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ABSTRACT  
 

The use of mathematical modeling and computer simulation has become a useful tool in 
evaluating the operation of wastewater treatment plant. In this study modeling and stimulating using 
least square method for a novel Horizontal Flow Biofilm Reactor (HFBR) were studied. An 
experimental model was designed to assess the contribution of each unit of the HFBR system for the 
removal of organic matter and nitrogen. The system consists of five units with total plan surface area 
of the media was 18.2m2. Different organic loading rates (OLR) ranging from; 0.12 kgCOD /m2/day, 
to 1.8 kgCOD/m2/day were studied in order to make proper designs for the treatment system. The 
experimental results were applied to verify the relationship between the model constants and reactor 
performance. The program also performs parameter estimation and sensitivity analyses. The 
experimental results provided average removal efficiencies of 82.0%, 85.4%, 69.7%, and 85.9%, for 
COD, BOD, TKN, and TSS, respectively. Statistical analysis indicates that the developed equations 
are acceptable representation for the experimental data. Squared R is 0.94, 0.99, and 0.97 for COD, 
TN, and TSS, concentrations, respectively; which reveals a satisfactory agreement between the 
experimental results and model predictions. The model was found to be a simple and useful tool for 
design and operation of the HFBR system treating the municipal wastewater in practical application.  
Keywords: HFBR system, biological treatment, mathematical modeling, least square method, 
municipal wastewater.  
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Introduction 
 

The growth of wastewater treatment modeling has gained momentum in the past decade with 
the global wastewater challenges now being faced. In developed countries, while compliance levels 
may be higher, there are still considerable challenges regarding small scale wastewater treatment 
systems, energy consumption by facilities and wide variations in operational efficiency. In developing 
countries, only 8% of industrial and municipal wastewater undergoes treatment of any kind (Sato et 
al., 2013). Globally, more than 80% of wastewater is discharged to the environment without adequate 
treatment (UNESCO, 2012 and WWAP, 2015). The discharges of inadequately treated wastewater are 
contributing to the further degradation of water quality in surface and groundwater 

Recently, mathematical modeling of wastewater treatment plants has become a widely used tool 
for planning, designing, optimizing and evaluating wastewater treatment plants (WWTP). While 
wastewater models can provide insights into plant upgrades, new plant designs, optimized operational 
regimes and enable discharge effluent limits to be met, they are not been widely applied, particularly 
in informing the development of new technologies or optimizing small-scale WWTPs. This is 
frequently due to the significant resources necessary to develop calibrated models for individual 
wastewater treatment processes (Kellner et al., 1999). 

However, the use of modeling software to inform research in the area of technology 
development and optimization has been limited to date. Computer models assist in developing a 
thorough understanding of the behavior of a system and in evaluating various system operating 
strategies. Recently, there has been a great demand for the application of mathematical models for 
biological treatment processes simulation (Horn and Lackner, 2014; Boltz et al., 2011).  
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Over the last number of years, mathematical modeling has become increasingly popular as a 
supporting tool for the design, operation and control of biological wastewater treatment systems such 
as activated sludge and biofilm. Wastewater treatment modeling can enhance plant efficiencies, 
resulting in significant cost and energy savings (Jones and Clifford, 2014; Boltz et al., 2010 and Halan 
et al., 2010). Once, implemented and calibrated correctly, a model can offer many advantages, such as 
optimizing daily operation, determining maximum flow conditions, evaluating proposed operational 
or infrastructural changes, and evaluating the suitability of existing wastewater treatment facilities for 
more stringent regulations (Abou-Elela et al., 2016; Veldhuizen et al., 1999 and Devisscher et al., 
2006), noted that mathematical modeling can optimize plant efficiencies resulting in reduced costs 
from aeration processes (between10% to 20%) and chemical dosing (up to 30%) (Gernaey et al., 2004 
and Elkamah et al., 2016).  

The objective of this study is evaluating the design and operation of Horizontal flow biofilm 
reactor (HFBR), and estimate an innovative concept of the possible use the mathematical model to 
verify the experimental results.  
 
Methodology 
 
HFBR system 
 

HFBR system consists of five units 
positioned one above the other; each unit 
comprised a stack of 11horizontal PVC sheets, 
Figure (1). There is a gap between each unit to 
collect the sample from each unit to evaluate the 
efficiency of the treated wastewater collected 
from the unit and study the operation mechanism 
of the reactor.  

It is a simple technology with a flexible 
design that provides a new effective technology 
for organic matter and nitrogen removal from 
municipal wastewater (O’Reilly et al., 2011 and 
APHA/AWWA/WEF., 2012). The system was 
tested operated over 3 years at eight different 
hydraulic and organic loading rates ranging from 
0.3m3 /m2/d to 4.55m3/m2/d and from 
0.12kgCOD/m2/d to 1.8kgCOD/m2/d, 
respectively. 

