Apex Energy

Volume 1 Issue 01, January 2026
P-ISSN: 0000-0000, E-ISSN: 0000-0000

Rethinking Anaerobic Digestion: A Mini Review of
Technological Progress from Conventional Systems to
Advanced High-Rate Digesters

Herlina Sukmawati!, Nanang Apriandi?’, Rani Raharjanti3

1 Center for Applied Energy and Thermofluid Studies (CAETS), Kemossasak Teknologi, Semarang 50279, Indonesia

2 Department of Mechanical Engineering, Politeknik Negeri Semarang, Semarang 50275, Indonesia
3 Department of Accounting, Politeknik Negeri Semarang, Semarang 50275, Indonesia

Corresponding Author E-mail: nanang.apriandi@polines.ac.id

Article Info

Abstract

Article info:
Received: 14-12-2025
Revised: 21-01-2026
Accepted: 28-01-2026

Keywords:
Anaerobic digestion;
Biogas technology;
Circular bioeconomy;
High-rate digesters;
Reactor design

How To Cite:

H. Sukmawati, N.
Apriandi, R. Raharjanti,
“Rethinking Anaerobic
Digestion: A Mini Review
of Technological Progress
from Conventional
Systems to Advanced
High-Rate Digesters”,
Apex Energy, vol. 1, no. 1,
p 49-67, 2026.

Anaerobic digestion (AD) is a key technology for renewable energy
generation and organic waste valorization, yet its performance is
strongly governed by reactor design, biomass retention mechanisms,
and operational strategy. This mini-review presents a focused
comparative synthesis of conventional and advanced AD
configurations to clarify how structural and operational interventions
shape process performance and suitability for application.
Conventional single-stage digesters (continuous stirred tank reactors,
plug flow reactors, and packed-bed reactors) are evaluated alongside
advanced systems, including two-stage digestion, thermophilic
digestion, and anaerobic membrane bioreactors. The analysis
integrates design principles with typical operating windows for
organic loading rate, hydraulic retention time, volumetric methane
productivity, methane content, and stability indicators. The review
shows that conventional digesters offer robustness, simplicity, and
economic accessibility but are inherently constrained by biomass
dilution and coupled solids-hydraulic retention times, limiting high-
rate operation. Advanced configurations achieve higher volumetric
methane productivity and improved tolerance to complex or
fluctuating  substrates  through  phase  separation,  kinetic
intensification, or enhanced biomass retention, albeit with increased
capital cost, energy demand, and operational complexity. By
synthesizing mechanistic trade-offs rather than ranking technologies,
this review provides a structured basis for technology selection and
highlights emerging research directions involving digital process
control, microbial community engineering, and hybrid reactor design
within circular bioeconomy frameworks.

Copyright (c) 2026 by Author(s), This work is licensed under a Creative
aerem Commons Attribution-ShareAlike 4.0 International License.
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Introduction

Anaerobic digestion (AD) has emerged as a key technology in the global transition toward
renewable and circular energy systems [1-3]. By converting diverse organic wastes, including
agricultural residues, livestock manure, food waste, and municipal sludge, into biogas and
nutrient-rich digestate, AD offers an integrated solution for renewable energy generation and
waste valorization [4-6]. As decarbonization targets intensify and reliance on fossil fuels
declines, AD has gained recognition as a flexible, scalable, and environmentally beneficial
technology. Nevertheless, despite its long-standing implementation, continued technological
improvements remain essential to enhance biogas productivity, process stability, and overall
resource efficiency under increasingly demanding operational conditions.

Conventional AD technologies, particularly those based on single-stage systems such as the
Continuous Stirred Tank Reactor (CSTR) [7][8], Plug Flow Reactor (PFR) [9][10], and Packed
Bed Reactor (PBR) [11][12], remain widely deployed due to their simplicity, robustness, and
proven operational reliability. These systems are well suited for a broad range of substrates
and operational environments; however, they also exhibit inherent limitations. Long hydraulic
retention times, limited microbial retention, dilution effects, and susceptibility to process
inhibition can constrain volumetric efficiency and biogas productivity, especially when
handling variable or high-strength feedstocks. Such limitations have become increasingly
apparent in modern waste-to-energy applications that demand compact reactor designs,
higher loading capacities, and stable performance under fluctuating conditions.

In response to these challenges, significant advances in anaerobic digester design have been
developed to intensify process performance and overcome the constraints of conventional
systems. Technologies such as two-stage digestion [13], thermophilic operation [14], and
membrane-integrated anaerobic bioreactors (AnMBR) [15] represent key pathways in this
technological evolution. By enhancing microbial specialization, increasing biomass retention,
decoupling solids and hydraulic retention times, or accelerating reaction kinetics, these
advanced configurations enable higher organic loading rates, shorter retention times, and
improved resilience to chemical or operational disturbances. At the same time, these
performance gains are accompanied by increased system complexity, higher capital and
operational costs, and the need for more sophisticated monitoring and control strategies,
underscoring the importance of careful technology selection.

