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1 Abstract 

 

The world fisheries are currently being depleted. Major efforts are being done worldwide 

in order to stimulate and improve the culture of marine and freshwater organisms for human 

consumption. Aquaculture is nowadays the food industry’s segment with the most accelerated 

growth. In the recent years the traditional flow-through aquaculture where none or only a 

residual portion of the water is reused is being replaced with the so-called Recirculating 

Aquaculture, where up to 99% of the water is reutilized. In the present work a moving bed 

biofilm reactor model was developed. A computational fluid dynamic (CFD) approach was used 

to simulate the behavior of an inert media (kaldness k1) in a closed reactor. The motion is 

driven by an air-lift system yielding a 3 phase system of air water and biocarriers. The velocity 

profile of each phase was determined as well as the moving pattern of the biocarriers inside the 

reactor.  The concentration and volumetric productivities of oxygen, ammonia, nitrite, nitrate, 

alkalinity, H2CO3 as well as Ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria 

(NOB) were determined. The average concentrations achieved at the water outlet of oxygen, 

nitrite, nitrate and H2CO3 were 5.74 ppm, 3.5E-4 ppm , 3.9E-2 ppm and 7.6E-2 respectively. 

The consumption rate of ammonia and alkalinity were 6.4 E-6 Kg.m
-3

 .s
-1

 and 4.2 E-5 kg.m
-3

.s
-1
 

respectively.  The biomass production rate of AOB was 7.34E-7 Kg.m
-3

.s
-1

 and the production 

rate of NOB was 9.5E-8 Kg.m
-3

.s
-1

. 
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2 State of the art of the 

aquaculture industry 

 

The growth of the world’s 

population and an increasing demand for 

food threatens to deplete the fisheries 

worldwide. In order to keep up the demand 

and assure that there will be enough in the 

future, aquaculture started to develop at an 

exponential rate and currently is the food 

industry’s segment with the most 

accelerated growth. It is expected that by 

the year 2050 more than 30% of the world´s 

seafood supply will be provided by 

aquaculture. For instance the fish 

consumption per capita increased 24% 

from 1970 to 1998, legumes increased 13% 

and egg and meat consumption had a net 

decrease [1,2]. The Aquaculture industry, 

pressured by the international directives to 

restrict the water usage and the amount of 

pollutants discharged, is currently shifting 

from the traditional flow-through approach, 

where none or only a residual percentage 

of the water used is recirculated to the so 

called “recirculated aquaculture Systems”, 

RAS, where a percentage up to 99% of the 

water is reused. This approach is being 

adopted by the main European aquaculture 

producing countries - United Kingdom, 

Ireland, Italy and Norway. This approach is 

encouraged also in the European 

Commission strategy documents (COM, 

2002, 2009).[3] A RAS facility typically 

contains a set of tanks that can be made 

out of concrete, polyvinyl, PVC or other 

material . The water in these tanks 

overflows to or is drained to a series of 

equipments designed to filter suspended 

and dissolved particles, and to process a 

variety of contaminants.   

3  Brief Literature review 

towards the specific topic of 

model to be able optimized. 

 

 From all types of filtration usually 

present in a Recirculating aquaculture 

system, the biofilter is the most important 

and the one that is most prone to problems, 

typically leading to failure. Therefore it is of 

the utmost importance to develop accurate 

models that allow for the proper design and 

optimization of biofilters. Badiola et al.[3] 

reported that 44% of the inquiries find that 

the biofilter is the most difficult device to 

manage in a RAS plant and most of the 

critical problems leading to project failure 

are due to badly designed equipment. 

Malone et al [10] developed a rating of 17 

classes of aquaculture, trying to facilitate 

the choice of biofilter for a given RAS 

culture. According to Malone “Predicting the 

performance of biofilters is an engineering 

challenge that is critical to both designers 

and managers. The task is complicated by 

the wide variety of water quality 

expectations and environmental conditions 

displayed by a recirculating aquaculture 

system (RAS)”. Emparanza et al.[11] stated 

that the most relevant problems affecting 

the performance of the biofilter in three 

salmonid aquaculture facilities were “large 

variations in daily feeding, which results in 

unstable nitrogenous compounds (TAN, 

NO2, NO3 ) concentration; (2) variable daily 

water exchange, producing unstable culture 

conditions (variations in pH and 

temperature); (3) high densities of culture, 
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which results in overall bad culture 

conditions (high CO2 concentration, high 

amount of fine solids, high oxygen 

consumption). 

