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A B S T R A C T S

Biofloc can improve the nutrient use efficiency of an aquaculture system. However, knowledge of the dynamic 
behaviour of biofloc related to the nutrient concentration in the water is limited. This study combined the fish 
growth model with the activated sludge model (ASM), later called fish-ASM, to understand the dynamic 
behaviour of biofloc in Nile tilapia culture. Fish were fed two types of diets that differ in fiber content. One of the 
diet contains three times higher fiber, which was formulated by incorporating more non-starch-polysaccharides 
(NSP). NSP is expected to increase carbon content in the water and promote more biofloc growth. Initial model 
parameter values were gained from experiments and ASM number 1. In fish-ASM, waste comes from uneaten 
feed, fish faeces, decay of heterotrophic and autotrophic biomass, and fish gill excretion (ammonia). Hetero
trophic and autotrophic biomass then utilize the waste as substrates for their growth and part of the biomass is 
consumed by fish as natural food. The main model outputs in this study are hourly dynamics of fish, biofloc, and 
nitrogen in water. After trial and error calibration process, the model was fit to the fish, biofloc, and nitrogen 
dynamics of the lower fiber diet datasets with relative mean square error of 3 %-34 % to the corresponding 
average observations. However, future improvement was needed in the higher fiber diet simulation, especially 
related to biofloc and ammonia dynamics. The study shows that the development of biofloc was strongly 
influenced by organic matter availability.

1. Introduction

Inland aquaculture has been playing a crucial role in supplying an
imal protein, providing in 2022 74 % of the global production compared 
to 26 % produced in the marine environment (FAO, 2024). To minimize 
water and land use, aquaculture tends to intensify the system by 
increasing the stocking density which leads to a higher feed input per 
unit of aquaculture space (Verdegem et al., 2023). Although this strat
egy aims to increase fish production, it also increases waste production. 
Waste accumulation can eventually hamper fish growth and welfare due 
to poor water quality. Discharging the water without treatment will 
cause eutrophication of natural water bodies (Boyd et al., 2007). Hence, 
for sustainable development of aquaculture post or in-process treatment 
of the water is needed.

Biofloc technology (BFT) is a concept in aquaculture that utilizes 
microbiota to maintain water quality which enables a high-density 
culture with minimum water exchange. The main principle of BFT is 
to recycle nutrient waste into microbial biomass which can be later used 
as natural food for the culture animals (Avnimelech, 2009). Biofloc 
formation is mainly done by heterotrophic bacteria, and supported by 
algae and autotrophic bacteria (Ebeling et al., 2006). The growth of 
heterotrophs is stimulated by maintaining a high C/N ratio through 
direct addition of organic carbon in the water of by increasing the C/N 
ratio of the feed (Avnimelech, 2009; Bossier and Ekasari et al., 2017; 
Tinh et al., 2021; Vinasyiam et al., 2023). Hence, maintaining the C/N 
ratio is crucial in a biofloc system. On the one hand, insufficient amounts 
of carbon will inhibit biofloc formation and lead to poor water quality. 
On the other hand, carbon excess will lead to the accumulation of biofloc 
which eventually will hamper fish growth due to oxygen depletion and 
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gill occlusion (Schveitzer et al., 2013).
Carbon can be introduced into the BFT system externally beside the 

feed or incorporated within the pelleted feed (Avnimelech, 2009; 
Bossier and Ekasari et al., 2017; Tinh et al., 2021; Vinasyiam et al., 
2023). The latter has been done by the inclusion of non-starch poly
saccharides (NSP) types of carbon into the diet (Kabir et al., 2020; 
Tarigan et al., 2025; Vinasyiam et al., 2023). Although there is a risk to 
lower fish production because a high dietary NSP content lowers the 
apparent digestibility of the feed, this diet-related approach can improve 
carbon use efficiency in a BFT system (Tarigan et al., 2025) and simplify 
carbon addition management (Vinasyiam et al., 2023).

To initiate optimum conditions for the growth of biofloc and fish, 
understanding the dynamic behaviour of biofloc is crucial. To date, 
knowledge of the dynamic behaviour of biofloc is still limited. Insight 
into different phenomena in a system can be obtained by mathematical 
models (Keesman, 2011), including aquaculture systems. Several 
models have been developed to understand the relationship between 
fish growth and nutrient dynamics in different aquaculture systems, 
including recirculated aquaculture system (RAS), ponds 
(Jiménez-Montealegre et al., 2002; Serpa et al., 2013; Svirezhev et al., 
1984), and RAS-hydroponics systems (de Korte et al., 2024; Goddek 
et al., 2016; Tarigan et al., 2021). However, only a few studies incor
porate biofloc in pond aquaculture models due to the complexity of 
biofloc behaviour. To date, models that incorporate biofloc in aqua
culture systems viewed biofloc as one aggregated component, and the 
change of biofloc biomass was described by an exponential function 
based on experimental observations (Pinho et al., 2023; Tarigan et al., 
2024). This is a considerable simplification because biofloc is an 
aggregate of different types of microbial biomass, has various functions, 
and is affected by environmental conditions, such as nutrient avail
ability, temperature, and light (De Schryver et al., 2008).

The family of activated sludge models (ASM), starting with the work 
of Henze et al. (1987) and known as ASM No 1, has been widely used, for 
instance treat pharmaceutical waste (Li et al., 2023) and 
micro-pollutants (Mohammadi et al., 2022) or to improve nitrogen and 
bioplastic recovery (Ribeiro et al., 2022). ASM has been advanced 
significantly compared to the first published version (Daigger, 2011). In 
the family of ASM, micro-organisms play a crucial role in transforming 
slowly biodegradable into readily organic matter, converting the waste 
into microbial biomass, and converting ammonia nitrogen (TAN) into 
NO3. The role of micro-organisms in activated sludge systems is similar 
to the role of biofloc in fish ponds, in which the waste comes from un
eaten feed, faeces, and decaying organic matter (OM), the latter also 
including biofloc. The presence of cultured animals, e.g. Nile tilapia, in 

the BFT system enables fish to recycle part of the waste nutrients 
resulting from applying pelleted feed by consuming biofloc (De Schryver 
et al., 2008).

This study is the first to merge an activated sludge model (ASM) and 
a fish growth model to evaluate fish and biofloc formation in a biofloc 
system (fish-ASM). The aim of this study is to predict biofloc growth or 
decay, as well as organic and inorganic waste accumulation and utili
zation in a fish-biofloc systems. In this study, the fish-ASM model was 
developed studying Nile tilapia (Oreochromis niloticus) culture perfor
mance in lined biofloc rearing tanks, fed diets with either a low or high 
NSP content.