A systematic understanding of the comparative advantages and limitations of conventional
and advanced AD technologies is therefore critical for informed decision-making. Differences
in reactor design, mixing strategies, microbial retention mechanisms, temperature regimes,
and separation processes fundamentally shape process efficiency, stability, and applicability
to specific waste streams. Comparative analysis provides a structured framework to identify
which technological solutions deliver genuine performance improvements under particular
operational contexts, and where trade-offs introduced by increased complexity may outweigh
potential benefits.

To avoid ambiguity regarding the term “advanced high-rate digesters” used in this review,
the scope and boundaries of the technologies discussed are explicitly defined. In this context,
high-rate anaerobic digestion is characterized by mechanistic and operational features that
lead to increased volumetric methane productivity, including enhanced biomass retention,
phase separation, decoupling of solids and hydraulic retention times, and intensified reaction
kinetics. Accordingly, this mini-review focuses on two-stage digestion, thermophilic digestion,
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and anaerobic membrane bioreactors as representative advanced configurations that are
particularly relevant for solid-rich and mixed organic waste streams commonly encountered
in agricultural, food, and decentralized waste-to-energy systems.

Classical granular sludge-based high-rate reactors, such as the up-flow anaerobic sludge
blanket (UASB), expanded granular sludge bed (EGSB), and internal circulation (IC) reactors,
are not covered in detail in this review. These reactor types have been extensively investigated
and synthesized in existing literature and are primarily applied to low- to medium-strength
liquid industrial wastewater, where granule formation and hydrodynamic conditions
dominate process performance. Their exclusion reflects a deliberate focus on reactor
configurations that address the emerging challenges associated with heterogeneous, solids-
containing, and variable feedstocks, thereby ensuring consistency between the manuscript
title, analytical focus, and technological scope.

Within these defined boundaries, this mini-review synthesizes current knowledge on the
technological evolution of anaerobic digestion by systematically comparing major
conventional digesters with selected advanced high-rate configurations. The analysis
emphasizes reactor design principles, operational modes, biogas production performance,
stability under varying loading and environmental conditions, and suitability for different
waste streams. Rather than offering an exhaustive catalog of AD technologies, the review aims
to provide a focused, critical synthesis of representative pathways that have shaped
contemporary AD development. Through this comparative perspective, the review highlights
how specific design and operational innovations contribute to measurable performance
improvements, elucidates the trade-offs associated with increased system complexity, and
identifies emerging research directions such as process intensification, microbial community
engineering, and digital monitoring that are expected to further enhance the reliability and
efficiency of future anaerobic digestion systems.

Overview of Anaerobic Digestion Technology

Anaerobic digestion (AD) is a microbial-driven process that converts organic matter into
biogas under oxygen-free conditions. The biodegradation pathway consists of a series of
interconnected  biological = phases—hydrolysis, acidogenesis, acetogenesis, and
methanogenesis, each governed by distinct microbial communities with specific metabolic
roles [16]. During hydrolysis, complex polymers such as carbohydrates, proteins, and lipids
are decomposed into simpler monomers. These products are subsequently fermented during
acidogenesis into volatile fatty acids (VFAs), alcohols, hydrogen, and carbon dioxide.
Acetogenic microorganisms further convert these intermediates into acetate, hydrogen, and
carbon dioxide, which are finally transformed into methane by methanogenic archaea. The
strong metabolic interdependence among these phases makes AD inherently sensitive to
operational disturbances, highlighting the importance of maintaining balanced process
conditions to ensure stable biogas production.

To enhance conceptual clarity, Figure 1 presents a process mapping diagram of anaerobic
digestion, illustrating the sequential biological phases from hydrolysis to methanogenesis.
The schematic highlights the fundamental difference between single-stage systems, in which
all reactions occur within a single reactor volume, and two-stage configurations, in which
hydrolysis-acidogenesis and methanogenesis are spatially separated. This visual
representation clarifies how phase separation enables independent control of operating
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conditions, mitigates inhibitory interactions, and supports higher loading rates in advanced
digestion systems.
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Figure 1. Conceptual process mapping of anaerobic digestion pathways.

The diagram illustrates the main biochemical stages of anaerobic digestion (hydrolysis, acidogenesis,
acetogenesis, and methanogenesis) and contrasts single-stage and two-stage configurations. In single-
stage systems, all reactions occur in a single reactor under uniform operating conditions, whereas in two-
stage systems, the acidogenic and methanogenic processes are spatially separated to improve stability
and performance under high organic loading.

The efficiency and long-term stability of AD systems are strongly influenced by several key
operational and environmental parameters [17]. Among these, the organic loading rate (OLR)
represents the amount of biodegradable substrate introduced per unit reactor volume and
time [18][19]. Excessive OLR may exceed the methanogens' metabolic capacity, leading to
VFA accumulation, pH decline, and process inhibition, whereas insufficient loading results
in underutilization of reactor capacity. Closely linked to OLR is the hydraulic retention time
(HRT), which determines the residence time of substrates and microorganisms within the
digester [20][21]. Short HRTs increase the risk of washing out slow-growing methanogenic
populations, while overly long HRTs reduce volumetric efficiency, underscoring the need for
an appropriate balance between the two.

