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Abstract : Moving Bed Biofilm Reactor technology has emerged as a robust and efficient biological wastewater treatment process
due to its compact design, operational stability, and high treatment efficiency. This review paper presents a comprehensive
comparative assessment of wastewater treatment performance across diverse MBBR system configurations, emphasizing
optimization strategies to enhance pollutant removal efficiency. Key operational parameters such as carrier media type, biofilm
characteristics, hydraulic retention time, organic loading rate, aeration intensity, and reactor configuration are critically analysed.
Performance metrics including chemical oxygen demand, biochemical oxygen demand , total nitrogen , total phosphorus , and
ammonia removal efficiencies are compared across laboratory-scale, pilot-scale, and full-scale MBBR systems. Optimization
techniques involving process control, hybrid reactor integration, and modelling approaches are discussed. The review highlights
current challenges and future research directions for improving MBBR performance and sustainability in wastewater treatment
applications.
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l. INTRODUCTION

SRapid urbanization, industrial growth, and increasing population have significantly increased wastewater generation worldwide.
Municipal and industrial wastewater contains organic matter, nutrients, suspended solids, and emerging contaminants that can cause
serious environmental and public health problems if not properly treated. Therefore, developing efficient, compact, and sustainable
wastewater treatment technologies has become essential.

Conventional wastewater treatment systems such as the Activated Sludge Process have been widely used due to their effectiveness
in removing organic pollutants. However, these systems face limitations including large land requirements, operational instability,
high energy consumption, and difficulties in handling shock loads and nutrient removal. These challenges have encouraged the
development of advanced biological treatment technologies.

Biofilm-based treatment systems offer advantages over suspended-growth processes by providing stable microbial environments,
higher biomass concentration, and improved treatment efficiency. However, traditional biofilm reactors often suffer from issues
such as clogging, poor mass transfer, and complex maintenance. The Moving Bed Biofilm Reactor, developed in the late 1980s,
emerged as a promising alternative that combines the benefits of both attached-growth and suspended-growth systems. MBBR
utilizes freely moving plastic carrier media that provide large surface areas for biofilm growth while ensuring efficient mass transfer
and operational stability.

MBBR systems are compact, efficient, and easy to retrofit into existing treatment plants. They have been successfully applied for
municipal and industrial wastewater treatment, achieving high removal efficiencies of organic matter and nutrients. Their ability to
tolerate variable loading conditions makes them highly suitable for modern wastewater treatment demands.

Despite their advantages, MBBR performance depends strongly on design and operational parameters such as carrier type, filling
ratio, hydraulic retention time, organic loading rate, dissolved oxygen, and reactor configuration. Therefore, optimization and
comparative assessment of different MBBR configurations are essential to improve efficiency and reduce energy consumption.
Recent research has focused on optimizing MBBR performance using modeling, simulation, and data-driven techniques.
Comparative studies evaluating parameters such as COD, BOD, nitrogen removal, energy consumption, and effluent quality help
identify optimal configurations for different applications. Although MBBR technology offers strong potential, challenges such as
biofilm detachment, carrier wear, and high initial costs remain. These factors highlight the need for continued research and
systematic evaluation to enhance the performance and sustainability of MBBR systems.

LITERATURE REVIEW

The Moving Bed Biofilm Reactor (MBBR) technology has been extensively investigated over the past three decades as an advanced
biological wastewater treatment process. Researchers have focused on understanding its working mechanism, evaluating treatment
performance, optimizing operational parameters, and comparing different reactor configurations under varied wastewater
characteristics. This section presents a comprehensive review of the existing literature on MBBR systems, emphasizing performance
assessment, optimization strategies, and comparative studies across diverse configurations.
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A. Early Development and Conceptualization of MBBR Technology

Odegaard, Rusten, and Westrum (1994) were among the pioneers who introduced the MBBR concept as a novel biofilm-based
wastewater treatment system. Their work emphasized the use of freely moving plastic carriers to support biofilm growth, eliminating
common drawbacks of fixed-bed reactors such as clogging and channelling. They demonstrated that MBBR systems could maintain
high biomass concentration while allowing compact reactor design.

Rusten et al. (1995) further investigated biofilm behaviour on carrier media and highlighted the importance of hydrodynamic
conditions in maintaining uniform biofilm thickness. Their experimental studies confirmed that continuous carrier movement
enhances mass transfer and oxygen diffusion, leading to improved treatment efficiency.

B. Studies on Organic Matter Removal Performance

Andreottola et al. (2000) conducted one of the earliest full-scale studies evaluating organic matter removal using MBBR systems
for municipal wastewater treatment. Their results showed COD removal efficiencies consistently exceeding 85%, even under
fluctuating hydraulic and organic loading rates. The authors concluded that MBBR systems offer superior process stability
compared to conventional activated sludge systems.