2. Methodology

2.1. System description

In this study, the dynamic behaviour of biofloc, fish, carbon, and 
nitrogen of a fish-biofloc system was simulated. The operational data 
was based on the experimental data of Tarigan et al. (2025). Fish, Nile 
tilapia juveniles, were cultivated in ten experimental lined tanks with a 
diameter of 2 m for 56 days at IPB University, Bogor, Indonesia. Water 
depth ranged between 0.55 and 0.85 m depending on daily precipita
tion, evaporation, and water replacement. Originally, the water level 
was intended to be maintained during the experiment by compensating 
for evaporation loss. However, this became unnecessary due to the high 
precipitation during the experiment, with a total rainfall of 832.9 mm. 
Instead, some water was discharged to avoid overflow in the tank due to 
precipitation, with a total water replacement of 6.0–6.4 m3. Addition
ally, continuous aeration was applied to the rearing tank to maintain an 
oxygen level of at minimum 6 mg O2/L. The initial body weight and 
stocking density of the fish were 17.3 ± 0.1 g and 15 fish/m3, respec
tively. The feeding ration was around 16 g/kg0.8/d and was adminis
tered equally twice a day, at 8.00 am and 4.00 pm. The average 
temperature during the culture period was 25 ± 2.5 ℃.

Two diets, differing in the type of carbon, were tested, assigning five 
replicate tanks per diet. One diet was mainly rich in starch (Control-diet) 
and the other was rich in NSP (High-NSP diet). Both diets had a similar 
protein content, around 29 % on dry matter basis. However, the High- 
NSP-diet contained 3 times more fiber compared to the Control-diet 
(13.3 % vs 4.3 % on dry matter basis). The NSP-rich ingredients in the 
High-NSP-diet mainly came from palm kernel meal, rice bran, and corn 
gluten feed, which are fibrous ingredients. The High-NSP-diet was ex
pected to boost the biofloc growth because it reduces fish digestibility, 
hence providing more fiber-rich organic matter for the biofloc through 

Symbols

ADCOM Apparent digestibility coefficient of organic matter (-)
FCRXba, FCRXbh, FCRXfeed Feed conversion ratio of autotrophic 

biomass, heterotrophic biomass, and pelleted feed, 
respectively (g dry weight g− 1 fresh weight)

NXba, NXbh, NXfeed Total nitrogen content of autotrophic biomass, 
heterotrophic biomass, and pelleted feed, respectively (g N 
kg− 1)

qGXf Fish growth rate (g h− 1)
qXfXnd, qXfXs, qXfSnh Waste production from fish in the form of 

nitrogen in faeces, organic matter in faeces, and ammonia, 
respectively (g h− 1)

qXbaXf, qXbhXf, qXfeedXf, qXNXf Uptake rate by fish of autotrophic 
biomass, heterotrophic biomass, pelleted feed, and total 
nitrogen, respectively (g h− 1)

RENXf Eaten nitrogen feed content retained in fish body (%)
Salk Alkalinity (Molar)

Sco Carbon dioxide (g CO2 m− 3)
Si Soluble inert material (g COD m− 3)
Snd Soluble organic nitrogen (g N m− 3)
Snh Ammonia nitrogen (g N m− 3)
Sno Nitrite and nitrate nitrogen (g N m− 3)
So Oxygen (g O2 m− 3)
Ss Soluble organic matter (g COD m− 3)
Xba Autotrophic biomass (g COD m− 3)
Xbh Heterotrophic biomass (g COD m− 3)
Xf Fish (g COD m− 3)
Xfeed Feed (g COD m− 3)
Xi Particulate inert material (g COD m− 3)
Xnd Particulate organic nitrogen (g COD m− 3)
Xp Non-degradable organic matter (g COD m− 3)
Xph Phytoplankton (g COD m− 3)
Xs Particulate organic matter (g COD m− 3)
μ Average value of observation data
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fish faeces (Tarigan et al., 2025; Vinasyiam et al., 2023).

2.2. Conceptual model

In principle, the model followed concepts of ASM No 1 (Henze et al., 
1987) and combined it with the fish growth model of Tarigan et al. 
(2024).

Components in the model are expressed as Sj or Xj, in which the terms 
S and X represent soluble and particulate forms, respectively, and the 
subscript j represents different component names. Components included 
in this study were inert material (Si and Xi), heterotrophic bacteria (Xbh), 
autotrophic bacteria (Xba), phytoplankton (Xph), organic matter (Ss and 
Xs), particulate matter arising from biofloc decay (Xp), organic nitrogen 
(Snd and Xnd), ammonia nitrogen (Snh), nitrite nitrogen (Sno), oxygen 
(So), alkalinity (Salk), and carbon dioxide (Sco). The initial value of each 
component is shown in Table A.1. Components related to organic matter 
(Si, Xi, Xbh, Xba, Ss, Xs, and Xp) were expressed in g chemical oxygen 
demand (COD) per tank, nitrogen-related components (Snd, Xnd, Snh, Sno) 
were in g nitrogen (N) per tank, and So, Sco, and Salk were in g O2 per 
tank, g CO2 per tank, and molar concentration per tank, respectively.

Organic waste in the fish tank refers to the sum of uneaten feed, fish 
faeces, decayed Xbh, and decayed Xba. Preliminary results showed that 
the amount of decayed Xph was almost negligible compared to the 
aforementioned organic waste. Similarly, the amount of active Xph is 
also insignificant compared to other feed sources for the fish. Hence, it is 
excluded from the model calculation. Conversion from g feed and g fish 
to g COD was calculated from the protein, fat, and carbohydrate content 
(Davis et al., 2021). The processes driving conversions between model 
components are depicted in Fig. 1. Si and Xi were not shown in the figure 
because these are inert materials, which means no conversion occurs 
during the cultivation period (Henze et al., 1987). The mass balance 
equation of each component of the model can be found in Table A.2, 
which in general is written as: 

Accumulation = Input - Output + Reaction                                     (1)

In this fish-ASM, Xbh plays a crucial role in maintaining water quality 
through hydrolysis (conversion from Xs into Ss) and ammonification 
(conversion from Snd into Snh) process while through nitrification, 
ammonia nitrogen (Snh) was converted into nitrite and nitrate nitrogen 
(Sno). Xbh can also reduce Ss and Snh concentrations in water through 
uptake into Xbh biomass. The growth of Xbh and Xba is dependent on Ss 
and Snh, respectively. Additionally, their growth is associated with ox
ygen (So) utilization. In the case of anoxic conditions, the role of oxygen 
as a terminal electron acceptor in Xbh is replaced by nitrate (Sno). In 
other words, the growth of Xbh is affected by Ss and So in aerobic con
ditions and by Ss, So, and Sno in anoxic conditions. Compared to aerobic 
conditions, the hydrolysis rate of Xs into Ss is also lower under anoxic 
conditions. Additionally, part of Xbh and Xba is grazed by fish, contrib
uting to fish growth. Another part of the eaten Xbh and Xba is excreted as 
faeces and ammonia, and kept in the nutrient cycle.