4  Specific problems that 

were not solved 
 

 Following the research results, it 

was decided to create an accurate model of 

a moving bed biofilm reactor. By doing so, 

many of the stated problems can be tackled 

simultaneously. The inherent nature of a 

moving bed bioreactor causing constant 

abrasion of the biocarriers means that only 

the most active and viable nitrifying 

biomass attached to the biocarriers will 

remain within the system, leading to a high 

efficiency per unit of biomass, being able, to 

a certain degree to cope with feeding 

variations. The biomass sloughing with fine 

suspended solids adhered also means a 

reduction in suspended particles.  The 

constant aeration inside the reactor creates 

a very high water-air surface area, creating 

both increased oxygenation and CO2 

stripping. 

5  Objectives 
. 

 A Computational fluid dynamics 

(CFD) model was developed based on the 

commercial software StarCCm+. The model 

allows for the quantification of a moving bed 

biofilm reactor to predict the behavior of the 

biocarriers (Kaldnes k1) within the biofilter 

and the concentration of oxygen, ammonia, 

nitrite, nitrate, alkalinity, biomass production 

as well as velocity and pressure fields. The 

absence of a detailed CFD model of a 

moving bed biofilm reactor was the driving 

force for the production of this working 

which may lead to optimization of 

performance of MBBR in general. 

The most important features of the model 

are: 

- Determination of the pressure – 

velocity profile of the different 

phases and how their interaction 

produces the expected motion 

inside the reactor 

 

- Determination of the amount of 

ammonia consumed and 

consequently nitrite and nitrate 

production as well as alkalinity 

consumption and biomass 

production. 

 

6 Model overview 

 
The biofilter under consideration 

has the following dimensions, 0.2 m wide, 

0,2 m across and 0.4 m height. It is loaded 

with 30 % biocarrier and 70% water (v/v).  

 

Figure 1- Scheme of the Biofilter under study 

One of the sides is the water inlet 

where only water enters with a flow rate of 
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3600 L.h
-1

. The opposite side is the water 

outlet where only water exits with the same 

flow rate as the inlet, this was achieved by 

setting this boundary permeable only to 

water. At the bottom there are 2 air nozzles 

located each at 1 cm distance from each of 

the side walls. These air nozzles have a 

porosity of 20% and inject an air flow rate of 

9 LPM. The top wall is an open surface 

outlet where only air exits, this was done by 

setting this boundary with the slip condition 

on, meaning the shear stress at this 

boundary is zero and making it permeable 

only to air. The water inlet has a 

composition of 1.5E-6 ammonia (m/m) and 

1E-4 bicarbonate (m/m), the rest of the 

composition is pure water (H2O). The air 

inlet has a composition of 0.20965 of O2 

(v/v), 3.5E-4 of CO2 (v/v), and 0.78 of N2 

(v/v).  A multiphase eulerian approach was 

used to model the interaction of the 3 

different immiscible phases, a gaseous 

phase (Air phase), Two liquid phases 

(Water and Biocarrier). The simulation was 

modeled as steady state, three 

dimensional, turbulent. Each phase was 

calculated separately with a specific set of 

equations 

7 Description of Air flow 
 

 

Figure 2 - Volume fraction of air 

Figure 2 shows the volume fraction 

of air i.e. the air bubbles inside the reactor, 

it can be seen that the maximum volume 

fraction corresponds to 20% near the air 

nozzles (the air nozzles have a porosity of 

20%) and this value lowers and expands 

towards the top and center, indicating the 

presence of the air column. The air stream 

is convected near the top due to the inlet 

water stream as shown in the plane aligned 

with the air nozzles.  The good dispersion 

of air throughout the reactor is a mandatory 

feature to obtain a decent oxygen transfer 

rate to the water phase, since the oxygen 

transfer rate is a function of the available 

air-water contact area. This can be 

accomplished with the presence of very 

high number of small air bubbles in the 

water phase. The rising air stream will 

create the drag responsible for the desired 

water and biocarrier motion in the reactor  

 

 

8  Description of water flow 
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Figure 3 - Water velocity in a plane 
perpendicular to the water inlet 

 

Figure 3 shows the water velocity at 

a plane perpendicular to the water inlet. 

