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Abstract 

The renewable energy sector is experiencing rapid 

growth as researchers, economists, and decision-

makers aim to meet multiple objectives. These 

include generating energy from more sustainable 

and environmentally friendly sources, as well as 

addressing the increasing disparity between 

energy supply and demand in a market where 

demand continues to rise. It is important to seek a 

balance that ensures ongoing economic and 

industrial development while prioritizing 

environmental health. One promising solution in 

this regard is the production of biofuel from 

sewage sludge, which has a calorific value of 8,300 

joules per gram. From an environmental 

perspective, achieving a reduction in greenhouse 

gas emissions necessitates a daily biofuel 

production target of 4.6107 gigajoules by 2040. 

This review will cover the knowledge about sewage 

sludge as a form of biomass and how to utilize raw 

materials in the production of various types of 

biomasses. Special focus will be given to selected 

biofuels, including biodiesel, bioethanol, and 

biogas, which serve as alternatives to their fossil 

fuel or natural gas counterparts. 

Keywords: Fossil fuel; Sewage Sludge; Biodiesel; 

Bioethanol. 

1. Introduction 

Over the past few decades, the global energy demand 

increased due to industrial expansion and population 

growth. Contributing to this rise is the low cost 

associated with extracting fossil fuels, which has led 

to their dominance in the energy market. Fossil fuels 

currently hold the largest share, accounting for 

approximately 88% of the global energy market [1]. 

However, this dominance raises many significant 

economic and environmental concerns. 

Economically, fossil fuel reservoirs are finite and non-

renewable, with extraction rates outpacing natural 

replenishment processes, which take millions of years 

[2]. Consequently, the depletion of fossil fuels, 

particularly oil, is inevitable, and the fate of newly 

discovered natural gas reserves may follow a similar 

trajectory. Reports suggested that fossil fuel reserves 

may be exhausted within the next 50 years, creating a 

substantial gap in future energy supply and posing 

serious repercussions for the global economy, which 

heavily relies on energy for its growth [3]. 

2. Exploring the Necessity for Non-Fossil Fuel 

Approaches to Energy Production 

A study conducted in 2014 highlighted the decline of 

high-quality, easily accessible fossil fuel production. 

This decline is expected to result in an energy supply 

shortage across various sectors, including 

transportation, with projections suggesting an 

inability to meet electricity generation needs by 2025. 

However, some reports suggest that non-renewable 

resources, could help mitigate the anticipated supply-

demand gap [4]. 

2.1 Environmental and Economic Concerns 

Associated with Fossil Fuel 

The excessive consumption of energy, particularly 

from oil and natural gas, has led to the release of 

significant quantities of greenhouse gases (GHGs) 

into the atmosphere. These gases, including nitrous 

oxide (N2O), methane (CH4), and carbon dioxide 

(CO2), contribute to environmental degradation [5]. 

Among them, CO2 is primarily responsible for global 

warming, posing a significant threat to the 

environment, although other GHGs are also 

concerning [6,7]. Annually, more than 15 billion tons 

of carbon dioxide are estimated to be released into the 

atmosphere [8]. Carbon dioxide emissions from fossil 

fuel combustion increased by 1.6% in 2017, This 

decline is expected to continue unless measures to 

reduce emissions are implemented [9]. 

The persistent environmental and economic concerns 

associated with fossil fuels have pointed out research 

into alternative and more sustainable sources of 

energy, with biomass emerging as one of the most 

promising options [7].  

2.2 Biofuels: A Sustainable Energy Alternative 

From an energy production perspective, biomass 

refers to organic materials rich in chemical energy 

derived primarily through photosynthesis in plants 
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[10]. Biomass offers the potential solution for 

reducing greenhouse gas emissions, aligning with 

efforts to limit global warming to no more than 2°C 

above pre-industrial levels, as outlined in the 2015 

COP21 agreement in Paris [11]. 

Biofuels are categorized into four generations, each 

aiming to achieve sustainability by balancing 

economic growth with environmental protection and 

the conservation of natural resources. Biofuels are 

classified into four generations based on the feedstock 

used, the production processes involved, and the 

sustainability criteria they meet. Here's an overview 

of each generation: 

1. First-generation biofuels: These biofuels are 

produced from edible crops or food-based 

feedstocks such as corn, sugarcane, soybeans, and 

palm oil. First-generation biofuels include 

biodiesel and bioethanol. While they have 

contributed to the development of the biofuel 

industry, first-generation biofuels have faced 

criticism for their competition with food crops, 

potential land use change, and limited 

sustainability. They also raise concerns about food 

security and deforestation. 