The organic waste (uneaten feed, fish faeces, and majority of decayed 
Xbh and Xba) are associated with the activated sludge subsystem as 
particulate organic matter (Xs) which then is hydrolysed into soluble 
organic matter (Ss). The hydrolysis process rate is linear with Xbh con
centration in the water. Additionally, a part of decayed Xbh and Xba is 
converted into degradable particulate (Xp).

Besides organic matter, this study also examined nitrogen dynamics. 
The nitrogenous waste is divided into ammonia (Snh), soluble organic 
nitrogen (Snd), and particulate organic nitrogen (Xnd). Similar to Xs and 
Ss, the contributors of nitrogenous particulate organic waste (Xnd) are 
fish faeces, uneaten feed, and the majority of Xbh and Xba decay. Inert 
nitrogenous material is neglected in the model because it is usually 
small. In parallel with the hydrolysis of organic waste, Xnd is hydrolysed 
into Snd, which subsequently is partially converted into Snh. Besides the 
ammonification process, the input of Snh also comes from gill excretion.

Fig. 1. Scheme of fish-ASM. Sco, So, and Salk are carbon dioxide, oxygen, and alkalinity, respectively. Blue colour indicates components and processes related to the 
fish growth model.
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2.3. Model equations

Mass balances expressing the dynamics or accumulation of each 
component are shown in Table A.2. Auxiliary equations of balance 
component (input, reaction, and output) in the mass balance are listed in 
Table A.3. Equations related to the ASM follow from Henze et al. (1987). 
Equations related to Xi and Si are not shown because no reaction 
occurred in these components, they just enter the system through water 
inflow and leave through water replacement. Finally, parameter values 
used for the simulation can be found in Table A.4.

In terms the contribution to Xs and Xnd, it was assumed that 5 % of 
the feed given is uneaten. Xbh and Xba decay is proportional to each of 
their biomass in a first-order manner (Henze et al., 1987; Svirezhev 
et al., 1984). The term fish faeces (qXfXs) was calculated based on the 
amount of eaten pelleted feed (qXfeedXf), eaten Xbh (qXbhdXf), eaten Xba 
(qXbadXf), and apparent digestibility coefficient of organic matter 
(ADCOM), which can be written as: 

qXfXs = (1 - ADCOM) * (qXfeedXf + qXbhXf + qXbaXf)                            (2)

Calculation of N content in fish faeces (qXfXnd) is in line with qXfXs, 
only the amount of eaten feed, Xbh, and Xba is multiplied by each of their 
N content (NXfeed, NXbh, and NXba, respectively), and can be written as: 

qXfXnd = (1 - ADCOM) * (NXfeed * qXfeedXf + NXbh * qXbhXf + NXba * qXbaXf) 
(3)

Finally, the contribution to Snh from fish (qXfSnh) was calculated 
based on total N consumed by fish from Xf, Xbh, and Xba (qXNXf) minus 
total N retained by fish body minus total N ended up as fish faeces, which 
can be written as: 

qXfSnh = qXNXf - RENXf*qXNXf - qXfXnd                                               (4)

in which RENXf is the retention efficiency of N by the fish body and 
qXNXf is defined as: 

qXNXf = NXfeed*qXfeedXf + NXbh*qXbhXf + NXba*qXbaXf                         (5)

In terms of reactions, in ASM these are expressed as multiplication 
between stoichiometric coefficients and process rate, which contains the 
kinetics parameters. Equations related to the reaction of each compo
nent are shown in Table A.3. Stoichiometric coefficients and process rate 
related to Xbh and Xba growth and decay, ammonification, and hydro
lysis of Xs and Xnd follow from ASM No 1 (Henze et al., 1987, see 
Table A.3 and A.4). Reactions related to fish growth follow from Tarigan 
et al. (2024). The fish uptake rate of Xbh and Xba was assumed to be 
proportional to fish biomass and maximum uptake rate in a first 
order-manner, and to Xbh biomass in a second-order manner (Svirezhev 
et al., 1984). Fish uptake of Xbh (qXbhXf) and Xba (qXbaXf) contribute to 
fish growth (qGXf), together with pelleted feed (qXfeedXf), which can be 
written as: 

qGXf = qXfeedXf/FCRXfeed + qXbhXf/FCRXbh + qXbaXf/FCRXba               (6)

in which FCRXfeed, FCRXbh, and FCRXba are feed conversion ratios of 
Xfeed, Xbh, and Xba, respectively.

All components listed in Table A.2 leave the tank through water 
replacement, except for Xf, Sco, and So. Each of the tanks was considered 
to be ideally mixed. Hence, the concentration of components leaving the 
tank is similar to the concentration in the tank.

The model was implemented in Ms Excel and solved using the Euler 
forward method with a simulation time of 56 days and a time steps of 
one hour.

2.4. Sensitivity analysis, calibration, and validation

Sensitivity analysis (SA) was conducted by increasing and decreasing 
the parameters listed in Table A.4 by 50 %. Parameters with the highest 

normalized sensitivity coefficient (Syx) (Tarigan et al., 2024) were 
prioritized in the calibration steps.

Calibration was done by fitting the corresponding model outputs to 
Snh, Sno, Snd, and biofloc data using a trial and error method. For the 
calibration the Control-diet dataset of Tarigan et al. (2025) was used. 
The fit is expressed in terms of as the ratio between the root mean square 
error (RMSE) to the average of observation data (μ) or RMSE/μ, aiming 
to find the lowest RMSE/μ. Further, RMSE/μ is called as normalised 
RMSE (NRMSE). In the experiment of Tarigan et al. (2025), biofloc was 
defined as solid residue after tank water was filtered using Whatman 
paper. In the simulation, biofloc is defined as a combination of Xs, Xp, 
Xbh, and Xba because solids residue can contain alive (Xbh and Xba) and 
dead (Xs and Xp) particulate organic matters. The calibrated model was 
cross-validated using the High-NSP-diet dataset of Tarigan et al. (2025)
to understand the model performance under different diet compositions.