Mixing and temperature regimes further shape reactor performance. Adequate mixing
promotes uniform distribution of substrates, microorganisms, and heat, while preventing
sedimentation and scum formation. Insufficient mixing may create localized inhibitory zones,
whereas excessive mixing can disrupt microbial aggregates. Temperature conditions,
commonly categorized as mesophilic or thermophilic, influence microbial community
structure and reaction kinetics. Mesophilic digestion is generally associated with higher
operational robustness, while thermophilic operation accelerates biodegradation rates but
narrows the stability window, requiring stricter process control to avoid inhibition.

Feedstock characteristics play an equally important role in determining AD performance.
Pretreatment methods, including mechanical, thermal, chemical, or biological approaches,
are often used to enhance hydrolysis efficiency, particularly for lignocellulosic or other
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recalcitrant materials. While pretreatment can improve substrate accessibility and methane
recovery, it may also introduce additional energy or chemical demands, necessitating careful
evaluation of overall process efficiency. The microbial community structure within the
digester reflects both feedstock composition and operating conditions, with syntrophic
interactions between acetogenic bacteria and methanogens being critical for maintaining
stable conversion pathways.

In evaluating AD performance, it is essential to distinguish between quantitative performance
metrics that capture different aspects of the process. Methane yield, typically expressed as
methane produced per unit of substrate added, reflects the biodegradability of the feedstock.
In contrast, volumetric methane productivity (VMP) normalizes methane production to
reactor volume and time, making it more relevant for assessing process intensification and
high-rate digestion. Improvements in biomass retention, phase separation, or solids-liquid
decoupling primarily enhance volumetric productivity rather than yield alone, making VMP
a key metric for comparing conventional and advanced reactor configurations.

Process stability is commonly assessed using quantitative or semi-quantitative indicators
related to the accumulation of inhibitory compounds. VFA accumulation is widely
recognized as an early signal of imbalance between acidogenic and methanogenic activity,
while ammonia, particularly in its free ammonia form, constitutes a major inhibitor in
nitrogen-rich substrates. Although absolute threshold concentrations vary with pH,
temperature, microbial adaptation, and reactor design, reporting typical operational ranges
provides a robust basis for comparative analysis. Accordingly, this review adopts
representative ranges for OLR, HRT, methane content, and volumetric methane productivity
synthesized from the cited literature, rather than single-point values, to enhance analytical
clarity while avoiding overgeneralization.

Conventional Digesters

To support comparison across reactor types, Figure 2 provides simplified schematic
representations of the main anaerobic digestion configurations discussed in this review,
including CSTR, PFR, packed-bed reactor, two-stage digester, thermophilic digester, and
anaerobic membrane bioreactor (AnMBR). The schematics emphasize reactor geometry,
substrate and biomass flow paths, and dominant microbial retention mechanisms. By
visualizing these structural differences, the figure helps explain how specific design features
translate into variations in loading capacity, volumetric productivity, and operational
stability.

Continuous Stirred Tank Reactor (CSTR)

The Continuous Stirred Tank Reactor (CSTR) is one of the most widely implemented anaerobic
digester designs due to its structural simplicity and ability to maintain homogeneous
conditions throughout the reactor volume. The system typically includes mechanical or gas-
driven mixing that ensures uniform distribution of temperature, substrates, and microbial
communities. Its continuous or semi-continuous feeding mode allows stable operational
routines and makes it appropriate for a broad range of organic wastes [22].

Operationally, the CSTR is characterized by relatively long hydraulic retention times, which
allow slow-growing methanogenic populations to remain within the system. This contributes
to stable performance even when the feedstock composition fluctuates. As a result, the CSTR
is commonly used in agricultural settings for manure digestion and in wastewater treatment
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plants for sludge processing. Its robust design allows it to accommodate a wide range of
substrate types and moisture contents, contributing to its long-standing adoption in both
centralized and decentralized biogas systems.

(b) Plug Flow Reactor (c) Packed-Bed Reactor (d) Two-Stage Digester
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Figure 2. Schematic overview of conventional and advanced anaerobic digestion reactor configurations.
Simplified schematics illustrating reactor configuration, substrate flow, and microbial retention
mechanisms for (a) continuous stirred tank reactor (CSTR), (b) plug flow reactor (PFR), (c) packed-bed
reactor, (d) two-stage digester, (e) thermophilic digester, and (f) anaerobic membrane bioreactor
(AnMBR). The diagrams highlight key differences in biomass retention, phase separation, and solids-
liquid decoupling between conventional and advanced systems.

The advantages of CSTRs lie in their ease of operation, adaptable design, and tolerance to
moderate changes in feedstock characteristics. These features make them suitable for
operators seeking operational stability over high-intensity performance. However, a well-
mixed environment can dilute the microbial population, reducing the concentration of active
biomass per unit volume. This dilution effect often leads to lower biogas productivity per unit
digester volume than in high-rate systems. Additionally, CSTRs generally require large tank
volumes and footprints, particularly when operated with long retention times, which may
limit their feasibility in space-constrained installations.