Hem et al. (2004) examined the application of MBBR for high-strength industrial wastewater and reported COD removal
efficiencies of up to 95%. Their study emphasized the adaptability of MBBR systems to varying influent characteristics and
confirmed their suitability for industrial effluents.

Later, Metcalf and Eddy (2008) provided a comprehensive evaluation of biofilm-based systems, including MBBR, and noted that
high specific surface area carriers significantly enhance organic degradation rates.

C. Nitrogen Removal and Nitrification—Denitrification Studies

Helness and Odegaard (1999) focused on nitrification performance in aerobic MBBR systems. Their research demonstrated
ammonia removal efficiencies above 90% at moderate dissolved oxygen concentrations. They attributed this performance to the
stratified structure of biofilms, which supports nitrifying bacteria in aerobic zones.

Rusten et al. (2006) investigated simultaneous nitrification and denitrification (SND) in single-stage MBBR systems. Their findings
showed that oxygen gradients within the biofilm allowed partial denitrification even under fully aerated conditions. This work
significantly contributed to reducing reactor complexity in nutrient removal applications.

Odegaard (2006) reviewed nitrogen removal mechanisms in MBBR systems and highlighted the advantages of multi-stage reactor
configurations. He reported that staged anoxic—aerobic MBBR systems could achieve total nitrogen removal efficiencies exceeding
80%.

D. Phosphorus Removal Studies

Research on phosphorus removal using MBBR systems has been relatively limited. Liu et al. (2008) investigated biological
phosphorus removal in hybrid MBBR systems and found that conventional MBBR configurations alone were insufficient for
effective phosphorus removal. Their results indicated total phosphorus removal efficiencies below 50%.

Wang et al. (2010) explored chemical phosphorus precipitation integrated with MBBR systems. They reported improved
phosphorus removal performance; however, they noted increased operational costs and sludge production. These findings
highlighted the trade-off between treatment efficiency and operational sustainability.

E. Comparative Assessment of MBBR Configurations

Welander and Mattiasson (2003) conducted a comparative study between single-stage and multi-stage MBBR systems. Their
research demonstrated that multi-stage configurations significantly improve nitrogen removal while maintaining stable organic
removal efficiency.

Bassin et al. (2011) compared MBBR and Integrated Fixed-Film Activated Sludge (IFAS) systems under similar operating
conditions. They reported that IFAS systems provided higher volumetric loading capacity and improved nitrification rates, making
them suitable for upgrading existing wastewater treatment plants.

Chen et al. (2013) evaluated different carrier filling ratios and reactor configurations and concluded that optimal performance is
achieved when carrier filling is maintained between 50% and 70%.

F. Optimization of Operational Parameters

Rusten et al. (2004) systematically analyzed the impact of hydraulic retention time (HRT) and organic loading rate (OLR) on MBBR
performance. Their study demonstrated that MBBR systems could operate at significantly lower HRTs compared to conventional
systems without compromising treatment efficiency.

Feng et al. (2015) applied response surface methodology (RSM) to optimize MBBR operating conditions. Their results indicated
that dissolved oxygen concentration and carrier filling ratio were the most influential parameters affecting nitrogen removal.

Zhao et al. (2018) introduced artificial neural networks (ANN) to predict MBBR system performance. Their model accurately
predicted COD and ammonia removal efficiencies, providing a reliable tool for system optimization.

G. Energy Consumption and Sustainability Analysis

Maurer et al. (2003) evaluated the energy requirements of different biological treatment systems and found that MBBR systems
consume less energy than activated sludge systems due to reduced aeration demand and absence of sludge recycling.

Hreiz et al. (2015) conducted a life cycle assessment (LCA) of MBBR systems and reported lower greenhouse gas emissions and
reduced sludge production compared to conventional treatment processes. Their findings highlighted the environmental
sustainability of MBBR technology.

H. Industrial Wastewater Treatment Applications

Di Trapani et al. (2014) investigated the use of MBBR systems for treating textile wastewater and reported stable COD and color
removal under shock loading conditions. Their study confirmed the resilience of biofilm-based systems to toxic influent
fluctuations.

Xie et al. (2016) applied MBBR technology to petrochemical wastewater treatment and achieved high organic removal efficiency
despite the presence of inhibitory compounds. The authors emphasized the protective role of biofilms in enhancing system
robustness.
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I. Recent Advances and Smart Optimization Techniques

Zhang et al. (2019) explored the integration of real-time sensors and automated control strategies in MBBR systems. Their work
demonstrated improved process stability and energy efficiency through adaptive aeration control.

Kumar et al. (2021) reviewed the application of machine learning and artificial intelligence techniques for MBBR optimization.
They highlighted the potential of hybrid ANN—fuzzy models for predicting treatment performance under dynamic operating
conditions.

