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Abstract 

The rapid growth of organic waste from agricultural, industrial, and municipal activities has raised serious 

environmental concerns. Anaerobic digestion (AD) and composting (COM) are two widely applied biological 

technologies developed to stabilize organic waste and recover valuable resources. This review compares their 

performance, products, environmental impacts, and operational challenges, and discusses the potential benefits 

of integrating both processes. AD degrades organic matter under anaerobic conditions into biogas and digestate, 

which can be used as an organic fertilizer due to its high nutrient content. COM is an aerobic self-heating process 

that transforms organic residues into stable compost suitable for soil improvement. Comparative data show that 

AD achieves higher degradation rates in shorter residence times, while COM produces a stable product with lower 

investment and operational complexity. Life cycle assessments indicate that COM has higher energy-related 

environmental burdens, whereas AD offers better energy recovery but requires higher capital costs and post-

treatment of digestate. The integration of AD and COM enables the complementary use of both processes, where 

AD contributes to methane generation and nutrient retention. At the same time, COM enhances pathogen 

inactivation and moisture reduction, thereby improving the overall efficiency and sustainability of organic waste 

management. 
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INTRODUCTION 

The rapid increase in organic waste generation from agricultural, industrial, and municipal 

sources has raised serious environmental concerns, including greenhouse gas (GHG) emissions, soil 

and water pollution, and nutrient losses. To address these challenges, biological waste treatment 

technologies have been widely developed to recover valuable resources while reducing 

environmental impacts. Among these technologies, anaerobic digestion (AD) and composting 

(COM) are two of the most commonly applied and well-established methods (Cucina, 2023; Li et al., 

2025; Sadh et al., 2018). 

AD is an oxygen-free process that breaks down organic matter into biogas and digestate, 

allowing simultaneous energy recovery and nutrient recycling. Meanwhile, COM is an aerobic and 

self-heating process that transforms organic residues into stable, nutrient-rich compost suitable for 

soil improvement (Sorino et al., 2024). Both processes are environmentally attractive and 

contribute to circular bioeconomy strategies by converting waste into valuable products (Subbarao 

et al., 2023; Wainaina et al., 2020). 

Despite their shared goal of organic waste stabilization, AD and COM differ significantly in 

terms of operating conditions, product characteristics, environmental performance, and economic 

feasibility (Eftaxias et al., 2024; Katada et al., 2021; Porterfield et al., 2023; Yaser et al., 2022). 

Understanding these differences is crucial for selecting the most suitable treatment technology or 

designing integrated systems that are tailored to specific needs. Therefore, this review compares 

the performance, products, environmental impacts, and practical challenges of AD and COM, and 
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discusses the potential benefits of integrating both processes to improve overall efficiency and 

sustainability. 

 

LITERATURE REVIEW 

Anaerobic Digestion and Composting 

AD involves breaking down complex organic materials without the existence of oxygen. 

Operating regimes include mesophilic (35-40 ℃) and thermophilic (55-60 ℃) digestion (Wardani 

et al., 2020). During AD, acidogenesis and acetogenesis are most active under slightly acidic 

conditions, typically around pH 6, where fermentative and acetogenic bacteria convert hydrolysis 

products into volatile fatty acids, hydrogen, and CO₂. In contrast, methanogenesis requires neutral 

conditions (pH 7–7.5), as methanogenic archaea are highly sensitive to acidic environments. 

Operating the system so that acidogenesis/acetogenesis occur at pH 6 and methanogenesis at pH 7 

is therefore a key strategy to enhance methane production (Wardani & Budhijanto, 2023). 

Under these optimized conditions, methanogenesis produces methane (CH₄) as the primary 

energy carrier in biogas, with CO₂ as the main co-product. Besides biogas, AD also generates 

digestate, a nutrient-rich by-product that can be used as organic fertilizer after quality assurance 

and, if necessary, post-treatment (Lamolinara et al., 2022). Digestate is recognized for its ability to 

recycle nitrogen, phosphorus, potassium, and organic carbon, thereby enhancing soil fertility and 

reducing the reliance on synthetic fertilizers (Reuland et al., 2021). This dual function, energy 

recovery via methane and nutrient recycling via digestate, positions AD as a core technology for 

advancing the circular bioeconomy (Bayu et al., 2022). 

COM is a self-heating biological treatment widely applied to organic waste, proceeding 

through three main phases: mesophilic, thermophilic, and maturation (Cucina et al., 2022). It 

provides a natural stabilization method, where microorganisms degrade organic matter and 

generate stable, nutrient-rich, and pathogen-free fertilizers. Throughout the process, 

microorganisms metabolize compounds such as polysaccharides and proteins, which increases the 

temperature of the COM mass and promotes the formation of humic substances (Zheng et al., 2022). 