Typical operating conditions reported for mesophilic CSTR systems indicate organic loading
rates generally in the range of 1-4 kg (VS) m? d-, with hydraulic retention times commonly
between 20 and 40 days, depending on feedstock characteristics and mixing intensity. Under
these conditions, volumetric methane productivity is typically below 1.0 m3 (CH,) m-3 d-,
while methane content commonly ranges from 55 to 65%. Process stability in CSTRs is
generally high due to complete mixing and long retention times; however, overload
conditions can lead to VFA accumulation when OLR exceeds the methanogenic population's
conversion capacity.

From a limitation standpoint, the CSTR’s performance is strongly tied to the balance between
retention time and loading rate. High organic loading may compromise stability if the system
cannot effectively accommodate the additional substrate, while reducing HRT to enhance
volumetric efficiency risks biomass washout. These trade-offs highlight why CSTRs are
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considered reliable but not necessarily optimized for achieving high biogas production rates
per reactor volume.

Plug Flow Reactor (PFR)

The Plug Flow Reactor (PFR) is designed to promote unidirectional flow of substrates through
a tubular or elongated reactor configuration. This design naturally establishes gradients in
substrate concentration and microbial activity along the reactor’s length, reflecting the
sequential progression of digestion phases. PFRs are particularly well-suited to high-solids
anaerobic digestion, as the viscosity of dense substrates helps maintain plug-like flow without
extensive mixing [23].

In practice, PFR operation relies on regular feeding of solid-rich materials such as livestock
manure, food processing residues, or energy crops. The system’s relative lack of mixing
means that microorganisms interact with substrates primarily through gradual movement,
allowing localized microbial communities to adapt to specific phases of the degradation
pathway. This can support stable performance when digesting high-solids feedstocks, as the
system structure minimizes dilution and preserves microbial density.

Among the key advantages of the PFR design are its simple construction, low energy
requirement for mixing, and relatively high volumetric efficiency compared to continuously
stirred systems. These characteristicc make PFRs appealing for agricultural applications
where solid-rich wastes dominate. However, the limited mixing capacity introduces potential
disadvantages. Channeling can occur when pathways form within the substrate mass,
reducing contact between microorganisms and organic matter. The reactor is also less suitable
for low-solids feedstocks, which may not maintain the structural integrity required for plug-
like flow.

Plug flow reactors treating high-solids substrates typically operate at organic loading rates of
approximately 2-6 kg (VS) m=? d?, with hydraulic retention times of 15-30 days. Reported
volumetric methane productivity is typically around 1.0 m3 (CH4) m-3 d-1, with methane
content similar to that of other mesophilic systems (55-65%). Stability is generally good for
solid-rich feedstocks, although local accumulation of intermediates may occur under
channeling conditions or when substrate distribution is uneven.

Limitations of PFRs primarily stem from reduced control over internal reactor conditions.
Temperature uniformity, pH distribution, and local accumulation of intermediates can vary
along the reactor length. While such gradients can be beneficial in some cases, they may also
complicate process monitoring and optimization. These aspects underline why PFRs are
effective within specific operational niches but less adaptable than CSTRs or high-rate
systems.

Packed Bed Reactor (PBR)

The Packed Bed Reactor (PBR) uses structured or random packing materials to support
biofilm formation, allowing microorganisms to attach and remain within the reactor. This
immobilized biomass configuration significantly enhances microbial retention relative to
suspended-growth digesters. The design promotes high surface area for microbial
colonization and facilitates efficient substrate-microbe contact, making PBRs well-suited for
liquid waste streams with low solids content [24].
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Operationally, PBRs maintain anaerobic conditions while allowing substrates to percolate
through the packing media. This arrangement can sustain high microbial densities and
support stable operation under elevated organic loading rates. The shorter hydraulic
retention times enabled by strong biomass retention offer opportunities for greater
volumetric biogas production compared with reactors that rely solely on suspended
microbial growth. PBRs are frequently used for the treatment of industrial or municipal
wastewaters where solids content is low and clogging risk can be controlled.

The primary advantages of PBRs include excellent tolerance to high loading rates, the ability
to maintain a concentrated and active microbial community, and efficient digestion even
within compact reactor volumes. These features position PBRs as effective high-rate systems
for specific types of liquid substrates. However, disadvantages arise from the inherent risk of
clogging, particularly when influent solids accumulate within the packing structure. Regular
maintenance or replacement of packing materials may therefore be required, thereby
increasing operational costs.

Packed bed reactors benefit from immobilized biomass and are typically operated at organic
loading rates of 3-8 kg (VS) m=? d-1, with substantially shorter hydraulic retention times, often
5-15 days. Volumetric methane productivity typically ranges from 1-2 m3 (CH4) m-3 d-1,
while methane content is frequently reported at 60-70%. High biomass retention contributes
to good stability under elevated loading rates; however, excessive influent solids may
promote clogging and localized mass-transfer limitations.

Limitations of PBRs stem largely from their sensitivity to feedstock characteristics. High-
solids wastes can obstruct flow paths, reduce effective reactor volume, and compromise
biofilm integrity. Successful operation thus requires careful pre-screening or pretreatment of
influent streams. While PBRs provide strong performance for suitable wastewater
applications, their versatility is therefore more restricted than that of suspended-growth
reactors such as CSTRs.