 

 
 Fig. 1: Water direction inside HFBR system 

Table (1) is summarized the different operating conditions of the pilot-scale system.  
 
Table 1: The applied HLR, OLR and HRT applied to the treatment system 

 
Sampling and analytical methods 
 

Throughout the study, the reactor was fed with fresh raw municipal wastewater. Physico-
chemical analysis were carried out according to APHA/AWWA/WEF., 2012, to determine total 

   Load  
Parameter 1st 2nd 3rd 4th 5th 6th 7th 8th 

HLR m3/m2/d 0.3 0.61 0.91 1.52 2.16 2.7 3.03 4.55 

OLR kgCOD/m2/d 0.12 0.23 0.35 0.58 0.82 1.1 1.28 1.79 

HRT hr. 15 7.5 5 3 2.2 1.6 1.5 1.0 

Pump 

clarifier 

Influent 

Sludge 
Effluent 
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chemical oxygen demand (CODtot), biological oxygen demand (BODtot), total suspended solids 
(TSS) and total nitrogen (TKN).  

 
Mathematical modeling 
 

Parameters are fitted by minimizing error between experimental data and model output using 
least square method. The least square regressions employed to achieve best fitting by minimizing the 
sum of the squares of errors for each equation individually. The proposed equations describe the 
dependency of dependent variable on flow rate, unit number, and inlet (raw domestic wastewater) 
concentration.  
 
Results and Discussion 
 
Performance of the of treatment system  
 

Characterizations of the composite samples for domestic wastewater during the period of study 
were recorded in Table (2). Chemical oxygen demand ranged from 280 mg02/l to 850mg02/l, with an 
average value of 338 mg02/l. Corresponding biological oxygen demand value ranged from 162 mg02/l 
to 479 mg02/l, with an average value of 190 mgO2/l. Suspended solids were relatively high and it 
ranged from 112 mg/l to 392 mg/l, with an average value of 189 mg/l. Average values of ammonia, 
organic nitrogen and oil and grease were 24 mgN/l, 28 mgN/l, and 47mg/l, respectively.  

Eight different OLR were applied to investigate the treatment performance of HFBR   and find 
out the optimum operating OLR, which produce the best quality of effluent and in order to make 
proper design for the treatment unit. Table (2) represents the characterization of the raw and treated 
wastewater during different loads. Raising OLR, didn’t show significant effect on system 
performance (Figures 2 & 3). The average removal percentage of carbon during the first four loads 
was 92% and after raising the organic load, it decreases to 79%. Removal of ammonia during first 
three loads was 85%, and it decreased to 63% during the last loads. 

 
Table 2: Characterization of raw and treated effluent on the different OLR 

   OLR  
KgCOD/m2/d 

 
 

Parameters 

 
Unit 

Inf. 0.12 0.24 0.36 0.6 0.95 1.05 1.28 1.79 

pH  7.5  7.6 7.6 7.4 7.7 7.9 7.7 7.9 7.7 
COD mg/l 338 15 17 26 35 64 56 76 84 
BOD mg/l 190 7 9 14 18 31 26 38 36 
TSS mg/l 189 8.4 8.5 20 24 29 38 26 29 
Amm. mg/l 24 0.1 2.3 1.4 10 12 7 5 12 
O.N. mg/l 28 11 14 5 12 16 11 7 18 
Nitrate mg/l 0.25 16.7 4.6 4.3 11 3.1 9 12 12 
Oil & Grease mg/l 47 5 6 4 4.4 5.8 9 7 7 
Fecal Coliform MPN-

Index/ 
100ml 

1.1×107 1.7×103 1.7×103 3.4×103 1.2×104 2.7×105 1.6×104 1.5×105 2.6×106 

 
HFBR system performance was steady during the different loads and gave high removal 

percentage of carbon and nitrogen the treated effluent quality sufficiently meets the Egyptian Code of 
Practice for wastewater reuse in agricultural purposes, it could be reuse for the irrigation of green 
belts. 

 Moreover, HFBR does not require any external aeration and thus the cost associated with 
energy and devices required for aeration and their maintenance are cut to the minimum. Additionally, 
low sludge production from the system is negligible compared to that of activated sludge, again 
significantly reducing the cost for sludge handling as treatment and disposal of sewage sludge is 
technically cumbersome and economically a heavy burden. All these makes HFBR is a feasible 
technology for sewage treatment though being technologically and economically undemanding.  
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Mathematical modeling of HFBR 
 

A mathematical model of HFBR reactor is developed. The model can be employed to calculate 
the outlet COD, TN, and TSS. The outlet concentrations (effluent) are function of flow rate, inlet 
(influent) concentration and unit numbers. The model is represented by four terms polynomials as 
shown by Equations (1-3).  
 