The process relies on aerobic metabolism (with oxygen concentrations above 6% v/v) by 

diverse microbial communities that utilize organic waste as a source of carbon and energy. Their 

activity transforms the waste primarily into CO₂, water, stabilized compost, and heat. Achieving 

thermophilic conditions (temperatures above 55 ℃) during the active stage is essential for 

inactivating pathogens and weed seeds. The resulting compost is enriched with stable and 

recalcitrant organic compounds, making it a valuable soil conditioner. Typically, the process takes 

around 90 days and must be carefully managed under controlled parameters, including moisture 

content (50–60% on a weight basis), oxygen availability (>5–6% v/v), a C/N ratio less than 20:1, 

and appropriate temperature ranges (Cucina et al., 2022). 

 

Product of Anaerobic Digestion and Composting 

Both AD and COM have waste treatment as their primary purpose, but they also produce 

byproducts that may add additional value. As previously mentioned, AD degrades organic material 

into biogas and digestate as its products, while COM produces compost. Both digestate and compost 

can be used as organic fertilizer (Kakadellis et al., 2025; Liu et al., 2022; Wang et al., 2025).  

Several studies have found that mass degradation in AD is less significant than in COM 

(Cucina et al., 2022). The data shown in Table 1 indicate that, on a wet basis, the mass degradation 

in AD is significantly higher than in COM. This may be caused by no leachate production in AD. If we 

examine the dry basis, the mass degradation in AD is significantly higher than in COM, indicating 

that organic material degradation is actually higher in AD than in COM. This is linear to the value of 
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VS in digestate, which is 30% of the initial VS of the waste, which is much lower than the recovery 

of VS in the COM process (67%). 

Although the nutrient content in digestate is generally higher than that in compost, further 

processing, such as drying or fractionation, is required to comply with the EU 2019/1009 

regulation, which stipulates that an organic soil improver must contain at least 7.5% organic carbon 

(OC) and a minimum of 20% dry matter. The carbon present in digestate is considered more readily 

available for microbial uptake, as approximately 61% of it is found in the liquid phase, which 

contains higher concentrations of organic acids compared to the liquid after fermentation (LAF). 

Most of the phosphorus and carbon fibers are typically retained in the solid fraction of the digestate, 

providing both short-term and long-term carbon sources. This solid fraction constitutes only about 

11% of the digestate, the lowest among all treatments. However, it can still be separated and 

applied to soil as an amendment due to its relatively high carbon content, which is 46% higher than 

the total carbon content of compost, even without considering the carbon present in the liquid 

phase (Chavez-Rico et al., 2022). 

 

Table 1. Percentage of Some Parameters Mass Recovered in The Product Relative To Its Initial 

Amount in The Biomass  

No. Parameter Compost Digestate 

1 Mass in wet basis 37% 88% 

2 Mass in dry basis 80% 53% 

3 C 39% 64% 

4 N 53% 100% 

5 P 1% 100% 

6 VS 67% 30% 

7 Soluble C 16% 957% 

8 Soluble N 14% 517% 

9 Soluble P 18% 714% 

10 Ca 18% 124% 

11 K 29% 263% 

12 Mg 1% 74% 

Source: Chavez-Rico et al. (2022) 

 

Environmental Impacts 

A study by Estévez et al. (2023) benchmarked the environmental impact of AD and COM. 

Table 2 presents the relative environmental contributions of COM and AD across seven 

environmental impact categories. The contributions are further subdivided by their primary 

sources, namely energy use, chemical inputs, emissions, and others. 

For COM, energy use was the dominant contributor to most impact categories, particularly 

Freshwater Eutrophication (99%), Marine Eutrophication (94.5%), Land Use (99.5%), and Fossil 

Resource Scarcity (99.5%). Emissions also played a significant role in Global Warming Potential 

(99%) and Terrestrial Acidification (91%). In contrast, the contribution of chemicals remained 

minor (<3%) across all categories. 

For AD, energy contributed substantially to several categories, including Freshwater 

Eutrophication (16%), Marine Eutrophication (16%), Land Use (15.5%), and Fossil Resource 

Scarcity (16%). In comparison, emissions had a more significant influence on Global Warming 

Potential (0.4%) and Terrestrial Acidification (1.92%). Notably, water consumption under AD 

showed a more diverse distribution, with contributions from energy (8%), chemicals (8%), 

emissions (53%), and others (17.6%). Overall, COM showed a strong dominance of energy-related 
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impacts in almost all categories. In contrast, AD demonstrated a more balanced distribution among 

different sources, particularly showing higher shares from emissions and others in water 

consumption. 

