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Abstract

Anaerobic digestion (AD) is a biological process carried out by 
microorganisms that convert organic matter into microbial biomass and 
biogas, primarily composed of methane and carbon dioxide. AD is increasingly 
being implemented on farms for renewable energy production. For AD to be 
energetically viable, the energy generated from the biologically produced 
methane must exceed the energy spent for its production. The energy spent 
for the production of methane is related to the transport of biomass to the 
anaerobic digester, together with stirring and heating the bioreactor. The latter 
are influenced by the size and volume of the reactor.

To facilitate the energetic assessment of various AD operations, publicly 
available data was utilized to develop an ExcelTM model. This model takes into 
account associated operations, such as biomass collection and transportation 
to the AD reactor. The model was used to determine the energetic break-even 
point for bio-methane generation. A feed mixture of 60% energy crops and 
40% cow dung, with energy crops represented by sugarcane, was used for all 
simulations at different tonnages of feed per year. 

Across eighteen simulations, the model demonstrated an average annual 
energy productivity of 2.42 × 106 Wh/ton of volatile solids (VS). Notably, for all 
digester volumes exceeding 75 m³, the AD process was energetically efficient, 
producing more energy than required for its operation. The overall economic 
viability of an AD operation is highly dependent on local and national financial 
incentives and was not modelled. 

This tool enables the identification of optimal conditions concerning size and 
location for any AD operation, thereby enhancing its efficiency and profitability.
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Legend: A ratio of 1.5 exists between reactor volume and biomass quantity (reactor volume = 1.5 biomass quantity). Digester image is from: 
https://www.bioenergie-promotion.fr/59547/membrane-systems-propose-la-protection-en-tissu-boucle-pour-beton-de-digesteur/.
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Abbreviations
AD: Anaerobic Digestion; VS: Volatile Solids; VFA: Volatile Fatty 
Acids; CH4: Methane; CO2: Carbon Dioxide; H2: Hydrogen; H2S: 
Hydrogen Sulfide; CSTR: Continuous Stirred Tank Reactor; IEA: 
International Energy Agency; ADEME: French Agency for the 
Environment and Energy Management; TS: Total Solids; Wh: Watt-
hour; TVS: Total Volatile Solids; OLR: Organic Loading Rate; CM: 
Cow Manure; SL: Sugarcane Leaves; SS: Sewage Sludge

Introduction
Due to the oxidizing conditions on Earth, all organic matter on 

this planet is ultimately converted to biomass, CO2 and water. AD 
produces microbial biomass, a nutrient-rich solid residue that can 
be used as a fertilizer, a liquid digestate and biogas, rich in methane. 
AD provides a shunt through which energy can be obtained from 
part of the organic matter on its way to being oxidized completely to 
CO2 and water. The methane can be used for combustion locally or 
injected into the national gas grid. AD produces bioenergy, which is 
energy derived from any fuel that originated from biomass and not 
from fossil sources. This contrasts with fossil energy which is a generic 
term for non-renewable energy sources such as  coal, natural and 
derived gas, crude oil, petroleum products and non-renewable wastes. 
The problem with using fossil fuels is that their use effectively puts 
fossilised CO2 into the atmosphere exacerbating the greenhouse effect 
and global warming. The French Agency for the Environment and 
Energy Management (ADEME) has listed more than 1175 anaerobic 
digestion units in France in 2022 [1] and approximatively 3385 in 
2023 [2]. Four scenarios have been established to reduce energy 
consumption as well as CO2 emissions (decarbonation) by 2030 
and 2050. The first scenario is the one generating the lowest energy 
demand of 1.39×1015 Wh by 2030 [3] for France. A Wh is the amount 
of electricity produced at a certain voltage (V) with a certain current 

(A) per hour (V*A*h). According to the International Energy Agency 
(IEA), fossil fuels (natural gas, oil, and coal) accounted for up to 68% 
of the world's primary energy supply in 2020 [4]. Renewable energy 
sources only contributed a mere 31%, therefore, a large fraction of the 
global energy demand is still satisfied with fossil fuels. Comparatively, 
fossil fuels accounted for up to 79% of the world's energy supply 
while renewable energy sources represented 21% in 2007. The change 
towards using renewable energy is slow but in the right direction.

