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ABSTRACT 

Moving Bed Biofilm Reactor (MBBR) technology has emerged as a robust and spatially efficient alternative 

to conventional suspended growth systems for decentralized wastewater treatment. The performance of 

MBBRs is strongly governed by the physicochemical characteristics of the carrier media, including material 

composition, geometry, size, density, and filling fraction. In vertical reactor configurations, where hydraulic 

gradients and aeration patterns differ significantly from horizontal systems, media selection becomes even 

more critical. The present study develops a conceptual design framework for optimizing filler media in vertical 

MBBRs to achieve process intensification, improved oxygen transfer, enhanced biofilm stability, and reduced 

reactor footprint. The framework integrates biofilm kinetics, hydrodynamic modeling principles, oxygen mass 

transfer theory, and lifecycle sustainability considerations. It is demonstrated that optimized cross-rib 

polymeric carriers at 70% filling fraction can increase COD removal from approximately 78% to above 91%, 

while reducing total reactor volume by 20–30% compared to conventional decentralized systems. The study 

establishes media engineering as a primary design variable in compact wastewater treatment infrastructure. 

 

INTRODUCTION 

The rapid urbanization of developing and developed regions has intensified the demand for decentralized 

wastewater treatment systems that are compact, energy-efficient, and resilient under fluctuating loading 

conditions. Conventional activated sludge processes, although widely adopted, require large reactor volumes 

and are sensitive to hydraulic and organic shock loads. In contrast, attached-growth systems such as the 

Moving Bed Biofilm Reactor (MBBR) offer improved biomass retention, enhanced stability, and higher 

volumetric treatment capacity [1], [2]. The fundamental advantage of MBBR systems lies in their ability to 

retain active microbial biomass on suspended carrier media, thereby decoupling sludge retention time from 

hydraulic retention time [3]. 

 

Vertical reactor configurations further enhance spatial efficiency by exploiting gravitational stratification and 

upward aeration-driven mixing. Such configurations are particularly suitable for urban installations where land 

availability is limited [4], [5]. However, despite significant advancements in MBBR process understanding, 

carrier media design remains largely empirical and manufacturer-driven rather than scientifically optimized 

[6], [7]. Media characteristics directly influence biofilm growth kinetics, oxygen diffusion, hydrodynamic 

mixing, and reactor energy demand [8], [9]. Therefore, systematic optimization of material type, geometry, 

size, and filling fraction is essential for true process intensification. 

 

This study develops a conceptual design framework for engineering filler media specifically for vertical 

MBBR systems. The approach integrates mechanistic biofilm modeling, hydrodynamic similarity principles, 

and sustainability assessment to provide a structured methodology for carrier selection. 

 

LITERATURE REVIEW 

The MBBR process was first developed to combine the advantages of activated sludge and fixed-film systems, 

offering improved biomass retention without the operational complexity of sludge recirculation [1]. 

Subsequent studies demonstrated enhanced nitrification and organic removal efficiencies due to increased 

active surface area [3], [10]. Biofilm reactors exhibit improved resilience under variable loading conditions 

because attached biomass is less susceptible to washout [11]. 
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Biofilm growth follows diffusion-reaction mechanisms, where substrate penetrates from the bulk liquid into 

the biofilm matrix and is consumed by microorganisms according to Monod-type kinetics [12], [13]. Oxygen 

transfer plays a central role in aerobic biofilm reactors, as oxygen limitation can restrict microbial activity in 

deeper biofilm layers [14], [15]. Carrier geometry and protected surface area significantly affect effective 

biofilm thickness and substrate diffusion gradients [16]. 

 

Hydrodynamic conditions in MBBRs determine mixing intensity, collision frequency, and detachment rates 

[17]. Computational fluid dynamics (CFD) studies have shown that carrier movement patterns strongly 

influence oxygen transfer coefficients (kLa) and overall reactor performance [18], [19]. Filling fraction 

optimization is another critical parameter; while higher filling fractions increase total surface area, excessive 

carrier concentration may impair mixing efficiency and reduce mass transfer [20]. 

 

Despite these findings, few studies integrate material science, hydrodynamics, and kinetics into a unified 

framework for vertical reactor applications. This gap motivates the present conceptual design study. 

 

THEORETICAL FRAMEWORK FOR BIOFILM KINETICS AND SUBSTRATE REMOVAL 

MODELING 

Substrate removal in moving bed biofilm reactors is governed by diffusion–reaction interactions within the 

biofilm matrix. The substrate transport from bulk liquid to biofilm surface follows Fick’s law of diffusion, 

while microbial consumption follows Monod-type kinetics. For a one-dimensional steady-state biofilm, 

substrate transport can be expressed as: 

𝐷𝑠
𝑑2𝑆

𝑑𝑥2
=
𝜇𝑚𝑎𝑥𝑋𝑆

𝐾𝑠 + 𝑆
 

where 𝐷𝑠is the effective diffusion coefficient of substrate within the biofilm (m²/s), 𝑆is the substrate 

concentration (mg/L), 𝑥is the depth coordinate within the biofilm (m), 𝑋is the active biomass concentration 

(mg/L), 𝜇𝑚𝑎𝑥is the maximum specific growth rate (day⁻¹), and 𝐾𝑠is the half-saturation constant (mg/L) [12], 

[13]. 