In the cross-validation step, deliberately the same parameter value as 
in the calibration step were used, except for some parameters related to 
fish and feed characteristics, which are apparent digestibility of organic 
matter by the fish body (ADCOM), the FCR, the nitrogen retention effi
ciency of the fish body (RENXf), and the nitrogen content of the feed 
(Nfeed) (Table 1).

3. Results

3.1. Sensitivity analysis and parameterization

Compared to other components mentioned in Section 2.2, Xbh and Xp 
are the most sensitive model outputs, represented by a higher Syx 
(Fig. 2). The maximum Syx of Xbh and Xp are around 11, while the 
maximum Syx of other model outputs is around 0.1–1.64. In general, 
parameters with the highest Syx are related to Xbh, such as the Xbh yield 
(Yh), the maximum growth rate of Xbh (μh), the hydrolysis coefficient of 
Xbh (kh), and the decay rate of Xbh (bh). Parameters related to Xba (Ya, μa, 
and ba) had a relatively have lower Syx than Xbh, which means that 
changing parameters related to Xba have a lower effect on the model 
output. However, these parameters were considered in the calibration 
step of Sno as Ya and μa have the highest Syx in Sno.

In terms of nitrogen balance, Snh and Sno were mostly sensitive to 
fish-related parameters, which are the apparent digestibility of OM 
(ADCOM) and the retention efficiency of nitrogen in fish biomass 
(RENXf).

Based on the sensitivity analysis, five parameters with the highest Syx 
were prioritized to be adjusted in the calibration step, namely Yh, bh, μh, 
kh, and αg. Another three parameters related to Xba were also adjusted, 
which were ixb, ba, and μa. Although these parameters have low Syx 
(-0.1–0.8), they are essential in determining the dynamics of Snh and Sno. 
Finally, another parameter, which is ka, was chosen for the sake of Snd 
fitting. Syx values of all parameters to Snd were close to zero, and 
therefore not shown in Fig. 2. Consequently, fitting Snd might include 
calibration of more than one parameter or more than 50 % adjustment 
compared to the initial value. Based on the sensitivity analysis, adjust
ment of bh, μh, and kh can shift the dynamics of Snd. However, it still 
resulted in NRMSE of Snd and Sno of 74 % and 86 %, respectively. One of 
the highest Syx values in Snd (after bh, μh, and kh) was ka (Syx = − 0.021) 
and was chosen to be adjusted. The calibrated value of all 

Table 1 
Diet-dependent parameter estimates value during calibration (Control-diet) and 
validation (High-NSP-diet) process.

Parameters Control- 
diet

High-NSP- 
diet

Units

ADCOM 0.60 0.48 -
FCR 1.42 1.64 g dry weight feed (g fresh weight 

fish)− 1

RENXf 32.1 31.2 %
Nfeed 0.047584 0.043748 g N (g dry weight feed)− 1
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aforementioned parameters are shown in Table 2.

3.2. Model simulations

The parameters presented in Table 2 and Table A.4 were used to 
simulate components mentioned in Section 2.2. Model fitting was per
formed for Xf, Snh, Sno, Snd, and VSS, in which VSS is the summation of 
Xs, Xp, Xbh, and Xba. Using the calibrated parameters (Table 2 and 
Table A.4), the simulation fitted the value of the final harvested fish (Xf) 
with a 3 %-5 % error (NRMSE) as shown in Table 3. In general, the 
simulation was able to depict the dynamics of Snh, Sno, Snd, and VSS of 
the Control-diet datasets with NRMSE of 0.15–0.34. However, simula
tion with the calibrated parameters in tanks fed with the High-NSP-diet 
resulted in relatively higher error. The highest error was observed in VSS 
with NRMSE of 0.66, followed by Snh and Sno with NRMSE of 0.64 and 
0.36, respectively (Table 3). Since VSS consists of Xbh and Xba, which 
have a direct relationship to Xs, Ss, Snh, and Sno, a high error of VSS also 
leads to a higher error in Snh and Sno. Therefore, more detail observation 
of the dynamics of VSS of the High-NSP-diet datasets is required to 
understand the reasons for the higher error compared to the Control-diet 
datasets (see 3.3.2 and 4.2).

3.3. Nutrient and biofloc dynamics

3.3.1. Control-diet
Hourly simulations data and biweekly observations of Snh, Sno, Snd, 

and VSS in tanks fed the Control-diet tank are depicted in Fig. 3. The 
effect of daily feeding, especially in the fluctuation of Snh and VSS are 
clearly visible in Figs. 3a and 3d, respectively. A relatively stable 

behaviour of Snh and increasing behaviour of Sno (Fig. 3a and Fig. 3b) is 
observed, indicating an active conversion of Snh into Sno. Snh was 
constantly added into the water via Snd ammonification and fish diges
tion(Fig. 1). Accumulation of Snh in the water was controlled by Xbh 
uptake and Xba conversion during nitrification, causing Sno accumula
tion (Fig. 1). In terms of Snd, the decreasing trend (Fig. 3c) was mainly 
due to water replacement and less due to ammonification. Since the 
tanks are assumed to be ideally mixed, a higher initial Snd concentration 
(39 g/m3) means the loss of Snd through water exchange when compared 
to the initial mass of Snh and Sno (0.4 g/m3). Finally, the behaviour of 
VSS in the simulation aligned with the observation, increasing from day 
0 to day 42 and decreasing slightly from day 42 to day 56 (Fig. 3d).

In the VSS, biofloc biomass was dominated by Xs and Xbh (Fig. 4a) 
and relatively a small amount of Xp and Xba (Fig. 4b). The drop of VSS 
from day 42 to day 56 (Fig. 3d) was mainly caused by the drop of Xs 
(Fig. 4a). This drop was primarily driven by the drastic increase in Xbh 
during this period. Xbh plays a role in hydrolysing Xs into Ss in which the 
rate is linear to Xbh (Equation A.14). In other words, an increase of Xbh 
will eventually lower Xs accumulation in the water when the input of Xs 
is lower than the Xs hydrolysed into Ss. Regarding Xba, the biomass 
concentration was relatively stable with 0.6–1 g COD/m3 (Fig. 4b). Such 
amount of Xba contributes to 23 % of the Snh level with a maximum of 
0.67 g/m3 (Fig. 3a). Almost 75 % of the Snh reduction was caused by Xbh 
uptake. Although the majority of Snh reduction was caused by Xbh up
take, a change of 1 g of Xba was 182 times higher than a change of 1 g of 
Xbh in reducing Snh concentration in the water. Based on Table A.2 
(Equation A.26 and A.27), 1 g of Xba growth consumed 4.19 g of Snh, 
while 1 g of Xbh only consumed 0.023 g of Snh.