On a world basis, the IEA estimated that between 2007 and 2030, 
fossil fuels will remain the most dominant energy source worldwide, 
representing less than 77% of the total energy needs. In 2020, fossil 
fuels signified 78% of total energy production. This slight decrease 
in fossil fuels’ share between 2020 and the estimated one in 2023 
is compensated by the increase in the renewable energy share. In 
conclusion, renewable energy is becoming increasingly important 
among energy sources. The total energy needs are estimated at 
1.09×1017 Wh and 9.55×1016 Wh for 2030 and 2050 respectively 
[5]. The IEA targets total energy productions of 1.51×1017 Wh and 
1.50×1017 Wh for 2030 and 2050 respectively. The energy requirement 
must be met by renewables energies.  In short, the global contribution 
of renewable is set to increase in the coming years. 

AD is a widely used renewable energy source (Figure 1). In 2020, 
Europe relied heavily on AD with a total reported methane production of 
2.09×1014 Wh, as opposed to 1.62×1014 Wh for the rest of the world [6]. 
Energy consumption increases yearly as does biogas production and new 
anaerobic digestion units are built with a significant financial investment 
[7]. There are not enough energy and economic studies related to the 
process although the economics of methane production depend heavily 
on local taxation and incentives. This brings us to an essential question: is 
anaerobic digestion energy -efficient and -economical? To illustrate the 
energetic potential of anaerobic digestion, various simulations were 
compared at different scales.

Figure 1: Biologically Sourced Biomass conversion processes.

https://infos.ademe.fr/magazine-fevrier-2022/faits-et-chiffres/les-chiffres-cles-de-la-methanisation/
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An overview of the processing efficiency of various quantities of 
biomasses (cow dung and energy crops) is provided. The study presented 

here addresses the energetic viability of AD in general considering different 
operational models (Figure 2)

Figure 2: Summary of article’s content.

Figure 3: Anaerobic digestion process.

AD (Figure 3) is a complex process with four major biochemical 
decomposition steps: hydrolysis, acidogenesis, acetogenesis 
and  methanogenesis. Each step is performed by specific microbial 
consortia going from fermentative bacteria to strict anaerobic archaea. 
During hydrolysis, a microbial biomass is formed, and fermentative 
bacteria catalyse the degradation of complex organic matter including 
carbohydrates, proteins, and lipids into soluble and biodegradable 

organic monomers such as amino acids, long chain fatty acids, and 
alcohols. The polymers are converted to separate easily digestible 
monomers. Hydrolysis is highly dependent on the nature of the 
biomass and all the macromolecules within the biomass may not be 
hydrolysed at the same rate resulting in the gradual release of certain 
monomers before others.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methanogenesis
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Acidogenic bacteria convert monomers into volatile organic acids 
(VFA), CO2 and H2 and then the VFAs are further converted into 
acetic acid by acetogenic bacteria.  Finally, during methanogenesis 
organic compounds are broken down by anaerobic archaea to a 
gaseous mixture (CH4, CO2, H2S) called biogas with CH4 and CO2 as 
principal components.

The process is polyphasic with solid substrate and 
microorganisms, liquid digestate and a gaseous phase composed of 
biogas (Figure 3).

(Equation 1) 

The Buswell [8] equation (Equation 1) describes the overall equation 
for Anaerobic digestion. The variables are defined as follows:

•	 n: number of carbon (C) atoms

•	 a: number of hydrogen (H) atoms

•	 b: number of oxygen (O) atoms

•	 x: number of nitrogen (N) atoms

•	 y: number of sulfur (S) atoms

Materials and Methods
Model Parameters

General considerations: The main parameters considered when 
designing the energetic viability of AD operation are:

•	 Energetic viability was defined as a positive energy balance where 
the energy produced is higher than the energy used to produce it.