Advanced Digesters
Two-Stage Digestion

Two-stage anaerobic digestion separates the overall biodegradation pathway into two
distinct reactors [25]: the first dedicated to hydrolysis and acidogenesis, and the second to
acetogenesis and methanogenesis. This structural separation allows each microbial group to
operate under conditions optimized for its metabolic needs, avoiding the kinetic and
environmental conflicts that commonly arise in single-stage systems. The design is
particularly advantageous for substrates requiring extensive hydrolysis, as the dedicated first
stage can be controlled to maximize solubilization without immediately affecting
methanogenic performance.

In operation, two-stage systems enable more predictable process behavior because inhibitory
compounds produced during acidogenesis, such as volatile fatty acids, are not introduced
directly into the methanogenic environment. This separation improves overall system
stability, especially when treating heterogeneous or rapidly degradable feedstocks. Enhanced
substrate conversion efficiency often translates into higher methane yields relative to single-
stage configurations. As a result, two-stage digestion has been widely applied to food waste,
energy crops, and lignocellulosic biomass, where effective hydrolysis is a critical determinant
of performance.
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The primary advantages of two-stage systems include improved process control, higher
conversion efficiency, and greater resistance to inhibition. Operators can independently
adjust pH, retention time, and loading rate in each reactor to target specific microbial
processes. However, these benefits come with notable disadvantages. Two-stage digestion
requires additional reactor volume and equipment, resulting in higher capital costs and
greater operational and monitoring complexity. The need for more space may also limit
deployment in facilities with constrained footprints.

Two-stage anaerobic digestion systems commonly achieve higher effective loading rates than
single-stage configurations, with combined organic loading rates frequently reported above
4-10 kg (VS) m? d! and overall hydraulic retention times in the range of 5-20 days,
distributed between the acidogenic and methanogenic reactors. Volumetric methane
productivity often exceeds 2-4 m3 (CHs) m-3 d-, with methane content typically between 60
and 70%. Enhanced stability is attributed to phase separation, which limits VFA transfer to
the methanogenic stage and reduces the risk of inhibition under fluctuating feed conditions.

Overall, the limitations of two-stage digestion stem from its increased infrastructural and
operational demands. While it offers substantial performance benefits for certain feedstocks,
its scalability and economic feasibility must be evaluated against project-specific constraints
and treatment objectives.

Thermophilic Digestion

Thermophilic anaerobic digestion operates at elevated temperatures, typically 50-60°C [26].
These temperatures enhance microbial activity and reaction kinetics, enabling more rapid
conversion of organic matter compared with mesophilic systems. The design may involve
single- or multi-stage configurations, but maintaining consistent thermal conditions is
essential given the narrower operating tolerance of thermophilic microbial communities.

In practice, thermophilic operation can achieve higher organic loading rates, faster
degradation rates, and improved pathogen reduction, making it particularly suitable for
municipal solid waste, sewage sludge, or other substrates where disinfection is a priority. The
elevated temperature regime accelerates hydrolysis and methanogenesis but requires precise
control to prevent destabilizing shifts in microbial populations.

The advantages of thermophilic digestion include higher methane production rates, reduced
retention times, and enhanced sanitation outcomes. However, maintaining elevated
temperatures increases the energy demand for reactor heating, especially in colder climates
or when treating dilute feedstocks. Thermophilic systems may also exhibit lower process
stability because the microbial communities involved are generally more sensitive to
fluctuations in pH, temperature, and inhibitory compounds. Ammonia inhibition is
particularly concerning in thermophilic environments, as higher temperatures shift the
ammonia-ammonium equilibrium toward the free ammonia form.

Thermophilic anaerobic digesters generally operate at organic loading rates of approximately
4-8 kg (VS) m-= d-1, with hydraulic retention times reduced to 8-15 days due to accelerated
reaction kinetics. Volumetric methane productivity commonly reaches 2-3 m3 (CH4) m-3 d*,
and methane content typically ranges from 60 to 70%. While higher temperatures enhance
conversion rates, process stability may be more sensitive to ammonia accumulation and
thermal disturbances, requiring tighter operational control than mesophilic systems.
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Limitations of thermophilic digestion revolve around its energy requirements and
operational sensitivity. While the technology provides clear performance advantages under
controlled conditions, its long-term stability and energy balance must be carefully assessed
to ensure that the benefits outweigh the additional inputs required.

Membrane Bioreactors (AnMBR)

Anaerobic membrane bioreactors (AnMBRs) integrate anaerobic digestion with membrane
filtration [27], typically microfiltration (MF) or ultrafiltration (UF), to physically separate
solids and microorganisms from the effluent. This design allows near-complete biomass
retention, minimizing microbial washout even when hydraulic retention time is greatly
reduced. The decoupling of solid and hydraulic retention times enables high volumetric
productivity while producing an effluent with significantly reduced suspended solids.