Model fitting: 
 

Equation (1) can be used to calculate the outlet COD concentration from each unit as a function 
of flow rate, unit number, and inlet COD concentration, as shown below: 

���� = �. ��� − � ∗ ��.�� − �. � ∗ ��.��� + �. �� ∗ ���
�.�� + ��. �� ………………………….....  (1) 

Where:����:COD outlet concentration in mg/l                 � : Unit number 
��� : COD inlet concentration in mg/l                                � : Flow rate in l/day 

The fitted equation shows that, increasing flow rate and inlet COD concentration increases the outlet 
COD concentration. Increasing the unit number reduces the outlet COD concentration. Inlet COD 
concentration and unit number have an effect on outlet COD concentration more than flow rate as 
indicated by coefficients in Equation (1).  

Equation (2) can be used to calculate the outlet TN concentration from each unit as a function of flow 
rate, unit number, and inlet TN concentration, as follows: 
 

������ = −��. � ∗ ��.��� + ���. � ∗ ��.���� + �. �� ∗ �����
�.��� − ���. � …………………… (2)                  

Where: ������:TN outlet concentration in mg/l             � : Unit number 
����� : TN inlet concentration in mg/l                            � : Flow rate in l/day 
The fitted equation indicates a positive effect of inlet concentration and unit number on the outlet TN 
concentration. Increasing the inlet flow rate decreases the outlet TN concentration. Flow rate and unit 
number have greater effect on outlet TN concentration than inlet TN concentration as indicated by 
coefficients in Equation (2).  
-Equation (3) can be used to calculate the outlet TSS concentration from each unit as a function of 
flow rate, inlet TSS concentration and unit number, as follows: 
 

����� = −��� ∗ ���.���� + ���. � ∗ ���.��� + �� ∗ ����
�.�� + ��. ��      ……………………....(3)           

Where: �����:Outlet concentration in mg/l                        � : Unit number 
���� : Inlet concentration in mg/l                                     � : Flow rate in l/day 
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The fitted equation indicates a positive effect of flow rate on the conversion of TSS, since 
outlet TSS concentration decreases with increasing flow rate. Increasing the inlet TSS concentration 
increases the outlet TSS concentration. Flow rate and unit number have greater effect on outlet TSS 
concentration than inlet TSS concentration as indicated by coefficients in Equation (3).  
 
Statistical analysis and model validation: 
 

The data in Figures (4-6), compare the numerical values of experimental data and model results 
for COD, TN, and TSS concentrations, respectively. The results indicated a reasonable agreement 
between experimental results and model predictions. 
 

 
 

 
 

 
 

Figures (7-9) show the parity plot of experimental results and model predictions for COD, TN, 
and TSS concentrations, respectively. All points are positioned around the line. Statistical analysis 
indicates that the developed equations are acceptable representation for the experimental data. 
Squared R is 0.94, 0.99, and 0.97 for COD, TN, and TSS, concentrations, respectively; which reveals 
a satisfactory agreement between the experimental results and model predictions 
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HFBR for municipal wastewater treatment can be relied upon especially in developing 
countries, with a need for low cost, effective wastewater treatment. HFBR technology is likely does 
not require any external aeration so the cost associated with energy and devices required for aeration 
and their maintenance is cut to zero.  The three-main motivation for modeling are: 1-Design 
(achievement of design parameters).2- Optimization of reactor operation. 3- Develop new technology 
to continuously develop HFBR sewage treatment. This resulted in accurate results indicating that, the 
model could be used for predictive modeling at different HLR rates, and different OLR. Then, the 
removal mechanism of the reactor was simulated using a first order reaction model (least square 
method). The model represented experimental data satisfactorily and can be used to support future 
treatment control. Statistical analysis indicates that the developed equations are acceptable 
representation for the experimental data. Squared R is 0.94, 0.99, and 0.97 for COD, TN, and TSS, 
concentrations, respectively; which reveals a satisfactory agreement between the experimental results 
and model predictions. The model was found to be a simple and useful tool for design and operation 
of the HFBR system treating the municipal wastewater in practical application. The Horizontal Flow 
Bio-Film Reactor technology could provide a suitable alternative, which can be applied in rural areas 
and small communities. The system has proved that it has many benefits such as, low cost in 
manufacturing and maintenance, simplicity of operation. 
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