The increase of Xbh will increase and decrease Snd simultaneously 

Fig. 2. Normalized sensitivity coefficients (Syx) of different parameters to model output of Xbh, Xba, Xp, Xs, Xnd, Snd, Ss, Snh, and Sno. Greenish, reddish, and bluish 
background colors indicate fish-related, stoichiometric, and kinetic parameters, respectively.
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through hydrolysis (conversion from Xnd into Snd, see Equation A.14 and 
A.22) and ammonification (conversion from Snd into Snh, see Equation 
A.23), respectively. A higher kinetics parameter of hydrolysis than of 
ammonification caused a slight increase of Snd. The increase of Snd be
comes more significant when Xbh increased more strongly from day 42 to 
day 56 (Fig. 3c and Fig. 4a).

3.3.2. High-NSP-diet
The highest NRMSE (66 %) in the High-NSP-diet is observed for VSS 

(Table 2). The discrepancy is particularly found on day 42 (Fig. 5a) in 
which total biofloc biomass was much higher than the predicted biomass 
(204 vs 302 g COD/m3). This discrepancy is most likely caused by Xs or 
Xba which are the dominant components in the VSS (Fig. 5b). From day 
37–42, Xs dropped from around 114 g COD/m3 to around 10 g COD/m3. 
This drastic drop was triggered by the increase in hydrolysis rate (con
version from Xs to Ss), which was encouraged by the rise of Xbh over time 
from day 37 to day 42. A relatively high discrepancy is also observed in 
Snh and Sno with NRMSE of 64 % and 36 % (Table 2), respectively, in 
which most of the error is caused by under-prediction and a sudden over- 
prediction of Snh on day 56 (Fig. 5c and Fig. 5d). Based on the simula
tion, some parameters related to Xbh and Xba might need to be adjusted 
further to achieve a better fit in Hight-NSP-diet fed biofloc tanks, and 
will be discussed in Section 4.

4. Discussion

4.1. Feedback loop

This study presents the dynamic behaviour of biofloc in Nile tilapia 
culture. Interactions between different components in the fish-biofloc 
systems can be depicted in a causal loop diagram (Fig. 6). Two rein
forcing feedback loops and nine balancing feedback (Barbrook-Johnson 
and Penn, 2022) loops were identified. More feedback loops might have 
occurred. These are not shown in this graph, for instance, a feedback 
loop between fish growth and fish mortality to fish biomass.

There is a balancing feedback loop interaction between Xbh and Xs as 
depicted in Fig. 6. Uneaten feed, fish faeces, and decay of micro- 
organisms were introduced to the activated sludge system in the form 
of Xs, which will subsequently be hydrolysed into Ss. In turn, Ss is 
incorporated into Xbh, causing an increase in Xbh biomass. In other 
words, an increase of Xs leads to an increase of Ss and possibly Xbh. 
However, there are both a reinforcing and balancing feedback loop 
between Xbh and Xs. The reinforcing loop is triggered by the fact that 
more biomass will decay as more Xbh becomes available in the water (R1 
in Fig. 6), which is one of the inputs to Xs. However, as more Xbh is 
available in the water, it will increase the hydrolysis process, causing a 
faster drop of Xs (B.1 in Fig. 6). In this study, the biomass decay rate was 
almost 10 times lower as compared to hydrolysis process rate, both in 
the Control-diet and High-NSP-diet tanks. Additionally, a balance 
occurred between the Xbh and Ss feedback loop. The increasing con
centration of Xbh means more Ss is required for Xbh growth, which 
eventually will decrease Ss when the uptake rate is higher than the hy
drolysis rate (qSsXbh (Equation A.15) and qXsSs (Equation A.14), 
respectively).

The balancing feedback loop in tanks fed the Control-diet was 
observed after day 42 when Xs started to decrease (Fig. 4a). The growth 
rate of Xbh overall increased until day 53. Since the simulation was only 
carried out until the end of the experiment on day 56, the decreasing 
growth rate was hardly seen (Fig. 4a). The late drop of Xbh growth rate 
was triggered by Ss that was still available before finally dropping on day 
53 due to a limited supply through hydrolysis of Xs (see Fig. 5b and 
Figure B.1).

A similar feedback loop is also observed between Xbh and nitrogen 
components (Xnd, Snd, and Snh). A reinforcing feedback loop occurs due 
to Xbh decay (R2 in Fig. 6). Two balancing feedback loops occur, one 
between Xbh growth and Snh uptake (B5 in Fig. 6), another one between 
Xbh and Xnd due to hydrolysis of Xnd into Snd and ammonification of Snd 
into Snh (B3 in Fig. 6). Additionally, Snh is not only balanced by Xbh 
uptake but also by Xba uptake (B6 in Fig. 6). Finally, the relationship 
between fish and Xbh and Xba is also expressed in a balancing feedback 
loop. A higher Xbh and Xba lead to higher uptake by fish which will boost 
the fish growth. However, a higher consumption of Xbh and Xba will 
reduce these micro-organism concentrations. In summary, several 
balancing feedbacks are observed in the fish-biofloc system. Under
standing the balance will give insight on maintaining the continuity of 
the fed-batch fish-biofloc system.

4.2. Improving simulation of the High-NSP-diet

The fish-ASM shows a relatively high discrepancy of VSS, Snh, and Sno 
in tanks fed the High-NSP-diet (Table 3). The error in VSS is mostly 
caused by Xs or Xbh, which are the dominant components in VSS 
(Fig. 5b). The error might be related to a temporal change in some of the 
parameter values, especially parameters related to the micro-organisms 
(Xba and Xbh). The High-NSP-diet dataset was used for cross-validation 
of the fish-ASM, which means using the same, except those mentioned 
in Table 1, parameter values as in the Control-diet simulation. A diet rich 
in NSP produces more fiber-rich faeces, which require more time to 
decompose as compared to starch-rich faeces (Avnimelech et al., 2009; 
Ekasari et al., 2014; Serra et al., 2015). This difference in the faeces 

Table 2 
Initial and final parameters estimates during the calibration process. Initial 
value was gained from ASM number 1 (Henze et al., 1987), which are param
eters of domestic wastewater.