Operationally, AnMBRs enable digestion with concentrated biomass, supporting efficient
conversion even at short hydraulic retention times. These systems are particularly well-suited
for liquid waste streams such as municipal or industrial wastewater, where consistent flow
and low solids content are compatible with membrane filtration. The stable biomass
concentration contributes to resilience under variable feed conditions and supports consistent
biogas production rates.

The advantages of AnMBR technology include compact reactor design, high microbial
retention, stable operation under fluctuating influent characteristics, and the production of
high-quality effluent suitable for reuse or further polishing. These features align AnMBRs
with circular water strategies and industries seeking high-efficiency wastewater treatment.
However, membrane fouling remains one of the most significant challenges, requiring energy
and resources for cleaning and maintenance. The initial capital cost and ongoing operational
expenditure are typically higher than those of conventional systems, and successful operation
often depends on advanced monitoring and control systems.

Anaerobic membrane bioreactors decouple hydraulic and solids retention times, enabling
operation at organic loading rates of 5-15 kg (VS) m-3 d-1 while maintaining very short
hydraulic retention times of 2-10 days. Reported volumetric methane productivity frequently
reaches 3-6 m3 (CH,) m3 d?, with methane content commonly above 65%. High biomass
retention confers strong process stability under fluctuating influent conditions; however,
practical performance may be affected by membrane fouling and the loss of dissolved
methane in the permeate if not properly managed.

Limitations of AnMBRs include fouling susceptibility, cost, and operational complexity.
Although the technology offers clear benefits for certain wastewater applications, its
implementation must account for long-term membrane performance, maintenance
requirements, and the availability of skilled operators to manage more sophisticated process
control needs.

Comparative Analysis: Performance, Design, and Application

The comparative analysis highlights that each anaerobic digestion technology offers
performance characteristics closely tied to its underlying design and operational mode.
Conventional systems such as CSTRs, PFRs, and PBRs tend to be simpler and more
economical, with CSTRs offering broad flexibility, PFRs excelling in high-solids applications,
and PBRs providing strong microbial retention for low-solids wastewater. Advanced
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technologies, including two-stage digestion, thermophilic systems, and AnMBRs, introduce
higher performance potential in terms of methane yield, stability, and process intensification
but at the cost of increased complexity, stricter operational control, and higher capital and
operational expenditures. Table 1 demonstrates that no single reactor type is universally
superior; rather, suitability depends on feedstock characteristics, required effluent quality,
stability needs, and economic constraints. This comparative perspective underscores the
importance of aligning technological choices with site-specific objectives and resource
conditions.

To complement the quantitative comparison in Table 1, Figure 3 presents a side-by-side
conceptual comparison of conventional single-stage digesters and advanced digestion
systems. The illustration summarizes key contrasts in reactor complexity, biomass retention
strategy, achievable loading rates, volumetric methane productivity, and operational
requirements. This visual synthesis facilitates intuitive understanding of the performance
trade-offs discussed in the text, particularly for readers without a specialized background in
anaerobic reactor engineering.

Table 1. Comparative Summary of Conventional and Advanced Anaerobic Digestion Technologies.

Criteria CSTR PFR PBR Two-Stage Thermo- AnMBR
Digestion philic
Digestion
Design Fully Unidirectio  Fixed or Two Elevated- Anaerobic
Characteristi ~ mixed, nal plug- random separate temperatu  digestion
cs single- flow packing reactors for  re single- combined
tank pathway, media the /multi- with
suspende  minimal supportin  acidogenic stage microfiltratio
d-growth  mixing g biofilm and system n/
system growth methanoge ultrafiltratio
nic phases n membrane
separation
Operation-al ~ Low; Low; Moderate High; Moderate-  High;
Complexity well- passive ; requires  requires high; requires
establish flow with monitorin  independen  temperatu = membrane
ed minimal g of t control of re- management
operation  control packing each stage sensitive and
routines needs condition and advanced
and flow requires monitoring
heat input
Typical Low- Low- Moderate  High High High
Biogas Yield  moderate = moderate - high
Tendency
Methane Moderate =~ Moderate Moderate ~ High High High
Content -high
Tendency
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Stability Generall Stable with ~ Stable High Sensitive High
Toward y stable high-solids under stability to thermal  stability due
Inhibition under substrates high due to stage  and to strong
variable loading separation chemical biomass
feeds rates disturbanc  retention
es
Feedstock Manure, High-solids ~ Low- Food waste, =~ Municipal = Municipal &
Compatibilit  sludge, feed solids lignocellulo waste, industrial
y mixed (manure, wastewat  sic biomass  sludge wastewater,
organic crop er, dilute
waste residues) industrial substrates
effluent
Scalability High; High in Moderate Moderate; Moderate; Moderate;
widely agricultural  ; best for requires a dependent  scaling
deployed  settings wastewat  larger on heat increases
at large er footprint integration = membrane
and small treatment requirements
scales
Economic Low Low Moderate ~ High Moderate High CAPEX
Considerati CAPEX, CAPEX, CAPEX, CAPEX, CAPEX, and OPEX
ons moderate  low OPEX moderate  higher higher due to
OPEX OPEX OPEX OPEX membranes
(heating)
Key Robust, Efficient for ~ High Optimized Fast Very short
Advantages  flexible, high-solids microbial ~ process kinetics, HRT, high
simple AD, low retention,  phases, high effluent
operation  energy for good for high methane quality, high
mixing high-rate methane rates, stability
treatment  yield, pathogen
strong reduction
stability
Key Large Risk of Clogging  Complex Thermal Membrane
Limitations footprint,  channeling,  risk, design, sensitivity,  fouling, high
dilution limited unsuitabl ~ higher cost energy cost, and
of control of e for high demand monitoring
biomass gradients solids needs