2. Second-generation biofuels: Also known as 

advanced biofuels, second-generation biofuels are 

produced from non-edible feedstocks such as 

agricultural residues (corn stover, wheat straw), 

forestry residues, energy crops (miscanthus, 

switchgrass), and municipal solid waste. The 

production processes typically involve more 

advanced technologies such as biochemical and 

thermochemical conversion methods, including 

fermentation, gasification, and pyrolysis. Second-

generation biofuels offer the potential to address 

some of the sustainability issues associated with 

first-generation biofuels by utilizing non-food 

feedstocks and reducing competition with food 

production. 

3. Third-generation biofuels: These biofuels are 

derived from algae, microalgae, or other aquatic 

plants. Algae can be cultivated in various 

environments, including freshwater, saltwater, 

and wastewater, using a range of cultivation 

systems such as open ponds, photobioreactors, 

and closed-loop systems. Third-generation 

biofuels have the potential to offer high 

productivity and resource efficiency compared to 

terrestrial crops. Algae can accumulate high levels 

of lipids (oils) or carbohydrates, which can be 

converted into biofuels such as biodiesel or 

bioethanol through extraction and conversion 

processes. 

4. Fourth-generation biofuels: This category 

encompasses biofuels produced from 

lignocellulosic biomass using advanced 

biotechnological approaches, such as synthetic 

biology and genetic engineering. Fourth-

generation biofuels aim to maximize energy yields 

while minimizing environmental impacts and 

resource requirements. These biofuels utilize non-

food lignocellulosic feedstocks, such as 

agricultural residues, dedicated energy crops, and 

woody biomass. Advanced conversion 

technologies, including enzymatic hydrolysis, 

fermentation, and bio-refining, are employed to 

extract sugars and convert them into biofuels such 

as bioethanol, biobutanol, or renewable diesel. 

Each generation of biofuels represents advancements 

in technology and sustainability practices, with  

a focus on improving efficiency, reducing greenhouse 

gas emissions, and minimizing competition with food 

production. 

These biofuels result from biochemical or chemical 

conversion processes, often involving fermentation 

with microorganisms as a key tool [12-14]. To meet 

the targets set by COP21 and effectively reduce 

greenhouse gas emissions to mitigate global warming, 

daily biofuel production must reach 4.6 × 107 

gigajoules by 2040. 

3. Sewage Sludge: A Potential Biofuel 

Resource 

Sewage sludge (SS), also known as biosolids, is a 

byproduct of wastewater treatment processes and is 

considered one of the most pressing environmental 

challenges today [15,16]. SS represents a form of 

biomass with a high organic content, comprising 60-

80% of the total SS material. The organic fraction 

includes 8-15% carbohydrates, 6-35% fats, 20-30% 

proteins, and microorganism cells, with a calorific 

value of approximately 8300 joules per gram of dry 

sewage sludge. Various biofuels can be derived from 

SS through conversion treatments such as thermal 

processes or chemical/biochemical reactions, 

including biochar, biodiesel, bioethanol, and biogas 

[17,18]. 

This review highlights the use of sewage sludge as a 

renewable resource for biofuel production, 

emphasizing its potential as a biomass source. It will 

also cover current research trends that consider 

sewage sludge not as an environmental burden but as 

a valuable raw material that can be effectively 

managed and utilized in various applications. 

 

3.1 Examining the Need for New Water Sources 

and Water Treatment 

Water is crucial for sustaining life as it plays a vital 

role in supporting biochemical reactions and 

physiological processes essential for human health 

and well-being. Comprising 80 to 90% of blood 

composition, water acts as a regulator of body 

temperature that facilitates the absorption of nutrients, 

vitamins, and minerals, while also enhancing blood 

circulation [19]. Despite covering about 70% of the 

Earth's surface, most of the stated water is saltwater, 

with only a small fraction being fresh water. 

Moreover, merely 0.3% of fresh water is readily 

accessible for human use [20]. As the global 
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population continues to grow, the demand for fresh 

water intensifies, particularly for activities like 

agriculture and industrial processes, leading to 

increased pressure on fresh water resources. 

Consequently, the availability of safe drinking water 

has declined, resulting in water poverty affecting 

approximately 1.2 billion people [21]. 