•	 The main input into the model was the amount of biomass treated 
per year.

•	 Operational costs of AD, including the energy used to transport 
the substrate to the AD.  This is referred to as the substrate capture 
area.  As the scale of AD increases, its efficiency increases but also 
more biomass is required to feed the digestor.  This incurs an 
energy transport cost 

•	 The energy used for the operation of the AD such as pumping 
and mixing and notably heating the bioreactor.  Additionally, 
regulatory restriction requires the disinfection of certain 
substrates of animal origin.  Heating costs decrease relatively as 
the reactor volume increases due to favourable surface to volume, 
reducing heat losses.

•	 The following assumptions were made:

•	 Cow dung contains the right microbial mix to function as a base 
(inoculum) for AD. 

•	 Highly lignified substrates are not easily digested and lignin itself 
cannot be digested anaerobically [9].

•	 Biogas consists of all the gases produced by AD; mainly CO2 and 
CH4.

•	 The land productivity for energy crops was fixed at 1.6 ton.ha-1.
year-1.

•	 The height of the digestor was kept constant at 8 m and any 
increases in the volume of the digestor was achieved by an 
increase in the radius.

•	 The operational temperature was 40 °C in a CSTR.

•	 Organic loading rate was constant at 2 kgVS.m-3.day-1.

•	 Methane productivity was calculated using the Buswell model [8].

•	 Biogas was assumed to contain 60% CH4 (v/v) 

•	 Electrical (38%) and thermal (52%) efficiency for combusting 
methane. The losses were always kept constant at 10%.

•	 The calorific value of methane was 9.94 kW.h.m-3.

•	 The substrate was composed of sugar cane and cow manure at 
similar ratios for each simulation.

•	 Methane yields for the substrate were specified (Table 1).

Table 1: Reported methane yields for sugarcane leaves and cow manure.

Substrate (s) Methane yield (m3/ton VS/
day)

Reference 

Cow manure 6.60 Shen et al. [10]
Sugarcane leaves 1.38

Sinbuathong et al. [11]
Sugarcane leaves and cow 
manure (0.80: 0.20)

2.37

Sugarcane leaves and cow 
manure (0.65: 0.35)

3.89

Sugarcane leaves and cow 
manure (0.50: 0.50)

4.31

Sugarcane leaves and cow 
manure (0.35: 0.65)

3.76

Table 2: Impact of chosen substrates on the model.

Model parameter Range Impact on the model
Substrate Cow manure

Sugarcane biomass 
• Cow manure is highly 

digestible and available on 
farms, but it is high in N.

• Sugarcane leaves have a high 
volatile solids content and 
biomethane potential being 
high in C.

Operating 
Temperature

Psychrophilic (10-30 °C)
Mesophilic (30-50 °C)
Thermophilic (50-80 °C)

• High impact on the operating 
costs and productivity

• High temperature may be 
required by legislation.

Substrate harvest 
radius

(307 – 11,197 m) • High impact on the energy 
consumed for substrates 
harvesting.

Operating volume (75 – 10,0000 m3) • Changed in accordance 
with the substrate volume to 
consider the increased volume 
of biomass to be treated.

SL and CM both contain high contents of total solids, therefore, 
their co-digestion with a high carbon substrate is an attractive way 
to produce biogas. Previous studies focused on methane production 
from SL and CM using AD systems [10-12]. So far, studies evaluation 
of methane production models from SL and CM at various digester’s 
volumes are rare.

Simulated operating mode: The impact of model parameters on 
the simulations was considered (Table 2). 

Results and Discussion   
Using the developed model, eighteen scenarios with differing 

bioreactor volumes were simulated (Table 3).  The aim was to see 
whether more energy was produced through methane production 
than it was used for the AD process.
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Energy Balance 

The anaerobic digestion simulations showed distinct trends in 
energy production, reactor volume, and biomass harvest logistics. 
These trends established the potential for increasing energy output 
while illustrating the challenges that accompany the scaling up of 
biomass input and reactor size.