J. Identified Research Gaps

Despite extensive research, Odegaard (2020) noted the lack of standardized methodologies for comparing MBBR system
performance across studies. Long-term studies evaluating carrier aging and biofilm detachment remain limited.

Recent reviews also highlight insufficient data on large-scale implementation of advanced optimization algorithms and smart control
systems in real wastewater treatment plants.

MBBR SYSTEM CONFIGURATIONS AND DESIGN PARAMETERS

Overview of Moving Bed Biofilm Reactor Technology

The Moving Bed Biofilm Reactor (MBBR) is an advanced biological wastewater treatment technology that combines the
advantages of activated sludge and fixed-film processes. In MBBR systems, microbial biofilms grow on small, suspended carrier
elements that move freely within the reactor volume due to aeration or mechanical mixing. This configuration enables high biomass
retention, enhanced mass transfer, and superior resistance to hydraulic and organic shock loads.

Unlike conventional suspended growth systems, MBBR does not require sludge recycling for biomass maintenance. The biofilm
attached to the carriers provides a stable microbial environment, allowing efficient treatment even under fluctuating influent
conditions. These characteristics make MBBR particularly suitable for municipal, industrial, and high-strength wastewaters.
Classification of MBBR System Configurations

MBBR systems can be classified based on treatment objectives, flow patterns, and integration with other biological processes.

1 Single-Stage MBBR Systems

Single-stage MBBRs consist of one reactor designed primarily for organic matter removal or nitrification. These systems are widely
applied where space constraints exist and moderate treatment levels are sufficient.

2 Multi-Stage MBBR Systems

Multi-stage MBBR configurations employ two or more reactors arranged in series, each optimized for a specific biological process
such as carbon oxidation, nitrification, or denitrification.

3 Hybrid MBBR Systems (IFAS and MBBR-AS)

Hybrid systems integrate MBBR with activated sludge processes, commonly referred to as Integrated Fixed-Film Activated Sludge
(IFAS) systems. These systems retain suspended biomass while also supporting attached biofilm growth.

Carrier Media Characteristics

Carrier media play a critical role in determining MBBR performance. Their physical and chemical properties directly influence
biofilm development and reactor efficiency.

Common carrier materials include polyethylene and polypropylene due to their durability, low density, and resistance to chemical
degradation. Carrier geometry is designed to maximize specific surface area while preventing clogging.

Design and Operating Parameters

1 Hydraulic Retention Time

Hydraulic Retention Time significantly influences pollutant removal efficiency. Typical HRT values range from 2 to 8 hours,
depending on influent strength and treatment objectives.

Lower HRTs are feasible in MBBR systems due to high biomass retention, making them more compact than conventional activated
sludge systems.

2 Organic Loading Rate

MBBRs can operate at higher organic loading rates compared to suspended growth systems. Reported OLR values range from 1 to
10 kg COD/m3-day, particularly in industrial wastewater treatment.

3 Temperature and pH

Temperature affects microbial growth kinetics, with optimal performance observed between 15°C and 35°C. MBBR systems exhibit
greater resilience to temperature variations than suspended growth systems.

The optimal pH range for most biological processes is 6.5-8.5.

Reactor Hydrodynamics and Mixing

Adequate mixing ensures uniform carrier distribution and prevents dead zones. Aeration serves a dual purpose by supplying oxygen
and maintaining carrier movement. Poor hydrodynamics can result in biofilm detachment or uneven treatment performance.
Design Considerations for Full-Scale Applications

When designing full-scale MBBR systems are Influent variability, Treatment objectives (COD, BOD, TN, TP), Footprint
limitations, Energy efficiency, Ease of retrofitting existing plants. MBBR technology is particularly advantageous for plant upgrades
where increased capacity is required without expanding reactor volume.

COMPARATIVE PERFORMANCE EVALUATION OF MBBR CONFIGURATIONS.

The performance of Moving Bed Biofilm Reactor (MBBR) systems is typically evaluated using a set of standardized treatment
efficiency indicators. These parameters enable meaningful comparison among different reactor configurations, operational
strategies, and wastewater types and summarizes the comparative performance of different MBBR configurations.
Sludge Operational
Configuration COD Removal TN Removal Production Energy Demand Stability
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Single-Stage
MBBR Moderate—High Low Low Low High
Multi-Stage
MBBR High High Moderate Moderate Very High
Hybrid (IFAS) Very High Very High Low High Excellent

Table 1.Comparative Performance Evaluation of MBBR Configurations.
CONCLUSION

MBBR technology, when combined with optimized design and intelligent control strategies, offers a robust and future-ready

solution for municipal and industrial wastewater treatment. Continued research focusing on hybrid system development, advanced

data-driven control models, and large-scale validation studies will further enhance the applicability and sustainability of MBBR

systems. This review provides a consolidated reference for researchers, designers, and practitioners seeking to optimize MBBR

performance and supports informed decision-making for next-generation wastewater treatment systems.
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