Critical Insights and Synthesis

A synthesis of the comparative analysis indicates that the primary driver of performance
enhancement in anaerobic digestion lies in biomass retention and kinetic control, rather than
in feedstock conversion potential alone. Conventional single-stage systems rely on suspended
microbial growth, where solids retention time (SRT) is inherently coupled to hydraulic
retention time (HRT). This coupling constrains achievable organic loading rates and
volumetric methane productivity, as increasing throughput risks washout of slow-growing
methanogenic archaea. In contrast, advanced configurations, such as two-stage digesters,
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thermophilic systems, and anaerobic membrane bioreactors, decouple key process constraints
by either separating reaction phases, accelerating reaction kinetics, or physically retaining
biomass. These mechanisms directly translate into higher volumetric methane productivity
and improved tolerance to transient loading disturbances.

From a kinetic perspective, two-stage digestion mitigates the rate-limiting and inhibitory
interactions between acidogenesis and methanogenesis by spatially separating these phases.
This separation stabilizes syntrophic relationships and reduces thermodynamic bottlenecks
associated with hydrogen and volatile fatty acid accumulation, particularly under high
organic loading. Thermophilic digestion, by contrast, intensifies reaction kinetics through
elevated temperature, lowering activation energy barriers and accelerating hydrolysis and
methanogenesis. However, this kinetic advantage narrows the operational stability window,
as higher temperatures increase free ammonia concentrations and amplify sensitivity to
thermal and chemical perturbations. AnMBRs represent a different intensification pathway,
in which near-complete biomass retention shifts system limitations from biological kinetics
to physical constraints, such as membrane fouling and gas-liquid mass transfer, including
dissolved methane losses.

These mechanistic distinctions explain the observed trade-offs between performance gains
and operational complexity. While advanced digesters consistently outperform conventional
systems in terms of volumetric productivity and loading tolerance, they introduce new
stability challenges that are fundamentally different in nature. In AnMBRs, long-term
performance is governed by fouling dynamics and membrane management strategies rather
than microbial washout. In thermophilic systems, energy input for heating and ammonia
inhibition become dominant design considerations. Consequently, process stability should be
interpreted not as an absolute property, but as a function of how effectively the dominant
limiting mechanism is managed within a given reactor configuration.

To enhance practical applicability, these insights can be synthesized into a technology
selection framework based on dominant constraints and system objectives. For solid-rich or
highly heterogeneous substrates where hydrolysis limits performance, two-stage digestion
provides a robust solution by enabling targeted control of early degradation steps. For
applications prioritizing rapid conversion and pathogen reduction, thermophilic digestion
offers clear kinetic advantages, provided sufficient energy integration and control of
inhibition are feasible. For liquid waste streams requiring compact footprints, high effluent
quality, and stable operation under fluctuating influent conditions, AnMBRs represent a
suitable choice despite higher capital and operational demands. Conventional digesters
remain appropriate where operational simplicity, low investment cost, and robustness
outweigh the need for high-rate performance.

Overall, the critical insight emerging from this review is that no single digester configuration
is universally optimal. Performance improvements in anaerobic digestion are inherently
linked to specific mechanistic interventions, each introducing new operational boundaries.
Future optimization efforts should therefore move beyond binary comparisons of
“conventional versus advanced” systems and instead focus on matching reactor design to
feedstock characteristics, kinetic limitations, and operational constraints. Integrating
mechanistic understanding with data-driven monitoring, targeted microbial management,
and hybrid system design offers a coherent pathway to advance anaerobic digestion toward
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greater efficiency, stability, and practical relevance within modern waste-to-energy and
circular bioeconomy frameworks.
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Figure 3. Conceptual comparison between conventional and advanced anaerobic digestion systems.
Side-by-side schematic comparison illustrating key differences between single-stage conventional
digesters and advanced digestion systems, including two-stage and membrane-based configurations. The
figure summarizes contrasts in reactor design complexity, biomass retention, process control
requirements, and typical performance outcomes, highlighting the trade-offs between simplicity and
process intensification.

Future Research Directions

Future research in anaerobic digestion (AD) should increasingly focus on integrating
mechanistic understanding with advanced monitoring and control strategies to address the
dominant limitations identified across conventional and advanced reactor configurations. As
this review demonstrates, performance intensification is often accompanied by narrower
operational windows and heightened sensitivity to process disturbances. The development
of digitally assisted AD systems that combine real-time sensing, data analytics, and model-
based or machine-learning-driven control offers a promising pathway to manage these trade-
offs. Such systems could enable early detection of kinetic imbalances, predictive identification
of inhibition risks, and adaptive optimization of feeding and operating conditions,
particularly in advanced digesters with high loading rates and complex process dynamics.