The energy produced across the simulations follows a clear 
upward trend as reactor volume and biomass input increase. For 
instance, Simulation 1, with a biomass input of 50 tons/year, resulted 
in energy production of 2.56×10⁸ Wh and consumption of 3.11×10⁸ 
Wh, leading to a net energy deficit with an ΔE of 0.82. This indicates 
that smaller reactors, particularly those with biomass inputs below 
100 tons per year, may not be energy-efficient unless improvements 
are made in operational efficiency, substrates used or if they are in 
special circumstances where the biomass is collected for other reasons 
than specific AD. The energy deficit seen in Simulation 1 highlights 
the limitations of very small-scale reactors, which may struggle to 
reach energy self-sufficiency due to insufficient methane generation. 
As reactor size increases, energy efficiency improves. Simulation 
2 (100 tons/year) produced 5.10×10⁸ Wh of energy, consuming 
4.60×10⁸ Wh, resulting in a positive net energy gain of 5.00×10⁷ Wh 
and a ΔE of 1.11, represents the energetic break-even point. This 
simulation represents the threshold at which the anaerobic digestion 
process becomes energy positive. Significant improvements are 

seen from Simulation 3 onwards, where biomass inputs range from 
166 tons/year to 225 tons/year. For example, Simulation 3 produced 
8.49×10⁸ Wh, while consuming 6.15×10⁸ Wh, resulting in a ΔE of 
1.38. Similarly, Simulation 4 results in a ΔE of 1.48. At this point, it 
becomes clear that reactors handling over 150 tons/year of biomass 
can achieve greater energy surpluses, showing the benefits of scaling 
up. The highest levels of energy efficiency are achieved in Simulations 
7 to 12, where the biomass input exceeds 10,000 tons/year. These 
results demonstrate that reactors processing large amounts of biomass 
can achieve significant energy outputs.  Beyond these volumes, the 
anaerobic digestion begins to lose its energetic efficiency.

The reactor volumes used in the simulations increase with 
biomass input, ranging from 75 m³ in Simulation 1 to 100,000 m³ in 
Simulation 18. A larger reactor allows for greater biomass digestion, 
which correlates with the increased energy production seen in the 
later simulations. Increased reactor size comes at the expense of 
biomass-feed harvest and transport radii, which pose logistical 
challenges. The harvest radius is defined by the area needed to collect 
biomass, and as this distance grows, the cost and complexity of 
transport increases. Stirring costs increase with larger volumes but 
heat losses are decreased due to the increased surface to volume ratio 
of the bioreactor.

The energy efficiency of each simulation is represented by ΔE, 
which compares energy produced to energy consumed. ΔE values 

Table 3: The input and output parameters for each scenario.

Legend: The biomass composed of CM/SL used in this study was assumed to contain 91% VS per unit biomass in weight. 

The ratio indicates the energy produced over the the energy consumed. The following code color is adopted: 

Red: Low input and energy production. Yellow: Medium input and energy production. Green: High input and energy production. Grey: High input and unchanged energy 

production (a plateau is reached).



Austin J Biotechnol Bioeng 12(1): id1139 (2025)  - Page - 06

Taidi B Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

below 1, such as in Simulation 1 (0.82), indicate energy deficits, while 
values above 1, as seen in Simulation 2 and beyond, represent energy 
surpluses. The trend of increasing ΔE with larger biomass inputs and 
reactor volumes shows that scaling up leads to more favorable energy 
balances up to reactor volumes of 20,000 m3.

Annual methane yield for the simulations was 407 m3 of 
methane/t of VS. Annual methane yields for anaerobic digestion units 
as mentioned in literature are reported to vary between 16.43 m3 and 
390.08 m3 of methane/t of VS [13-16]. The scientific studies dealing 
with the energetic analysis of on-farm anaerobic digestion are sparse, 
particularly with the specific substrates used in this study, namely 
CD and SL. Consequently, there are only a few sources available for 
comparison [17].