The water describes a pair of recirculations, 

rising on the laterals of the reactor driven by 

the rising air stream and returning to the 

bottom at the center of the reactor, creating 

recirculation zones in the space between 

the center of the reactor and the side walls. 

The maximum velocity of the water in the 

central plane is registered near the walls 

where the water rises with a value of 0.23  

m.s
-1

.  

 

Figure 4 -Water velocity in a plane aligned with 
the air nozzles 

 

 Figure 4 shows the water 

velocity at a plane aligned with the air 

nozzles (close to the side wall). The water 

rises at the corners close to the water outlet 

with a velocity of approximately 0.17 m.s
-1

 

and descends close to the inlet, creating a 

recirculation zone near the top.  

 The water flow induced by the 

air phase creates favorable conditions for 

mixing and mass transfer in/out the 

biocarrier phase. The small size of the 

recirculation zones, coupled with the fact 

that there aren’t stagnation areas of water 

is a good indicator that the biocarrier mass 

will be in perpetual motion, avoiding the 

creation of stagnant zones where the 

biomass inside the biocarriers would be 

depleted of nutrients, lowering its efficiency, 

as well as the creation of hypoxia pockets 

that could encourage the formation of 

pathogenic bacteria. 
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9 Transport of Biocarrier 

 

 

 

Figure 5 - Trajectories of the biocarriers inside 
the reactor 

 The trajectories shown in figure 

5 depict the motion of the biocarrier inside 

the reactor.  The biocarrier transport is 

regulated solely by the interaction of water 

and biocarrier.  As a reasonable 

simplification it was neglected the 

interaction between air and biocarrier. The 

biocarrier is constrained inside the reactor 

by collocation of plastic meshes at the 

water inlet and outlet.  The biocarrier 

performs a motion similar to the water, 

recirculating with the highest rising velocity 

near the outlet mesh and lateral part of the 

reactor and a slower descending velocity 

near the center front of the reactor. 

 

Figure 6- Volume fraction of biocarrier 

 Figure 6 shows the volume 

fraction of the biocarrier, being maximum at 

the recirculation zones shown previously in 

figure 31. It can be seen that the biocarrier 

occupies the entire volume of the reactor 

with the exception of the regions near the 

bottom and water inlet boundary. It should 

also be noted that 78.5% is the maximum 

theoretical value that solid cylinders occupy 

in a liquid phase. Therefore the value of 

68% obtained for the recirculation zone is 

possible.   

 

 

10 Oxygen Concentration 
 

 Figure 7 shows the oxygen 

concentration at several planes. 
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Figure 7 - Concentration profile of oxygen in 
Water phase 

 

 The water inlet possesses a 

concentration of dissolved oxygen of 5 

ppm, a value chosen taken into account the 

minimum oxygen concentration needed for 

optimum fish maintenance and growth [4,5]. 

 Oxygen is a fundamental 

nutrient required for survivability as well as 

optimal growth of the different cultivated 

species. Different species can have 

different oxygen demands, Thorarensen et 

al [19]. reported that in the case of atlantic 

halibut (Hippoglossus hippoglossus), both 

growth as well as feed conversion ratio (unit 

of weight gain per unit of food ) are strictly 

influenced by the oxygen concentration in 

water. 

  Due to the oxygen transfer 

phenomena between air and water there is 

an increase in oxygen concentration 

towards the top. The average concentration 

at the outlet is 5.74 ppm, meaning that the 

reactor increases the oxygen concentration 

in the system.  

 It can be seen in figure 35 that 

the concentration of oxygen is above 5 ppm 

in the interior of the reactor, meaning that 

the biomass has enough available oxygen 

in any location of the reactor to promote the 

nitrification reactions at optimal rates [6]. 

 The inexistence of hypoxia 

pockets is another feature of this kind of 

reactor, since it avoids the proliferation of 

dangerous pathogenic bacteria responsible 

for various diseases. 