Another critical research frontier concerns biomass retention technologies and their
associated constraints, especially in membrane-integrated systems. While anaerobic
membrane bioreactors (AnMBRs) achieve superior volumetric methane productivity through
near-complete biomass retention, long-term performance remains strongly governed by
membrane fouling, energy demand, and dissolved methane losses. Future studies should
prioritize low-energy fouling mitigation strategies, improved membrane materials with
higher resistance to fouling and chemical degradation, and operational approaches that
balance solids retention with gas-liquid mass transfer efficiency. Addressing these issues is
crucial for enhancing the economic viability and environmental sustainability of AnMBR-
based systems.
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Advances in microbial community engineering represent another promising but technically
demanding research direction. The comparative analysis indicates that many performance
limitations arise from kinetic mismatches and inhibitory interactions within microbial
consortia. Deeper investigation into syntrophic relationships, microbial adaptation
mechanisms, and resilience under high loading or thermophilic conditions could support the
rational design of tailored microbial communities. However, future work should move
beyond laboratory-scale demonstrations and rigorously assess the stability, scalability, and
controllability of engineered or bioaugmented consortia under realistic operating conditions.

The treatment of recalcitrant and heterogeneous substrates remains a persistent bottleneck
for high-rate anaerobic digestion. Lignocellulosic biomass and mixed organic waste streams
are frequently limited by slow hydrolysis, even in advanced reactor configurations. Future
research should therefore emphasize pretreatment strategies that are not only effective in
enhancing substrate accessibility but also energy-efficient, scalable, and compatible with
downstream biological processes. Integrated assessments that account for net energy balance,
process stability, and lifecycle impacts are particularly needed to ensure that pretreatment-
driven gains translate into system-level benefits.

Ultimately, the development of hybrid digester configurations presents a key opportunity to
reconcile performance gains with operational robustness. Combining complementary
intensification mechanisms, such as phase separation with enhanced biomass retention, or
thermophilic hydrolysis coupled to mesophilic methanogenesis, offers a structured approach
to mitigate the limitations inherent to individual reactor types. Future studies should
systematically evaluate such hybrid systems under long-term, full-scale conditions, with
particular attention to scalability, control complexity, and economic feasibility. Within the
broader context of renewable energy and circular bioeconomy strategies, research efforts that
prioritize adaptable, context-specific AD solutions over universally high-rate designs are
likely to deliver the greatest practical impact.

Conclusion

This mini-review provides a focused, mechanistically grounded comparison of conventional
and advanced anaerobic digestion (AD) technologies, demonstrating that reactor performance
is primarily determined by how design choices influence biomass retention, reaction kinetics,
and phase interactions rather than by feedstock conversion potential alone. By systematically
examining continuous stirred tank reactors (CSTRs), plug flow reactors (PFRs), and packed-
bed reactors (PBRs alongside two-stage digestion, thermophilic systems, and anaerobic
membrane bioreactors (AnMBRs), the review clarifies how specific structural and operational
interventions translate into distinct performance regimes in terms of organic loading capacity,
hydraulic retention time, volumetric methane productivity, and process stability.

The analysis confirms that conventional single-stage digesters remain essential due to their
robustness, operational simplicity, and economic accessibility, particularly for applications
where stability, flexibility, and low investment costs are prioritized over process
intensification. However, their performance is inherently constrained by the coupling of solids
and hydraulic retention times, dilution of active biomass, and large footprint requirements,
which limit achievable volumetric methane productivity under high loading conditions. In
contrast, advanced digestion technologies achieve higher-rate performance through clearly
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identifiable mechanistic pathways: phase separation in two-stage systems mitigates kinetic
and inhibitory conflicts between acidogenesis and methanogenesis; thermophilic operation
accelerates reaction kinetics at the expense of a narrower stability window; and AnMBRs
decouple hydraulic and solids retention times, shifting performance limitations from
biological washout to physical constraints such as membrane fouling and gas-liquid mass
transfer.

Importantly, the review demonstrates that improvements in methane productivity and
loading tolerance are not universally transferable across reactor types but are contingent on
effective management of the dominant limiting mechanisms inherent to each configuration.
As a result, no single digester design emerges as universally optimal. Instead, technology
selection should be guided by substrate characteristics, dominant kinetic or inhibitory
constraints, desired effluent quality, spatial limitations, and the availability of operational
expertise and monitoring infrastructure.

Looking forward, the continued advancement of anaerobic digestion will depend on
integrating mechanistic understanding with emerging innovations in digital process
monitoring, targeted microbial management, and hybrid reactor design. Approaches that
combine complementary intensification strategies —such as phase separation with enhanced
biomass retention or thermophilic hydrolysis coupled to mesophilic methanogenesis — offer
promising pathways to balance performance gains with operational robustness. Within the
broader context of renewable energy and circular bioeconomy systems, the ability to tailor AD
configurations to specific operational objectives, rather than pursuing generalized “high-rate”
solutions, will be critical for maximizing both technological effectiveness and real-world
applicability.
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