 

Table 2. Relative Environmental Impact of Digestion to Several Environmental Aspect  

Aspect Energy Chemical Emission Others 
 C D C D C D C D 

Global 

Warming 

Potential 

1%    99% 0.4%  0.49% 

Terrestrial 

Acidification 
9% 1%  1.9% 91% 1.92%   

Fresh Water 

Eutrophication 
99% 16%  1.6%  1.5%   

Marine 

Eutrophication 
94.5% 16%  1.2%  44.5%  5.5% 

Land Use 99.5% 15.5%  2.3%    0.5% 

Fossil 

Resource 

Scarcity 

99.5% 16%  31.4%    0.5% 

Water 

Consumption 
47% 8%     53% 17.6% 

C = composting; D = anaerobic 

Source: Estévez et al. (2023) 

 

RESEARCH METHOD 

This paper adopts a narrative review approach to synthesize and compare the performance 

of anaerobic digestion (AD) and composting (COM) in waste stabilization, resource recovery, and 

sustainability. Relevant literature was collected from major scientific databases, including Scopus, 

Web of Science, and ScienceDirect. The primary focus was on peer-reviewed journal articles 

published between 2018 and 2025, although earlier seminal works were also included to provide 

conceptual and historical context. 

Studies were included if they contained quantitative or qualitative data related to the 

performance, products, environmental impacts, or integration of AD and COM. The selected articles 

were systematically analyzed and categorized based on four key aspects: (i) process mechanisms 

and operating conditions, (ii) products and nutrient recovery, (iii) environmental impacts, and (iv) 

challenges and recommendations. Comparative data from various studies were summarized in a 

tabular form to highlight similarities, differences, and potential integration opportunities between 

AD and COM. 

 

FINDINGS AND DISCUSSION 

Several studies comparing AD and COM in processing various wastes are shown in Table 3. 

Table 3 compares the performance of COM, AD, and integrated AD-COM treatments in terms of 

operating conditions, types of waste treated, duration, degradation efficiency, and biogas 

production. 

Overall, AD showed higher degradation rates and biogas yields compared to COM under 

similar or shorter treatment periods. For example, cardboard-based wastes showed degradation 

levels of 76–92% under AD, accompanied by biogas production of 338–395 mL CH₄/g VS, while 
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COM under similar conditions achieved slightly lower degradation (83–88%) without producing 

biogas. In the case of thermoplastic cellulose acetate, COM achieved low degradation (17.7–18.9%) 

despite operating at high temperatures (45–78 ℃), whereas AD reached 36.8–50.3% degradation 

with measurable methane production (up to 115.27 mL CH₄). All of those degradation levels were 

achieved in AD, even at lower temperatures and shorter residence times than in COM. Those 

findings contradict the findings of Cucina (2023), who reported that the degradation of AD is lower 

than that of COM. 

Table 4 summarizes the main advantages (A) and disadvantages (D) of AD and COM, 

considering their product characteristics, area requirements, capital investment, operational 

aspects, and environmental and safety impacts (Lamolinara et al., 2022). In terms of products, AD 

generates both biomethane and digestate, offering an energy recovery benefit; however, it 

produces a large volume of digestate that requires post-treatment and may contain pathogens, 

despite being rich in nutrients. In contrast, COM produces only compost with a smaller volume and 

requires no pretreatment, but results in some nutrient losses (O’Connor et al., 2024). 

Since AD operates in closed reactors, it requires only a small area and minimizes odor 

emissions, leachate formation, and nutrient losses. However, the resulting digestate often needs 

post-treatment to remove pathogens, stabilize organic matter, and degrade organic contaminants 

(Martín-Sanz-Garrido et al., 2025). Regarding this aspect, it is important to note that well-optimized 

AD systems, particularly those running under thermophilic conditions with appropriate retention 

time and organic loading rates, can produce high-quality digestate that can be directly applied in 

agriculture to restore organic matter and supply plant nutrients (Hu & Shen, 2024; Pigoli et al., 

2021; Wardani et al., 2020; Zilio et al., 2021). 

Overall, AD offers advantages in energy recovery, space efficiency, and environmental safety, 

but it involves higher costs and operational complexity. In contrast, COM is more straightforward 

and less expensive, but less efficient in resource recovery, and poses higher environmental risks. 

The integrated AD–COM approach further improved overall degradation compared to either 

method alone. For instance, thermoplastic cellulose acetate with layered double hydroxide 

achieved 57.8% degradation under the combined process, which was higher than that of AD or COM 

alone (50.3% and 17.7%, respectively). The integration of AD and COM can be an optimal 

technology integration because an effective AD occurred when the C/N ratio was between 20 and 

30, while adequate COM maturation occurred when the C/N ratio fell below 20 (Wardani et al., 

2025; Chan et al., 2021; Suksong et al., 2020; Wardani et al., 2020). 