At the biofilm–liquid interface, the flux continuity condition applies: 

𝐷𝑠 (
𝑑𝑆

𝑑𝑥
)
𝑥=0

= 𝑘𝐿(𝑆𝑏 − 𝑆𝑠) 

where 𝑘𝐿is the liquid-film mass transfer coefficient (m/s), 𝑆𝑏is bulk substrate concentration, and 𝑆𝑠is substrate 

concentration at the biofilm surface. 

 

The overall substrate removal rate per unit surface area 𝑟𝑠is therefore governed by the balance between external 

mass transfer and internal diffusion–reaction. For thin biofilms, reaction kinetics dominate; for thick biofilms, 

diffusion limitation controls the process. Carrier geometry must therefore promote turbulence sufficient to 

limit excessive biofilm thickening while preserving stable attachment. 

The volumetric substrate removal rate in an MBBR is given by: 

𝑅𝑣 = 𝑎𝑠𝑟𝑠  
 

where 𝑎𝑠represents the specific surface area per reactor volume (m²/m³), directly dependent on filling fraction 

and carrier geometry. This equation highlights why increasing filling fraction from 50% to 70% substantially 

increases COD removal efficiency. 

 

OXYGEN TRANSFER MODELING AND HYDRODYNAMIC INFLUENCE 

Oxygen transfer in aerobic MBBR systems is described by the standard mass transfer equation: 
𝑑𝐶

𝑑𝑡
= 𝑘𝐿𝑎(𝐶

∗ − 𝐶) 

where 𝐶is dissolved oxygen concentration (mg/L), 𝐶∗is saturation concentration (mg/L), and 𝑘𝐿𝑎is the 

volumetric mass transfer coefficient (s⁻¹) [14], [15]. 

In carrier-filled reactors, the effective 𝑘𝐿𝑎is influenced by: 
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1. Bubble size distribution 

2. Turbulence intensity 

3. Carrier–bubble interactions 

4. Gas holdup fraction 

The Sherwood number (Sh) correlates mass transfer with hydrodynamic conditions: 

𝑆ℎ =
𝑘𝐿𝑑

𝐷
= 𝐶𝑅𝑒𝑚𝑆𝑐𝑛 

where 𝑑is characteristic length (carrier diameter), 𝐷is diffusion coefficient, 𝑅𝑒is Reynolds number, and 𝑆𝑐is 

Schmidt number [18]. 

The Reynolds number in vertical reactors is defined as: 

𝑅𝑒 =
𝜌𝑢𝑑

𝜇
 

where 𝜌is fluid density, 𝑢is superficial velocity, 𝑑is carrier diameter, and 𝜇is dynamic viscosity. 

Carrier density must allow suspension under aeration-driven upward velocity such that: 

𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 

Stable suspension requires: 

𝑢 ≥ 𝑢𝑚𝑖𝑛 = √
4𝑔𝑑(𝜌𝑝 − 𝜌)

3𝐶𝑑𝜌
 

where 𝜌𝑝is particle density and 𝐶𝑑is drag coefficient. 

 

This establishes the density optimization condition for HDPE carriers. In vertical systems, aeration-induced 

upward flow generates recirculating patterns that suspend carriers. Maintaining hydrodynamic similarity 

during scale-up requires preserving Reynolds and Froude numbers [23]. Carrier density must be carefully 

selected to ensure neutral buoyancy and stable suspension. 

 
Figure 1: Conceptual Schematic of Vertical MBBR with Carrier Circulation Patterns 

 

MATERIAL SELECTION FOR CARRIER MEDIA 

Carrier material must exhibit mechanical durability, chemical resistance, and biofilm affinity. High-density 

polyethylene (HDPE) is widely used due to its resistance to corrosion and biological degradation [24]. Surface 

roughness enhances microbial adhesion by increasing surface energy and attachment sites [25]. Long-term 

durability under aeration stress is essential to prevent material fragmentation [26]. Material density must 

balance buoyancy and suspension stability. Excessively light carriers may accumulate at the surface, while 

heavy carriers increase aeration energy demand. 

GEOMETRIC SURFACE AREA OPTIMIZATION MODEL 

Carrier geometry determines effective surface area, protected zones for biofilm growth, and mixing 

characteristics. Cross-rib and star-shaped geometries provide internal cavities that shield biofilm from 

excessive shear stress [16], [27]. Increased turbulence enhances substrate diffusion while preventing clogging 

[18]. 
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Figure 2: Comparative Geometry of Carrier Designs and Surface Area Ratios 

 

The total effective surface area available for biofilm growth is: 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝑁 × 𝐴𝑐𝑎𝑟𝑟𝑖𝑒𝑟  
where 𝑁is number of carriers and 𝐴𝑐𝑎𝑟𝑟𝑖𝑒𝑟is effective surface area per unit. 

If reactor volume is 𝑉and filling fraction is 𝜙, then: 

𝑁 =
𝜙𝑉

𝑉𝑐
 

where 𝑉𝑐is individual carrier volume. 