As biomass input increases, both annual methane yield and 
annual energy production.  In smaller systems like Simulation 1 
(50 tons/year of biomass), energy production is approximately 0.82 
MWh/ton VS. In contrast, larger systems such as Simulation 18 
(66,534 tons/year) exhibit energy production of about 3.35 MWh/
ton VS. This trend demonstrates that larger-scale anaerobic digestion 
systems are considerably more efficient in generating energy per ton 
of volatile solids (VS) but this efficiency decreases slightly with larger 
biomass harvest volumes.  This pattern is consistent with findings 
in the literature that larger-scale anaerobic digesters, due to their 
increased reactor volume and more efficient handling of biomass, 
exhibit enhanced energy outputs [18].

The results show a consistent methane specific yield coefficient of 
407 m³/ton VS across all 18 simulations, despite variations in reactor 
size. This fixed methane yield suggests that while reactor scales do 
not influence the methane-specific yield directly, it significantly 
affects the overall energy production and system efficiency. Larger 
reactors (Simulations 7–18) still achieve higher energy outputs, with 
Simulation 18 producing up to 3.35 MWh/ton VS due to the increased 
biomass input and larger reactor volumes, leading to better system 

performance.  This observation may be as a result of the reduced heat 
loss in larger bioreactors, only partly compensated by the increased 
cost of stirring the larger anaerobic digesters.

Carpentier et al and Kang et al [17, 18] reported methane yields 
ranging from 500–600 m³/ton VS for solid waste and food waste 
digesters, the fixed yield of 407 m³/ton VS in close agreement with the 
results of our model. This difference could be due to the composition 
of the feedstock or system configurations. For instance, food waste 
digesters are known for their high degradability, leading to higher 
methane yields, as confirmed by Elbeshbishy et al [19]. The results 
in the present study align closely with those found by Demirel and 
Scherer [20] where sugar beet digestion produced methane yields in 
a similar range (methane yields ranging from 380 to 450 m³/ton VS).

The larger simulations show improved efficiency, much like the 
findings from Holohan et al [21], where larger systems processing 
5,000 to 50,000 tons per year achieved up to 70% energy recovery (4.0 
to 5.0 MWh/ton VS), despite similar methane yields of 400–500 m³/
ton VS.

In conclusion, while the methane yield remains fixed at 407 m³/
ton VS, larger-scale systems still outperform smaller ones in terms 
of energy production due to larger biomass volume reaffirming the 
advantages of scaling up anaerobic digestion systems for enhanced 
energy recovery.

Optimal Digester Volumes for Anaerobic Digestion 
Systems

The simulations enabled the calculation of energy gain/loss (ΔE) 
for different digester volumes. Figure 4A illustrates the relationship 
between digester volume and energy efficiency. As digester volume 
increases, the net energy gain (ΔE) first rises, reaching a peak at a 
volume of approximately 10,000-20,000 m³, where the ΔE is around 
1.77 MWh/tonVS. Beyond this volume, the net energy gain begins 
to decrease slowly, stabilizing at larger digester sizes. The inset in the 

Figure 4: Digester	volumes	for	which	anaerobic	digestion	is	energy	efficient.
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figure confirms that systems larger than 10,000 m³ maintain relatively 
consistent energy efficiency, but no further improvements in energy 
recovered are observed with higher volumes.

Figure 4B shows the distribution of digester volumes used 
in anaerobic digestion systems on farms in France in 2023. The 
histogram reveals that 40% of the digesters operate within the volume 
range of 10,000 to 20,000 m³, with a peak around 13,000 m³. This 
aligns closely with the point of optimal energy efficiency identified 
in the simulations. There are fewer digesters below 5,000 m³ and 
beyond 30,000 m³, indicating a preference for mid-range digester 
sizes in current applications.  The authors consider this as validation 
of the model reported here in this article. This aligns with findings 
by Holohan et al [21] and Demirel and Scherer [20] which also 
demonstrate that mid-sized digesters maximize methane production 
while minimizing operational energy use. Larger systems, though 
capable of processing more biomass, face diminishing returns due to 
increased energy consumption for heating, mixing, and transport, as 
previously noted by Gerber and Span [22]. Again, validation of the 
model reported here.