 

Table 3. Comparison of Composting (COM), Anaerobic Digestion (AD), and Integrated Anaerobic 

Digestion-Composting. Symbols: (-) “not applicable” for treatment type; (n/a) “data not available” 

Treatment Temperature Waste Duration Degradation 
Biogas 

Production 
References 

COM  50 ℃ (1st 30 

days) and 30 

℃ (2nd 30 

days) 

premium-

meadow hay 

and dog food 

60 days 20% - (Chavez-

Rico et al., 

2022)  

AD  30 ℃ 135 

days 

47% n/a 

COM 60 ℃ (55-70 

℃) 

cartonboard 

laminated 

with a PLA 

film 

12 

weeks 

88% - (Dolci et 

al., 2024)  

AD 55 ℃ 24 days 76% 338 (mL 

CH4/g VS) 
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COM 60 ℃ (55-70 

℃) 

corrugated 

cardboard 

(bleached) 

12 

weeks 

83% - 

AD 55 ℃ 21 days 92% 395 (mL 

CH4/g VS) 

COM  45-78 ℃ Thermoplastic 

cellulose 

acetate 

21 days 18.92% - (Gadaleta 

et al., 

2022, 

2023) 

AD  40 ℃ 14 days 36.82% 115.27 mL 

CH4 

AD (1st); 

COM (2nd) 

40 ℃; 45-78 

℃ 

35 days 39.49% n/a 

COM  45-78 ℃ thermoplastic 

cellulose 

acetate + 

layered 

double 

hydroxide 

21 days 17.71% - 

AD  40 ℃ 14 days 50.25% 93.82 mL 

CH4 

AD (1st); 

COM (2nd) 

40 ℃; 45-78 

℃ 

35 days 57.82% n/a 

 

Table 4. Advantages (A) and Disadvantages (D) of Anaerobic Digestion and Composting 

Aspect Anaerobic Digestion Composting 

Product  Produce biomethane and 

digestate (A) 

 Large volume of digestate 

(D) 

 Digestate needs post-

treatment (D) 

 Digestate has high nutrient 

(A) 

 Digestate may contain 

pathogens (D) 

 Produce only compost (D) 

 Small volume of compost (A) 

 Compost needs no 

pretreatment (A) 

 Nutrient loss (D) 

 Compost doesn’t contain 

pathogens (A) 

Area  Small area requirement (A)  Wide area requirements (D) 

Capital Investment  High Investment (D)  Low investment (A) 

Operational  Complex operation (D) 

 Need special skilled workers 

(D) 

 Simple operation (A) 

 Need workers with no special 

skill (A) 

Environmental and 

Safety 

 Reduce odour emission (A) 

 Release no GHG (A) 

 No leachate (A) 

 Odour emission (D) 

 Release GHG (D) 

 Leachate production (D) 

 

CONCLUSIONS  

AD offers several advantages over COM in terms of performance. It achieves a higher 

degradation rate and does not release greenhouse gases (GHGs). Regarding the digestate, AD 

preserves more nutrients, although it requires post-treatment to remove pathogens and reduce 

water content. Integrating AD with COM can be an efficient technological approach. Through AD, 

biomethane can be produced while nutrients are preserved, and subsequent COM can then remove 

pathogens and reduce the water content of the digestate, eliminating the need for separate post-

treatment. While this review primarily focuses on recent studies of commonly reported substrates 

and laboratory-to-pilot scale findings, a broader exploration of diverse feedstocks and full-scale 

implementation remains a promising direction for future research. 
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LIMITATIONS & FURTHER RESEARCH 

This narrative review synthesizes recent evidence but may underrepresent studies outside 

selected databases and uses that vary in keywords and reporting units, limiting strict cross-study 

comparability, such as wet vs. dry basis, versus basis, and differing OLR/HRT, inoculum, and 

temperatures. Environmental conclusions remain sensitive to LCA boundaries, allocation choices, 

and local energy mixes. At the same time, many performance data derive from lab pilot settings that 

may not fully capture the realities of scale-up, such as heat or mass transfer, odour, dewatering, and 

downtime. Regulatory nuances for digestate and compost quality, such as pathogens, ARGs, 

microplastics, and persistent organics, also vary by jurisdiction. Future work should prioritize 

standardized reporting checklists and PRISMA-guided meta-analyses, longitudinal full-scale 

monitoring with coupled TEA-LCA under policy scenarios, targeted risk and quality assessments, 

and design of experiments to optimize integrated AD and COM sequences for nutrient retention, 

emissions control, and operational robustness. 
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