 

 11 Ammonia, Nitrite and 

nitrate production 

 

Figure 8 - Concentration profile of ammonia in 
Water phase 

 

 Figure 8 shows the ammonia 

concentration profile. The concentration of 

ammonia at the water inlet is 5 ppm, a 

steady reduction can be seen towards the 

outlet, as expected since the ammonia is 

being converted in nitrites and biomass 

according to equation 7. The water exits the 

reactor with a concentration of 4.92 ppm, 
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however the residence time is only 16 

seconds, a much greater reduction could 

possibly be achieved by increasing the 

residence time. A volumetric productivity of 

6.45 E-6 Kg.m
-3

 .s
-1 

was achieved. A very 

satisfactory value meaning that a reactor 

this size (16 dm
3
) is able to convert 8.92 g 

of ammonia per day.  

 Since approximately 3% of the 

fish feed is converted into ammonia and the 

fish should be fed approximately 5% of its 

body weight per day, it means that 

approximately 6kg of fish could be cultured 

with a reactor similar to the one studied. 

 

 

Figure 9 - Concentration profile of nitrite in 
water phase 

 Figure 9 shows the 

Concentration profile of nitrite. The 

concentration of nitrite is zero at water inlet, 

therefore the concentration of nitrite 

increases from the inlet to the outlet 

reaching an average concentration of 2.5 E-

4 ppm at the outlet, corresponding to an 

average volumetric productivity of 1.0E-7   

Kg.m
-3

.s
-1

 or 0.14 g/day. 

 

 

Figure 10 - Concentration profile of nitrate in 
water phase 

 The concentration profile of 

nitrate is similar to the concentration profile 

of nitrite, nitrite is the precursor in the 

nitrate producing reaction, therefore the 

nitrate production is dependent on the 

nitrite concentration at a given time and 

place. It was achieved a concentration of 

3.9E-2 ppm with a volumetric productivity of 

2.1E-5 Kg.m
-3

.s
-1

 or 28.9 g of nitrate/day. 

The small concentration of both nitrite and 

nitrate is consequence of the very low 

residence time (16 seconds), however very 

satisfactory volumetric productivities were 

achieved since a large volumetric flow rate 

is processed. 

 

12  Conclusions  
 

A model of a moving bed biofilm 

reactor was produced, the reactor 

containing 30% k1 kaldnes biocarrier 

loading, supplied with 9 Lpm air and a 
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water flow of 3600 Lph. The velocity fields 

of the different phases were determined, an 

ammonia consumption rate of 558 g.m
-3

.d
-1

 

was determined.  From the observation of 

the volumetric fraction and velocity of 

biocarrier it can be seen that there aren’t 

accumulation zones and the entire 

biocarrier mass circulates around the 

reactor, a fundamental feature to avoid the 

formation of “dead zones” where the 

bacteria inside the carriers don’t have 

proper access to nutrients.  It was 

determined an increase in the oxygen 

concentration inside the reactor under the 

defined water and air flow conditions The 

validity of the model and volumetric 

productivities of ammonia, nitrite and nitrate 

are in accordance with the values of the 

literature [6,7,8,9], as well as the biomass 

production and ammonia consumption. The 

described model can be a valuable tool to 

predict the behavior of a moving bed biofilm 

reactor under a different array of flow 

conditions, decreasing the necessity of 

experiments to test every desired 

configuration. The reactor is specially suited 

for application is Recirculating aquaculture 

systems, capable of maintaining up to 6Kg 

of cultured fish. The reactor described can 

be used in a scaled up version, or as a 

series of reactors to increase the 

productivity and to face the needs of a 

bigger installation both in aquaculture or 

residual water treatment.  

 

13  Future work  
 

The model of the reactor under 

study allowed for the determination of both 

fluid flow as well as concentration profile of 

various species, however an optimization 

work is still required to maximize the 

efficiency of the reactor modeled. The water 

inlet flow rate could possibly be reduced, 

increasing the residence time and therefore 

lowering the ammonia concentration at the 

outlet. Also the air flow rate and nozzle 

positioning could possibly be adjusted to 

increase the ammonia conversion. The 

testing of a reactor with bigger dimensions 

and/or different shape could yield better 

results, as well as the application of a 

series of reactors similar to the one studied. 

The CO2 stripping could also be included in 

the model since it is also one of the known 

relevant features of a moving bed biofilm 

reactor. By promoting the growth of 

different bacterial or algal populations in the 

heart of the biocarriers a wide range of 

applications can be accomplished. Model 

wise a number of chemical reactions can be 

simulated for the numerous possible 

applications.   
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