature and in an oxygen-limited environment, produces fewer CO2eq emissions 

during sewage sludge treatment (250–400 kg CO2-eq/t sludge). Due to the absence of air in the reaction, the technique releases less CO2 and CH4, with 

further production of biochar and syngas as by-products. Also, the process has a lower energy requirement (250–400 kWh/t sludge), depending on the 

specific conditions and the moisture content of the sludge. 

All techniques revealed that sludge dewatering and landfilling produced the highest GHG emissions (500–1300 kg CO2-eq/t sludge). This is due to 

landfills' high release of CH4, which is considered to have a high GWP value of 28–36 over 100 years. However, the process was found to have a lower 

energy requirement. The overall consumption energy for sludge dewatering and landfill was revealed to be around 120–131 kWh/t of sludge. On the other 

hand, sludge dewatering and land application was discovered to have a lower CO2eq (276.41–583 kg CO2-eq/t sludge) compared with the sludge 

dewatering and landfill approach. 

Overall, when comparing the GHG emissions and energy requirement of pyrolysis, incineration, dewatering and landfill, and dewatering and land 

application with that of smouldering combustion, those processes were found to emit more CO2eq, most especially sludge incineration and dewatering 

and landfill. In this study, smouldering emission was found to be within the range of 345.34–595.47 kg/t of sludge (process emission). The emissions 

ranges may be due to differences in moisture content and sludge nature. Figure 4.4- shows the average energy requirement and CO2eq emission in 

increasing order across the five sludge treatment techniques.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure. 3.4- The average energy requirement and CO2eq emission from lowest to highest across various sludge treatment techniques. 
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3.5 Summary of Key Findings 

When the sludge-to-sand ratio is high and the ash content is low, the process tends to emit more CO2eq because of the high organic matter content in the 

sludge, as observed in LAB S6 and LAB S7. However, a higher emission can occur even when the ash content of the sludge is high and the moisture 

content is very low because very low moisture content enhance combustion efficiency, this can allow the sludge to fully oxidized, leading to higher CO2 

emissions. . This could be due to sludge composition or a very high sand ratio compared to sludge in the combustion. Although LAB 12(1) and LAB 

12(2) have the same moisture content, ash content, sludge-to-sand ratio, and energy input, their CO2eq emissions differ. This variation in emission might 

be due to the nature of the sludge or mixing problem. Also, it was discovered that energy input during sewage sludge smouldering varies with changes in 

sludge moisture content and fuel to-sand ratio. The lower the moisture content and sand-to-sludge ratio, the more energy is consumed primarily due to 

higher organic load, and the needs for higher temperatures to ensure complete oxidation. 

4. Conclusion and Recommendation 

This section discusses the final conclusion to this study while at the same time citing recommendations from the current study for future research 

consideration. 

4.1. Conclusions 

Though smouldering has been shown to be a good option for wastewater sewage sludge treatment. However, there is a need to assess its impact and 

further compare it with the other sludge treatment technique. Therefore, this study assessed the GHG emissions and the energy requirement between the 

commonly used sewage sludge treatment methods. Due to the current problem of global warming, there is a need to determine the most sustainable and 

environmentally friendly treatment method by comparing the CO2eq emissions of the processes, Energy Consumption, Resource Efficiency, Economic 

Feasibility, Social Acceptance and  Community Impact, Environmental Sustainability. Overall, this study assesses the impact of the smouldering 

technique by looking into operational, embodied carbon, and its overall energy requirements using wastewater sewage sludge. This study provides good 

information on the GHGs emission and energy requirement of various waste-water treatment techniques, and it can be used to develop a guidance when 

choosing the most sustainable sewage sludge treatment method among the commonly used options. 

A comprehensive impact assessment of the smouldering technique must consider several additional factors beyond the operational and embodied carbon. 

These factors include environmental sustainability, resource efficiency, economic feasibility, social acceptance, and policy alignment. 

Multiple studies have determined that sludge dewatering and landfills have the highest GHG emissions, followed by sewage sludge incineration. On the 

other hand, this study considers a pyrolysis process, which treats sludge in an oxygen-limited condition, to have the least CO2eq emission. The 

smouldering technique of sludge treatment was found to have lower CO2 emissions than incineration and dewatering and landfills, but higher than 

pyrolysis and sludge dewatering and land application. 

Energy consumption is another aspect to consider when choosing the best alternate technique for waste treatment. This study observed that the 

smouldering technique had the lowest overall energy requirement among the four sludge treatment methods discussed. These energy requirements differ 

depending on the moisture content and sludge-to-sand ratio. The study found that among the five processes discussed, sludge incineration had the highest 

energy requirement, unlike smouldering. Similarly, the pyrolysis method for sewage sludge treatment has a high requirement. However, the energy 

consumption for sludge dewatering, landfilling, and land application is nearly identical. 

4.2. Recommendation for Future Work 

This study has evaluated and contrasted the effects of different sludge treatment alternatives according to their energy consumption and greenhouse gas 

emissions. However, the consideration of other factors should not be overwhelming. Choosing a particular technique as a waste treatment option requires 

a thorough evaluation of both its environmental, economic, and social factors. 

As previously discussed in section 2.1, sewage sludge is a heterogenous mixture of various compounds. Therefore, similar studies are needed to assess 

the performance of these waste techniques with different waste types, such as oil-contaminated land and hazardous waste. In some cases, smouldering 

may have unanticipated environmental effects, such as soil contamination and water pollution. Future studies can assess the impact of this technique by 

focussing on the long-term environmental monitoring of sites where smouldering waste treatment is carried out to examine the impact on soil and air 

over time. 

Notably, the infrastructure of most of these waste treatment techniques, particularly incineration and pyrolysis, requires significant financial investment, 

making them capital-intensive. Therefore, future studies can incorporate the economic and environmental impacts of smouldering combustion and 

compare it with the other waste treatment techniques. Assessing the impact of these waste treatment methods based on costs and their carbon footprint 

will give potential investors, policymakers, and the government insight into selecting the most economically viable waste treatment option. 

Today's technological advancements have led to the use of diverse waste treatment techniques to produce valuable byproducts during waste conversion 

(waste to energy). Valuable materials like fuel, heat, fertiliser, and CO2 resources for possible utilisation can be generated through these sludge treatment 

methods. Recent studies have shown that smouldering combustion can become a potential viable waste-to-energy option. Therefore, future research can 

focus on assessing the impact of these waste treatment techniques based on the valuable material they produced. 

Finally, the adoption of new waste treatment technologies often hinges on public perception and community. In many instances people have shown their 

resistance regarding the siting of a new waste treatment plants, mostly especially nearby residents due the odor and trace pollutants produced. Therefore, 

future research can conduct a Social Impact Assessments (SIA) and surveys to gauge public attitudes and identify potential concerns.  
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