Parameters Description Units Initial 
value

Calibrated 
value

Yh Yield for 
heterotrophic 
biomass

g cell COD formed 
(g COD 
oxidized)− 1

0.67 0.75

bh Decay coefficient for 
heterotrophic 
biomass

h− 1 0.0258 0.0019

μh Maximum specific 
growth rate for 
heterotrophic 
biomass

h− 1 0.25 0.0375

kh Maximum specific 
hydrolysis rate

g slowly 
biodegradable 
COD (g cell COD. 
h)− 1

0.125 0.0238

αg Correction factor for 
μh under anoxic 
conditions

- 0.8 2

ixb Nitogen required per 
for the growth of Xbh 

and Xba

g N (g COD)− 1 in 
biomass

0.086 0.0234

ba Decay coefficient for 
autotrophic biomass

h− 1 - 0.00014

μa Maximum specific 
growth rate for 
autotrophic biomass

h− 1 0.033 0.0027

ka 1/Ammonification 
rate

m3 (g COD. h)− 1 0.0033 0.00002

Table 3 
Normalized root mean square error (NRMSE) of the Control-diet and the High- 
NSP-diet dataset. NRMSE is the ratio of RMSE to average observation value 
(RMSE/μ).

Xf Snh Sno Snd VSS

Control-diet RMSE 361.9 0.66 2.53 69.44 114.07
​ NRMSE 6 % 20 % 29 % 34 % 15 %
High-NSP- 
diet

RMSE 225.5 2.30 3.55 55.70 600.64

​ NRMSE 4 % 64 % 36 % 23 % 66 %
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might cause a difference in hydrolysation rate between the between 
tanks fed the Control-diet or the High-NSP-diet. Slower hydrolysis in 
tanks fed the High-NSP-diet was not integrated in the model, and 
therefore not studied.

Improving the simulation-observation fit of the High-NSP-diet tanks 
by adjusting some parameters could be done based on the highest 

sensitivity coefficient Syx (Fig. 2). Additionally, the most interesting 
parameters might be related to Xbh and Xba which have a direct rela
tionship to VSS and Snh which exhibited the highest NRMSE in tanks fed 
the High-NSP-diet. Changing the Yh, parameters with the highest Syx 
relative to Xbh (Fig. 2), from 0.75 to 0.71 improves the NRMSE of VSS 
from 66 % to 47 % (Table 3 and Table B.1). A lower Yh means that less g 

Fig. 3. Model predictions and observation data of (a) ammonia nitrogen (Snh), (b) nitrate + nitrite nitrogen (Sno), (c) soluble organic nitrogen (Snd), and (d) volatile 
suspended solide (VSS) or biofloc in the Control-diet case.

Fig. 4. Hourly simulation data of VSS based on its constituent components, which are (a) Xs, Xbh, and (b) Xp, and Xba, in Control-diet case in g COD/tank.
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cell COD Xbh formed per g Ss uptake by Xbh. Less Xbh production means 
more Xs will be accumulated due to the lower hydrolysis rate. Compared 
to the value of Yh of 0.75, the updated value of 0.71 increases the VSS on 
day 42, which is caused by more Xs accumulating (102 g VSS/m3 vs 
140 g VSS/m3) in the system. After day 42, Xbh started to grow drasti
cally, leading to faster hydrolysis, and eventually reduced Xs accumu
lation (Figure B.2a and Figure B.2b). The change of Yh also affects the 
dynamics of Snh, and eventually Sno (Figure B.2c and Figure B.2d), in 
which more Snh will be accumulated at the end of the simulation due to 
higher ammonification of Snd into Snh by Xbh from day 42 to day 56. 
Hence, after adjusting Yh, parameters related to Snh also need to be 
adjusted to improve the fit between simulation and observation, such as 
Ya (g cell COD of Xba formed per g N uptaken by Xba), ixb (g N required 
per g COD biomass of Xbh and Xba), and 1/ka (g COD hydrolysed per h 
per m3). Adjusted parameters, NRMSE, and new simulation results of Sno 
and Snh are depicted in Table B.1, Table B.2, Figure B.2e, and 
Figure B.2 f, respectively.

Changing the aforementioned parameters can reduce the NRMSE of 
VSS and Snh, however, the error was still around 50 % (Table B.1). In 
terms of VSS, this updated strategy can improve Xs concentration on day 
42, but not the Xbh concentration. The hydrolysis process of Xs might be 
slower due to its high fiber content as compared to the Control-diet. 
Consequently, Ss production, one of the limiting factors of Xbh growth, 
is also lower compared to the Control-diet. However, since the High- 
NSP-diet has lower ADCOM (Table 1), which means higher faeces pro
duction, the Ss production will eventually be higher than in tanks fed the 
Control-diet, which means a higher growth of Xbh. In this case, the 

higher VSS on day 42 in the High-NSP-diet when compared to the 
Control-diet (127 g VSS/m3 vs 210 g VSS/m3) was probably caused by a 
higher accumulation of Xs and a higher Xbh concentration in the water. 
Further research might be needed to understand the mechanisms and 
dynamics of the hydrolysis process and its relationship to Xbh in biofloc 
systems fed a High-NSP or fiber-rich diet.

5. Conclusion

To our knowledge, this is the first study that demonstrates the dy
namics of nitrogen and biofloc in fish-biofloc systems. This study 
demonstrated the possibility of combining the ASM concept and 
nutrient-based fish growth modelling to understand the relationship 
between fish, organic matter, nitrogen, heterotrophic biomass, and 
autotrophic biomass in a fish-biofloc system. Simulation under Control- 
diet was considerably fit (NRMSE of around 15 %-34 %) to the field 
observation. However, improvement is needed in the simulation of the 
tank fed with the High-NSP-diet, especially in the biofloc and ammonia 
dynamics.

The High-NSP-diet datasets were simulated using a cross-validation 
technique, which means the simulation was performed based on cali
brated parameters of Control-diet data. The inclusion of NSP was aimed 
to change fish faeces characteristics, which eventually will affect the 
hydrolysis rate and biofloc growth in the water. Further research might 
be focused on studying the mechanisms and dynamics of the hydrolysis 
of organic matter and its relationship to heterotrophic biomass in biofloc 
systems fed a high-NSP or fiber-rich diet.