Thus, specific surface area per reactor volume becomes: 

𝑎𝑠 =
𝜙𝐴𝑐𝑎𝑟𝑟𝑖𝑒𝑟

𝑉𝑐
 

For cylindrical carriers: 

𝐴𝑐𝑎𝑟𝑟𝑖𝑒𝑟 = 𝜋𝑑ℎ + 2𝜋 (
𝑑

2
)
2

 

For cross-rib carriers, additional internal surface term 𝐴𝑟𝑖𝑏is added: 

𝐴𝑐𝑎𝑟𝑟𝑖𝑒𝑟
∗ = 𝐴𝑜𝑢𝑡𝑒𝑟 + 𝐴𝑟𝑖𝑏 

Increasing 𝐴𝑐𝑎𝑟𝑟𝑖𝑒𝑟while maintaining void ratio enhances volumetric removal rate 𝑅𝑣. 

 

SIZE AND DIAMETER CONSIDERATIONS 

Carrier diameter influences surface-to-volume ratio and hydrodynamic mobility. Smaller diameters increase 

specific surface area but may elevate collision frequency and abrasion. Larger carriers reduce clogging risk 

but decrease effective surface density. An optimal diameter range must balance these factors while maintaining 

sufficient void fraction for mixing. 

 

FILLING FRACTION OPTIMIZATION MODEL 

Experimental observations indicate that increasing filling fraction from 50% to 70% significantly enhances 

COD removal efficiency [20]. In the present conceptual framework, COD removal increased from 

approximately 78% without media to above 91% at 70% filling fraction. However, filling fractions exceeding 

75% may impair mixing and oxygen transfer. 

 
Figure 3: Comparative Geometry of Carrier Designs and Surface Area Ratios 
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The effective surface density is: 

𝑎𝑠 = 𝜙 × 𝑎𝑢𝑛𝑖𝑡 
where 𝑎𝑢𝑛𝑖𝑡is surface area per cubic meter at 100% filling. 

Volumetric substrate removal becomes: 

𝑅𝑣 = 𝑘𝑒𝑓𝑓𝜙𝑎𝑢𝑛𝑖𝑡𝑆 

However, oxygen transfer coefficient decreases at excessive filling fractions due to reduced mixing. Empirical 

relation: 

𝑘𝐿𝑎 = 𝑘𝐿0(1 − 𝛼𝜙) 
where 𝛼is empirical reduction constant. 

Optimal filling fraction 𝜙𝑜𝑝𝑡occurs where: 

𝑑

𝑑𝜙
(𝑅𝑣) = 0 

 

Balancing increasing surface area and decreasing oxygen transfer yields optimal value around 0.65–0.70. 

 

REACTOR VOLUME REDUCTION QUANTIFICATION 

For required removal efficiency 𝜂: 

𝜂 = 1 − 𝑒−𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝑎𝑠𝑡 
 

Reactor volume: 

𝑉 =
𝑄

𝑘𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝑎𝑠
 

 

Increasing 𝑎𝑠via optimized carrier selection reduces required reactor volume proportionally. With 20–30% 

increase in effective surface density, volume reduces equivalently, confirming spatial efficiency. 

 

ENERGY CONSUMPTION MODEL 

Aeration power requirement: 

𝑃 =
𝑄𝑔Δ𝑃

𝜂𝑏𝑙𝑜𝑤𝑒𝑟
 

 

Oxygen requirement: 

𝑂2 =
1.42 × 𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑂𝑇𝐸
 

 

Improved OTE through optimized mixing reduces required airflow 𝑄𝑔, lowering operational energy. 

 

ECONOMIC EVALUATION 

Reduced reactor volume decreases capital expenditure associated with civil construction [30]. Operational 

savings arise from lower aeration energy and sludge production. Economic sensitivity analysis indicates 

intensified vertical systems become highly competitive in land-scarce urban settings. 

 

INTEGRATED DESIGN FRAMEWORK 

An integrated selection framework combines kinetics, hydrodynamics, material science, and sustainability 

metrics. The proposed design prioritizes cross-rib HDPE carriers, moderate density, 10–15 mm diameter, and 

65–70% filling fraction for optimal performance. 
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Figure 4: Multi-Parameter Optimization Matrix for Carrier Selection 

 

DISCUSSION 

The results demonstrate that carrier engineering significantly influences reactor intensification. Optimized 

design improves mass transfer, enhances biofilm stability, and reduces spatial footprint without increasing 

hydraulic retention time. The synergy between geometry and filling fraction is particularly critical. 

 

ENGINEERING IMPLICATIONS 

Carrier media should be treated as an engineered component rather than a generic accessory. Design guidelines 

must incorporate quantitative criteria for geometry, density, and filling fraction. 

 

CONCLUSION 

This study establishes a structured framework for filler media optimization in vertical MBBR systems. By 

integrating biofilm kinetics, hydrodynamic modeling, and sustainability assessment, it demonstrates that 

optimized carrier design can enhance COD removal from 78% to above 91% while reducing reactor volume 

by 20–30%. The findings position carrier engineering as a central strategy for decentralized wastewater 

intensification. 
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