3.2 Wastewater Treatment Practices in Egypt 

To address these challenges, maximizing the 

utilization of available water sources becomes 

imperative. One approach to lessen pressure on fresh 

water resources involves the reuse of wastewater, 

wherein its quality is enhanced through improvements 

in its chemical, physical, and biological properties to 

suit various purposes [22]. Wastewater treatment 

serves as a crucial mean to achieve this objective by 

reducing pollutant levels and microbial loads in 

wastewater [23]. However, a byproduct of the 

wastewater treatment process is sewage sludge (SS), 

a semi-solid substance that harbors a significant 

proportion of pollutants and pathogens suspended in 

wastewater [24, 25]. 

Chemically, SS primarily comprises 70% organic 

matter, including proteins, fats, and carbohydrates, 

along with various inorganic compounds [26]. 

Despite expectations of a moderate increase in sewage 

sludge production, actual figures have surpassed 

estimates, with sewage sludge production reaching 45 

million dry tons before 2020 in the European Union 

alone [27]. Similarly, in India, wastewater treatment 

capacities lag behind production rates, resulting in a 

significant portion of wastewater remaining untreated, 

exacerbating pollution concerns [28,29]. 

Additionally, the integration of industrial wastewater 

into sewage systems further compounds pollution 

issues, posing risks to human health and 

environmental integrity [30]. With only 60% of 

industrial wastewater being treated in India, the 

untreated portion remains contaminated, hindering 

widespread water reuse efforts [28]. 

In Egypt, the production of sewage sludge is on the 

rise due to same factors as those appointed in India. 

The rapid population growth, accompanied by the 

establishment of new cities to accommodate this 

expansion,  elevates pollution levels. Addressing the 

population density issue requires the expansion of 

infrastructure, service facilities and industrial growth, 

all of which contribute to increased water 

consumption and, consequently, higher volumes of 

wastewater [31]. 

Over the past six decades (1950 – 2008), Egypt's 

population has escalated from 22 million to 80 

million, resulting in an estimated annual increase of 

1.5 million people [32]. The country is equipped with 

303 wastewater treatment plants, producing an 

estimated 11.85×106 m3/day of treated water, 

equivalent to 11850 MLD (Table 1). Comparing the 

annual wastewater production and treatment rates in 

both India and Egypt highlights the challenges faced 

by countries experiencing rapid industrialization and 

population growth. Recent statistics indicate that 

Egypt produces approximately 1.2 million tons of 

sewage sludge annually [33,34]. 

 

Table 1: Municipal wastewater production and 

treatment (Mato-Sagasta et al., 2015) 

 

3.3 Water Treatment Strategies 

As untreated wastewater continues to flow daily, there 

is an increase in demand to develop plans to manage 

these quantities effectively. This may involve 

increasing the capacity of existing treatment plants or 

establishing new ones. However, addressing sewage 

treatment poses another environmental challenge: the 

increase in sewage sludge production [29]. 

Sewage sludge contains a multitude of organic and 

inorganic pollutants and pathogens, which can pose 

significant environmental risks if released into the 

environment. Therefore, innovative strategies are 

required to manage sewage sludge effectively, with 

two primary objectives in mind: 

1. Ensuring the safe disposal of sewage sludge. 

2. Transforming sewage sludge from an 

environmental concern into a non-traditional 

resource that can be utilized in various aspects of 

life 

These methods are widely regarded as effective 

means of sewage sludge disposal, offering significant 

economic and environmental advantages over 

traditional approaches [34]. This is particularly 

relevant given the growing global demand for non-

renewable natural resources such as minerals and 

energy, as well as the increasing demand for food 

[35]. Governmental measures have been introduced to 

steer research efforts and investments toward the 

utilization of solid waste, including sewage sludge. 

 

4. Transforming Sludge into Biofuel: 

Converting Waste into Wealth  

Sewage sludge, a biosolid comprising organic 

materials, constitutes a significant portion of the 

sludge composition, primarily comprising human 

faeces, animal organic waste, food scraps, and other 

biodegradable materials found in sewage facilities 

[36]. Additionally, a diverse array of microorganisms 

involved in organic matter decomposition contributes 

to its composition. Considering this origin, sewage 

sludge emerges as a form of biomass that is proving 

valuable as a raw material for biofuel production [37]. 

The rationale behind utilizing sewage sludge lies in 

 

Country 

Municipal Wastewater 

(Km3/year) 

Production Treated Year 

Egypt 15.44 4.42 2011 

India 7.08 3.71 2012 
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two fundamental factors. Firstly, there is a steady 

increase in annual sewage sludge production globally, 

driven by the expanding human population [38]. 

Secondly, sewage sludge predominantly consists of 

organic matter, comprising 60% of its dry material. 

