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Abstract	

Anaerobic	digestion	(AD)	is	a	well‐established	biological	process	that	converts	organic	
waste	into	valuable	products,	including	biogas,	digestate,	and	nutrient‐rich	effluent.	This	
review	 summarizes	 the	 current	understanding	of	AD	products,	with	a	 focus	on	 their	
characteristics,	applications,	and	the	challenges	associated	with	their	utilization.	Biogas,	
primarily	 composed	 of	methane	 and	 carbon	 dioxide,	 serves	 as	 a	 renewable	 energy	
source,	while	digestate	and	liquid	effluent	can	be	used	as	soil	amendments	and	liquid	
fertilizers,	 respectively.	 However,	 the	 variability	 in	 substrate	 composition,	 process	
instability,	and	the	need	for	post‐treatment	of	digestate	remain	significant	challenges.	
This	review	also	highlights	recent	advances	in	pretreatment	and	co‐digestion	strategies	
to	 enhance	 product	 yield	 and	 quality,	 contributing	 to	 the	 circular	 economy	 and	
sustainable	waste	management.	
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1. Introduction	

Anaerobic digestion is a microbial process that decomposes organic matter in the absence of 
oxygen, producing biogas—a mixture of methane (CH₄), carbon dioxide (CO₂), and trace 
gases—and digestate, which includes both solid and liquid fractions. This process has gained 
significant attention as a sustainable technology for waste management and renewable energy 
production, particularly in the context of increasing energy demands and environmental 
concerns (Appels et al., 2011). The AD process involves four main stages: hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis, each mediated by specific microbial 
communities. The products of AD not only provide energy but also contribute to nutrient 
recycling and soil health, making AD a key technology in the transition to a circular economy. 
This review aims to provide a comprehensive overview of the main products of anaerobic 
digestion, their properties, applications, and the challenges in their production and utilization. 
Special emphasis is placed on recent developments in optimizing AD processes through 
pretreatment and co-digestion strategies. 



Scientific	Journal	of	Technology																																																																																																																									Volume	7	Issue	11,	2025	

ISSN:	2688‐8645																								

97 

2. Biogas:	Composition	and	Energy	Applications	

Biogas is the most valuable product of AD, typically containing 50–70% methane, 30–50% 
carbon dioxide, and small amounts of hydrogen sulfide, water vapor, and other trace gases. The 
methane content determines the energy value of biogas, which can be used directly for heating, 
electricity generation, or upgraded to biomethane for injection into natural gas grids or use as 
vehicle fuel (Weiland, 2010). 
The composition and yield of biogas depend on several factors, including substrate type, 
operating temperature, pH, and microbial community structure. For instance, lignocellulosic 
biomass such as corn stover requires pretreatment to enhance biodegradability and methane 
yield (Zheng et al., 2014). Co-digestion of carbon-rich substrates (e.g., crop residues) with 
nitrogen-rich materials (e.g., animal manure) can improve the carbon-to-nitrogen (C/N) ratio 
and buffer capacity, leading to more stable biogas production (Mata-Alvarez et al., 2014). 

3. Digestate:	Characteristics	and	Agricultural	Use	

Digestate is the residual material after AD, consisting of undegraded organic matter, microbial 
biomass, and inorganic compounds. It is typically separated into solid and liquid fractions. The 
solid fraction, often referred to as biosolids or fiber, can be used as a soil conditioner or 
composted to improve soil structure and water retention. The liquid fraction is rich in nitrogen, 
phosphorus, potassium, and other micronutrients, making it a valuable organic fertilizer. 
However, the quality of digestate is highly variable and depends on the feedstock and AD 
conditions. Concerns regarding heavy metals, pathogens, and organic pollutants must be 
addressed to ensure safe agricultural application. Thermal drying, composting, and further 
biological treatment are common methods to stabilize digestate and reduce potential 
environmental risks. 

4. Liquid	Effluent:	Nutrient	Recovery	and	Challenges	

The liquid effluent from AD contains high levels of ammonia nitrogen (TAN), volatile fatty acids 
(VFAs), and soluble organic matter. While these components can be beneficial as fertilizers, 
excessive ammonia and VFAs can inhibit methanogenesis and cause process instability (Chen 
et al., 2008). Strategies such as pH adjustment, dilution, or the use of adsorbents (e.g., biochar 
or zeolite) have been explored to mitigate inhibition and recover nutrients. 
Recent studies have also investigated the use of AD effluent in microalgae cultivation or as a 
substrate for further bioenergy production, adding value to this by-product and enhancing the 
overall sustainability of the AD process. 

5. Advances	in	Enhancing	AD	Products	

5.1. Pretreatment	Technologies	
Pretreatment of recalcitrant substrates like lignocellulosic biomass is essential to improve 
hydrolysis and methane yield. Physical (e.g., milling, ultrasound), chemical (e.g., alkaline, acid), 
and biological (e.g., enzymatic, microbial) methods have been widely studied. Alkaline 
pretreatment, especially using NaOH or NaOH-urea mixtures, has shown promise in disrupting 
lignin structure and increasing sugar release (Kim et al., 2016). 

5.2. Co‐digestion	
Co-digestion involves the simultaneous treatment of multiple organic wastes to balance 
nutrient content, improve buffer capacity, and enhance microbial diversity. For example, co-
digesting corn stover with cattle manure has been shown to increase methane production and 
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process stability by optimizing the C/N ratio and reducing ammonia inhibition (Wang et al., 
2022). 

5.3. Direct	Interspecies	Electron	Transfer	(DIET)	
Recent research has focused on enhancing methanogenesis through DIET, where electroactive 
bacteria directly transfer electrons to methanogens without the need for hydrogen or formate 
as intermediaries. Conductive materials such as biochar, magnetite, and carbon-based 
nanoparticles have been used to facilitate DIET, leading to higher methane production rates 
and improved process robustness (Liu et al., 2021). 

6. Challenges	and	Future	Perspectives	

Despite the benefits of AD, several challenges remain. Process instability due to substrate 
variability, inhibitor accumulation (e.g., ammonia, VFAs), and low methane yield from 
lignocellulosic feedstocks are major hurdles. Moreover, the economic viability of AD systems 
depends on scale, feedstock availability, and product marketability. 
Future research should focus on integrating AD with other bioenergy technologies (e.g., 
microbial fuel cells, thermochemical conversion), developing smart monitoring and control 
systems, and optimizing digestate valorization pathways. Policy support and public awareness 
are also crucial to promote the adoption of AD technology worldwide. 

7. Conclusion	

Anaerobic digestion offers a sustainable solution for organic waste management and renewable 
energy production. Its products—biogas, digestate, and liquid effluent—have multiple 
applications in energy and agriculture, contributing to resource recovery and environmental 
protection. Advances in pretreatment, co-digestion, and DIET-based strategies have 
significantly improved the efficiency and stability of AD processes. However, addressing the 
technical and economic challenges is essential to fully realize the potential of AD in the global 
bioeconomy. 
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