Fig. 5. Model predictions and observation data of(a) volatile suspended solid (VSS), (b) partial components of VSS: Xs, Xbh, Xp, and Xba, (c) ammonia nitrogen (Snh), 
and (d) nitrate + nitrite nitrogen (Sno) in the High-NSP-diet case.
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Appendix A. Parameters and equations

Table A.1 
Initial values used in the calibration (Control-diet) and validation (High-NSP-diet) process

Parameter Value Units

Ss 38.00 g COD m− 3

Xs 9.00 g COD m− 3

Xi 17.00 g COD m− 3

Si 36.00 g COD m− 3

Xbh 3 g COD m− 3

Xba 1 g COD m− 3

Xp 0.015 g COD m− 3

So 6 g COD m− 3

Sno 0.4 g N m− 3

Snh 0.4 g N m− 3

Snd 39 g N m− 3

Xnd 0.5 g N m− 3

Salk 5 Molar

Fig. 6. Causal loop diagram of the fish-ASM.Bi = Balancing feedback loop i, Ri = Reinforcing feedback loop i, Xs = Particulate organic matter, Ss = Soluble organic 
matter, Xbh = Heterotrophic biomass, Xnd = Particulate organic nitrogen, Snd = Soluble organic nitrogen, Snh = Ammonia nitrogen, Xba = Autotrophic biomass, Xp 
= Non-degradable organic matter. Pink arrows represent reinforcing feedback pathways of R1 and R2. Green arrows and colour represent balancing feedback 
pathways of B1 and B3.
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Table A.2 
Mass balance equation of each compartment in the model

Compartment Equation

Fish dXf

dt 
= qGXf - qMXf

Feed dXfeed

dt 
= U(t) - qXfeedXf - qXfeedXs

Heterotrophic biomass dXbh

dt 
= qGXbh - qXbhXs - qXbhXf - qXbhout

Autotrophic biomass dXba

dt 
= qGXba - qXbaXs - qXbaXf - qXbaout

Organic matter dXs

dt 
= qXfXs + qXfeedXs + qXbhXs + qXbaXs - qXsSs - qXsout 

dSs

dt 
= qXsSs - qSsXbh - qSsout 

dXp

dt 
= qXbhXp + qXbaXp - qXpout

Nitrogen dXnd

dt 
= qXfXnd + qXfeedXnd + qXbhXnd + qXbaXnd - qXndSnd - qXndout 

dSnd

dt 
= qXndSnd -qSndSnh - qSndout 

dSnh

dt 
= qXfSnh + qSndSnh - qSnhXbh - qSnhXba - qSnhvolat - qSnhout 

dSno

dt 
= qXbaSno - qSnoXbh - qSnoout

Oxygen dSo
dt 

= qSopump + qSosurface - qXfSo - qXbhSo - qXbaSo- qSoout

Carbon dioxide dSco
dt 

= qScoXf + qScoXbh+ qScoXba- qScoout

Alkalinity dSalk
dt 

= qSndSalk - qSalkXbh - qSalkXba

Table A.3 
Auxiliary equations of each flow in the mass balance

Process name Equations Eqn

Fish and Feed
qGXf Fish growth qXfeedXf/FCRXfeed + qXbhXf/FCRXbh + qXbaXf/FCRXba A.1
qMXf Fish mortality Xf * km A.2
qXfeedXf Feed uptaken by fish U(t) * (1-ku) A.3
qXfeedXs Feed uneaten U(t) * ku A.4
Heterotrophic biomass
qGXbh, 

aerobic

Aerobic growth of 
heterotrophs

μh * (Ss/(Ss+Ks)) * (So/(So+Koh)) * Xbh A.5

qGXbh,anoxic Anoxic growth of heterotrophs qGXbh,aerobic * (Sno/(Sno+Kno)) * αg A.6
qGXbh Total growth of heterotrophs qGXbh,aerobic + qGXbh,anoxic A.7
qXbhXs Decay of heterotrophs bh * Xbh A.8
qXbhXf Heterotrophs uptaken by fish Xf * μXbhXf * (Xbh/(KXbhXf+Xbh)) A.9
Autotrophic biomass
qGXba Growth of 

autotrophs
μa * (Snh/(Snh+Knh)) * (So/(So+Koa)) * Xba A.10

qXbhXs Decay of autotrophs ba * Xba A.11
qXbaXf Autotrophs uptaken by fish Xf * μXbaXf * (Xba/(KXbaXf+Xba)) A.12
Organic matter
qXfXs Fish faeces production (1 - ADCOM) * (qXfeedXf + qXbhXf + qXbaXf) A.13
qXsSs Hydrolysis of 

entrapped organics
kh * [(Xs/Xbh)/((Xs/Xbh) + Kx)] * [(So/(So+Koh)) + αh * (Koh/(So+Koh)) * (Sno/ 
(Sno+Kno))] * Xbh

A.14

qSsXbh Readily biodegradable substrate uptaken by heterotrophic biomass 1/Yh * qGXbh A.15
qXbhXp Heterotrophic biomass become non-degradable particulate organic fp * qXbhXs A.16
qXbaXp Autotrophic biomass become non-degradable particulate organic fp * qXbaXs A.17
Nitrogen
qXfXnd Particulate organic nitrogen from fish faeces (1 - ADCOM) * (NXfeed * qXfeedXf + NXbh * qXbhXf + NXba * qXbaXf) A.18
qXfeedXnd Particulate organic nitrogen from uneaten feed NXfeed * qXfeedXs A.19
qXbhXnd Particulate organic nitrogen from heterotrophics biomass decay (ixb - fp*ixp) * qXbhXs A.20
qXbaXnd Particulate organic nitrogen from autotrophics biomass decay (ixb - fp*ixp) *qXbaXs A.21
qXndSnd Hydrolysis of entrapped organic N qXsSs * Xnd/Xs A.22
qSndSnh Ammonification of soluble organic N ka * Snd * Xbh A.23
qXfSnh Fish total ammonia nitrogen (TAN) production qXNXf - RENXf*qXNXf - qXfXnd A.24
qXNXf Nitrogen from feed, heterotrophics, and autotrophics biomass taken up 

by fish
NXfeed*qXfeedXf + NXbh*qXbhXf + NXba*qXbaXf A.25

qSnhXbh TAN uptake by heterotrophics biomass ixb * qGXbh A.26
qSnhXba TAN uptake by autotrophics biomass (ixb + 1/Ya)* qGXba A.27
qSnhvolat TAN volatilization kv * Snh A.28
qXbaSno Nitrification by autotrophics biomass 1/Ya * qGXba A.29

(continued on next page)
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Table A.3 (continued )

Process name Equations Eqn

qSnoXbh Nitrate and nitrite nitrogen uptake by heterotrophics biomass in anoxic 
condition