However, it also contains contaminants such as 

polychlorinated biphenyls (PCBs), polycyclic 

aromatic hydrocarbons (PAHs), and various heavy 

metals, posing environmental and health concerns 

[39]. While sewage sludge holds promise as a 

renewable resource in applications such as 

agriculture, its high pollutant content necessitates 

cautious handling to avoid adverse effects on 

agricultural ecosystems. Alternative methods of 

sewage sludge management, such as landfilling, may 

lead to terrestrial ecosystem pollution and potential 

greenhouse gas emissions [40]. 

Given its organic-rich composition, sewage sludge 

presents an ideal candidate for energy production. 

Utilizing sewage sludge management for energy 

generation offers a safe disposal method [41]. 

The direct combustion of biomass is often considered 

suboptimal for energy production due to its potential 

environmental impact and inefficiency in fully 

harnessing the energy stored in organic molecules 

[42]. To overcome these challenges associated with 

direct combustion, extensive research has been 

directed towards converting biomass, including 

sewage sludge, into various forms of biofuels that can 

exist in solid, liquid, and gaseous states [43]. 

Several technologies have been developed for biofuel 

production, categorized into two primary pathways: 

thermochemical and biochemical [44,45]. (Fig. 1) 

 illustrates the biochemical and thermochemical 

pathways employed in converting biomass into 

biofuels. Thermochemical pathways involve the use 

of heat sources and controlled oxygen atmospheres to 

facilitate transformation processes, ensuring planned 

outcomes. In contrast, biochemical pathways rely on 

biological technologies, such as fermentation, where 

enzymes play a pivotal role in selectively processing 

carbohydrate materials within biomass to produce 

liquid and gaseous biofuels through microbial systems 

[46]. 

 
Figure 1. Thermochemical and biochemical pathways 

of biomass conversion to biofuels (Adapted: Sikarwar 

et al 2017). 

 

Below is a simplified presentation of some examples 

of types of biofuel extracted from sewage sludge as an 

example of biomass: 

4.1 Biodiesel Production from Sewage Sludge 

Biodiesel serves as a renewable energy alternative to 

fossil-derived diesel oil, requiring no modifications 

for direct use in diesel engines [47]. It has advantages 

over petroleum diesel, including a higher flash point, 

lower viscosity, enhanced lubrication, and greater 

biodegradability [48]. Moreover, biodiesel 

significantly reduces carbon emissions and produces 

fewer air-polluting particulates, while its low toxicity 

ensures safer storage and handling, aligning with 

environmental regulations [49]. 

Chemically, biodiesel comprises alkyl esters of fatty 

acids, such as Fatty Acid Methyl Esters (FAMEs), 

produced through the transesterification reaction of 

fatty acids, triglycerides, or alcohol in the presence of 

base and/or acid catalysts [50]. However, 

conventional transesterification using homogeneous 

base catalysts like KOH or NaOH becomes inefficient 

due to the presence of large amounts of free fatty 

acids, leading to catalyst consumption and 

saponification issues [51]. As an alternative, strong 

acid catalysts have been employed to mitigate these 

challenges by reducing free fatty acid content and 

enhancing transesterification efficiency, enabling 

biodiesel production from low-quality feedstocks 

with high free fatty acid content [52]. 

4.2 Bioethanol Production from Sewage Sludge 

Bioethanol, derived from biomass, represents another 

renewable energy source produced from both simple 

and complex sugars through various biochemical 

reactions facilitated by microorganisms [53,54]. 

Sewage sludge, containing lignocellulosic materials 

like cellulose, hemicellulose, and lignin, serves as a 

viable feedstock for bioethanol production through a 

sequence of physical and biochemical processes 

including hydrolysis, fermentation, and distillation 

[55,56]. 

Microorganisms, acting as biocatalysts, play a pivotal 

role in bioethanol production, enhancing reaction 

efficiency and minimizing waste in raw material 

utilization [57]. Various microorganisms such as 

Saccharomyces cerevisiae, S. diastatitus, 

Kluyveromyces marxianus, and others have been 

utilized for their ability to produce bioethanol 

effectively, with Saccharomyces cerevisiae being the 

most widely employed due to its efficiency [58]. 

Additionally, the use of wheat grains, a staple food 

source, has gained traction in ethanol production by 

converting starch into ethanol through fermentation, 

with approximately 374 liters of ethanol produced per 

ton of wheat grains [59,60]. This approach aims to 

minimize pressure on food sources for energy 

production, aligning with the principles of the circular 

economy. 