The distribution of digester sizes in France further supports the 
adoption of this optimal volume range, reflecting similar patterns 
in other agricultural regions where energy recovery and efficiency 
are prioritized [17,23]. Systems below 5,000 m³ are less efficient, 
reinforcing the need for scaling up operations for better energy 
output. This suggests that for best energy gain across the country, 
anaerobic digesters of between 6,653-13,307 tons/year with a harvest 
radius of between 3.541-5.008 km should be operated.

Our simulation demonstrated an optimal digester volume ranging 
from 10,000 to 20,000 m³. It is preferable to have several digesters of 
20,000 m³ each rather than a single digester of 240,000 m³ (Figure 
5). In smaller reactors, there is a better homogeneity of internal 
conditions (temperature, mixing, heat transfer) as demonstrated in 
several studies [24-27]. Multiple digesters can be organized within a 
fixed total volume, emphasizing efficient space utilization in a digester 
system design. Levenspiel [24] shows that a single CSTR requires 
a larger volume compared to when multiple CSTRs are arranged, 
the total required volume decreases, thus improving efficiency 
and allowing for space savings. Suresh et al [25] have shown that 
segmenting the total volume into multiple independent units helps 
maintain more stable and homogeneous conditions within each 
reactor. Massanet-Nicolau et al [26] observed that separating the 
total volume into multiple units reduces the system’s sensitivity to 
environmental fluctuations and operational disturbances: in the event 
of a problem with one digester, the others can continue to function 
without interrupting the entire process. Xinyi Zheng and Ruying 
Li [27], who noted that smaller reactors offer better control over 
anaerobic digestion processes, particularly in terms of controlling 
critical parameters such as pH and temperature.

Summary 

Focusing on digester volumes between 10,000 and 20,000 m³ is 
key to enhancing energy efficiency in biogas production, as supported 
by both simulation and real-world data.

To improve efficiency, save space, and have a robust system that 
can function despite perturbations, it is preferable to have several 
digesters of 20,000 m³ each rather than a single digester of 240,000 m³.

Figure 5: To optimise the methane production for a surface such as a region or a country, our conclusions suggest that it is better to cover the surface with many 
anaerobic digestors, all operating at their ideal energy efficiency, rather than big digesters with large harvest areas.  In reality the harvest area is not just related 
on the size of the area but on the type of terrain as well. A mountainous terrain will incur a bigger energy deepens for the harvest of the biomass.  Conversely, if 
the biomass has to be harvested for other reasons, such a animal feed, then then anaerobic digestors can be bigger.
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Conclusions  

This study evaluates the energetic viability of anaerobic digestion 
(AD) systems, focusing on a feedstock mixture of 60% sugarcane 
leaves and 40% cow dung. The sugarcane represents any energy crop. 
A series of simulations showed that AD can be energetically viable 
above a reactor capacity of 100 tons VS/year and particularly when 
reactor volumes are optimized between 10,000 and 20,000 m³, where 
energy recovery is maximized with a peak energy gain (ΔE) of 3.70 
MWh/h. Smaller reactors, especially those below 5,000 m³, tend to 
be inefficient due to higher energy demands for heating and mixing. 

In summary, the findings of this study provide important insights 
into the design and optimization of AD systems and how the size 
of anaerobic digesters could be optimized for maximum energy 
generation across the country. Scaling up digesters to volumes 
between 10,000 and 20,000 m³ can enhance energy efficiency, making 
AD a more sustainable and economically viable solution for biogas 
production. Future research should focus on operational parameters, 
feedstock composition, and system logistics (Feedstock collection and 
transportation, substrate handling and processing, heating, mixing, 
pumping and gas capture, post-digestion logistics) to further optimize 
energy recovery, particularly in large-scale systems.
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