(1-Yh)/(2.86 *Yh) * qGXbh,anoxic A.30

Oxygen
qXfSo Oxygen uptake by fish 2014.45 + 2.75 * Xf - 165.2 * Tw + 0.007 * Xf

2 + 3.93 * Tw
2 - 0.21 * Xf * Tw

4 A.31
qXbhSo Oxygen uptake by heterotrophics biomass (1-Yh)/Yh * qGXbh A.32
qXbaSo Oxygen uptake by autotrophics biomass (4.57-Ya)/Ya * qGXba A.33
Carbon dioxide
qScoXf Fish CO2 respiration kcoXf * Xf A.34
qScoXbh CO2 emission due to decay of heterotrophics biomass kcoXbh * qXbhXs A.35
qScoXba CO2 emission due to decay of autotrophics biomass kcoXba * qXbaXs A.36
Alkalinity
qSndSalk Alkalinity production due to ammonification of 

soluble organic N
1/14 * qSndSnh A.37

qSalkXbh Alkalinity consumption due to growth of heterotrophics biomass (ixb/14) * qGXbh,aerobic + (ixb/14 - (1-Yh)/14 * 2.86Yh) * qGXbh,anoxic A.38
qSalkXba Alkalinity consumption due to growth of autotrophics biomass (ixb/14 + 1/7Ya) * qGXba A.39

Table A.4 
Parameter value used for the simulation

Parameter Description Value Unit Reference

FCRXfeed Feed conversion ratio of pelleted feed 1.42 g dry weight g− 1 fresh weight Tarigan et al., (2025)
FCRXbh Feed conversion ratio of Xbh 2 g dry weight g− 1 fresh weight Stanley and Jones, (1976)
FCRXba Feed conversion ratio of Xba 2 g dry weight g− 1 fresh weight Stanley and Jones, (1976)
km Coefficient of mortality ​ See Figure C.2 of Tarigan et al., 

(2024)
ku Uneaten feed 5 % - Assumed
μh Maximum growth rate of Xbh 0.0375 h− 1 Calibrated
Ks Half saturation coefficient of Ss 20 g COD m− 3 Henze et al., (1987)
Koh Half saturation coefficient of So for the growth of Xbh 0.2 g O2 m− 3 Henze et al., (1987)
Kno Half saturation coefficient of Sno 0.5 g NO3-N m− 3 Henze et al., (1987)
αg Correction factor for Xbh growth in anoxic condition 2 - Calibrated
bh Decay rate of Xbh 0.0019 h− 1 Calibrated
μXbhXf Maximum uptake rate of Xbh by fish (Xf) 0.00042 h− 1 Calibrated
KXbhXf Half saturation coefficient of Xbh 20 g COD m− 3 Svirezhev et al., (1984)
μa Maximum growth rate of Xba 0.003 h− 1 Calibrated
Knh Half saturation coefficient of Snh 1 g NH3-N m− 3 Henze et al., (1987)
Koa Half saturation coefficient of So for the growth of Xba 0.4 g O2 m− 3 Henze et al., (1987)
ba Decay rate of Xbh 0.00014 h− 1 Calibrated
μXbaXf Maximum uptake rate of Xbh by fish (Xf) 0.00042 h− 1 Calibrated
KXbaXf Half saturation coefficient of Xbh 20 g COD m− 3 Svirezhev et al., (1984)
ADCOM Apparent digestibility coefficient of organic matter 0.6 - Tarigan et al., (2025)
kh Hydrolysis rate 0.0238 g slowly biodegradable COD (g cell COD. 

h)− 1
Calibrated

Kx Half saturation coefficient of hydrolysis of Xs by Xbh 0.03 g slowly biodegradable COD (g cell COD)− 1 Henze et al., (1987)
Yh Xbh yield 0.75 g cell COD formed (g COD oxidized)− 1 Calibrated
fp Ratio of Xbh and Xba decay become non-degradable particulate 

(Xp)
0.08 - Henze et al., (1987)

NXfeed Nitrogen content of feed 0.047584 g N (g feed)− 1 Tarigan et al., (2025)
NXbh Nitrogen content of Xbh 0.0599 g N (g Xbh COD)− 1 Tarigan et al., (2025)
NXba Nitrogen content of Xba 0.0599 g N (g Xbh COD)− 1 Tarigan et al., (2025)
ixb Nitrogen requirement per g COD biomass synthesised 0.0234 g N (g COD)− 1 in biomass Calibrated
ixp Nitrogen requirement per g COD endogenous biomass 

synthesised
0.06 g N (g COD)− 1 in endogenous biomass Henze et al., (1987)

ka Ammonification rate 0.00001 m3 (g COD. h)− 1 Calibrated
RENXf Nitrogen retention efficiency in fish body 0.321 - Tarigan et al., (2025)
kv Volatilization coefficient 0.00319 h− 1 Wolfe et al., (1986)
Ya Xba yield 0.24 g cell COD formed (g N oxidized)− 1 Henze et al., (1987)
Tw Water temperature ℃ See Figure C.1 of Tarigan et al., 

(2024)
kcoXf CO2 emission 0.00026 g CO2 (g fish. h)− 1 Muller and Bauer, (1994)
kcoXbh CO2 emission of Xbh decay 2 g CO2 (g biomass decay)− 1 Snip, (2010)
kcoXba CO2 emission of Xbh decay 2 g CO2 (g biomass decay)− 1 Snip, (2010)
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Appendix B. Simulation results

Table B.1 
Root mean square error (RMSE) and normalise RMSE (NRMSE), which is ratio of RMSE to average observation value, of High-NSP-diet dataset after updating the 
parameters (see Table B2)

Xf Snh Sno Snd VSS

RMSE 361.1 2.04 2.69 57.02 430.44
NRMSE 6 % 57 % 27 % 23 % 47 %

Table B.2 
Adjusted parameters in the High-NSP-diet tank

Parameters Initial value Adjusted value Units

Yh 0.75 0.71 g cell COD formed (g COD oxidized)− 1

Ya 0.24 0.1 g cell COD formed (g N oxidized)− 1

ixb 0.003 0.004 g N (g COD)− 1 in biomass
ka 0.00002 0.000003 m3 (g COD. h)− 1

Fig. B.1. Simulation result of Ss in the Control-diet tank
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Fig. B.2. Updated model prediction and observation data when Yh = 0.71 (a. volatile suspended solid (VSS) or biofloc, b. detail component of VSS, c. nitrate + nitrite 
nitrogen (Sno), d. ammonia nitrogen when Yh is 0.71), and when all parameters is adjusted as shown in Table B.2 (e. Sno, f. Snh) of the High-NSP-diet datasets

Data availability

Data will be made available on request.
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