Furthermore, sewage sludge from the edible oil 
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industry presents an opportunity for renewable energy 

production. Instead of landfilling sewage sludge 

resulting from oil crop seed treatment, maximizing its 

utilization as a raw material in energy production is 

essential to mitigate environmental pollution [61]. 

Maximizing the utilization of oil wastewater sludge 

(OWS), bioethanol can be produced from oil extracted 

from OWS, obtained from the production and refining 

of edible oil, utilizing ethanol and n-hexane as 

solvents. This process yields residues after extraction 

(RAE), which serve as the substrate for bioethanol 

production through a series of treatments (hydrolysis, 

fermentation, and distillation), resulting in the 

efficient extraction of bioethanol [60]. This approach 

enables the production of two types of biofuels from 

a single raw material, enhancing resource efficiency 

and sustainability. 

4.3 Biogas Production From Sewage Sludge 

The production of gaseous fuels like hydrogen and 

methane from biomass stands as a crucial research 

focus in the realm of environmentally friendly 

renewable energy, with biogas production offering 

numerous advantages [62]. 

According to Chandra et al. (2012) [8], gaseous 

biofuels boast the following characteristics: 

1. They are derived from renewable resources. 

2. They emit significantly lower levels of 

greenhouse gases (GHGs) compared to natural 

gas. 

3. Production occurs locally without dependence on 

external supplies, unlike natural gas. 

4. They represent an effective method for managing 

solid waste of biological origin. 

Annually, the global production of biomass reaches 

approximately 220 billion dry tons (Hall and Rosillo-

Calle, 1998). A portion of this biomass contributes to 

energy production, with various forms of solid waste 

of biological origin, such as wood waste (64%), 

municipal solid waste (sewage sludge) (24%), 

agricultural waste (5%), and landfill gas (5%) [8]. 

 

Table 2: Comparison of gaseous emissions of selected 

fuels (modified from [8]). 

 

Amount 

g/kg 

NOx HC CO2 CO PM 

Diesel  9.73 0.40 1053 0.20 0.100 

Natural gas 1.10 0.60 524 0.40 0.022 

Biogas 5.44 0.35 223 0.08 0.015 

 

Direct combustion of biomass leads to the emission of 

greenhouse gases, with approximately 1599 kg of 

CO2, 111.3 kg of CO, 92 kg of CH4, 5.6 kg of HC, 

and 4.8 kg of PM emitted per ton of biomass [63]. 

Methane emissions resulting from the natural 

decomposition of biomass are a significant concern 

due to their potency as a greenhouse gas. The IPCC 

highlighted in 2001 that methane's global warming 

potential over a century is 23 times greater than that 

of CO2 emissions (Table 2). Biogas emissions 

generally exhibit lower levels of gases responsible for 

global warming compared to other fuel sources, 

except for nitrogen oxides, where biogas emissions 

are approximately 4.9 times higher compared to 

natural gas emissions [64]. 

5. Conclusion 

With the ever-increasing demand for energy and the 

finite nature of traditional energy resources, such as 

oil, there's a pressing need to explore alternative, 

environmentally friendly, and sustainable energy 

sources. This has led to a shift towards renewable 

energy production from sources like solar and wind 

power. 

Biomass stands out as a promising candidate for 

energy production due to its versatility and 

renewability. Derived from organic materials, 

biomass can be utilized in solid, liquid, and gaseous 

forms, closely resembling natural gas, petroleum, and 

their derivatives in nature and consumption methods. 

Sewage sludge, a type of biomass, is particularly 

noteworthy for its high organic content, making it rich 

in energy potential. 

Despite its energy potential, sewage sludge poses 

environmental and health risks due to the presence of 

organic and inorganic pollutants, as well as its role as 

a habitat for pathogens, insects, and harmful animals. 

Effective disposal of sewage sludge is imperative to 

minimize its adverse effects on health and the 

environment. 

Biochemical and thermochemical conversion 

processes offer viable pathways for the safe disposal 

of sewage sludge while simultaneously maximizing 

its economic value. These processes can transform 

sewage sludge into alternative fuels, reducing reliance 

on finite fossil fuels and alleviating pressure on these 

non-renewable resources. 

By shifting the perspective on sewage sludge from a 

nuisance to a valuable resource, we can explore its 

potential as a sustainable energy source. This involves 

rethinking traditional disposal methods like 

landfilling or agricultural use, which can lead to 

environmental pollution. Embracing sewage sludge as 

an unconventional energy resource holds the key to 

achieving sustainable energy production while 

addressing environmental concerns. 
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