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Influence of Conventional and Hybrid Septic Tank-
Anaerobic Filter Configurations on the Hydrodynamics and 

Performance of Wastewater Treatment

Evaluación de la influencia de las configuraciones convencional e híbrida 
de tanque séptico-filtro anaerobio sobre la hidrodinámica y desempeño 

del tratamiento de aguas residuales

Maricel Arias-Henao 1, Diego Paredes-Cuervo 2, and Patricia Torres-Lozada 3

ABSTRACT
Decentralized treatment is an adequate strategy to more sustainably treat municipal wastewater in rural and peri-urban areas. In 
light of the above, this study evaluated, on a pilot scale, the performance of an anaerobic configuration consisting of a septic tank 
(ST) and an anaerobic filter (AF) in two modalities: (i) a conventional system (CS) in separate reactors and (ii) a hybrid system (HS) 
with a ST and an AF in a single reactor –both with theoretical hydraulic retention times (HRTs) of 36, 30, 24, and 18 hours. The 
results indicated that the HS had a better performance (less variability) under the different conditions evaluated, achieving, at an 
HRT of 18 hours, higher reduction efficiencies (52,0±16,8% COD and 73,06±18,5% TSS) compared to the CS (39,8±13,1% COD 
and 65,8±20,52% TSS). Although hydrodynamic analysis showed dual flow (full mix and plug flow) in both configurations, the 
HS exhibited a greater predominance of plug flow (62%) than the CS (52%), which allowed the former to reach a real HRT closer 
to the theoretical value than the latter (23/24 vs. 19/24 hours). This behavior guarantees the lowest occurrence of dead zones and 
short circuits, as well as a higher Persson hydraulic efficiency (0,62) and lower area requirements for the HS in comparison with 
the CS (0,5).

Keywords: anaerobic digestion, anaerobic filter, decentralized wastewater treatment, hydrodynamic performance, septic tank

RESUMEN
El tratamiento descentralizado es una estrategia adecuada para tratar las aguas residuales municipales en áreas rurales y periurbanas 
de manera más sostenible. Con base en esto, este estudio evaluó, a escala piloto, el desempeño de una configuración anaerobia 
conformada por un tanque séptico (TS) y un filtro anaerobio (FA) en dos modalidades: (i) un sistema convencional (SC) en reactores 
separados y (ii) un sistema híbrido (SH) con TS y FA en un solo reactor –ambos con tiempos teóricos de retención hidráulica (TRH) 
de 36, 30, 24 y 18 horas. Los resultados indicaron que el SH presentó un mejor desempeño (menor variabilidad) bajo las diferentes 
condiciones evaluadas, logrando, a un TRH de 18 horas, mayores eficiencias de reducción (52,0±16,8 % DQO y 73,06±18,5 % 
SST) en comparación con el SC (39,8±13,1 % DQO y 65,8±20,52 % SST). Aunque el análisis hidrodinámico mostró flujo dual 
(mezcla completa y flujo pistón) en ambas configuraciones, el SH presentó mayor predominio del flujo pistón (62 %) que el SC 
(52 %), lo que permitió que el primero alcanzara un TRH real más cercano al valor teórico que el segundo (23/24 vs. 19/24 horas). 
Este comportamiento garantiza la menor ocurrencia de zonas muertas y cortocircuitos, así como una mayor eficiencia hidráulica de 
Persson (0,62) y menores requerimientos de área para el SH en comparación con el SC (0,5).

Palabras clave: digestión anaerobia, filtro anaerobio, tratamiento descentralizado de aguas residuales, comportamiento 
hidrodinámico, tanque séptico
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Introduction

The sixth sustainable development goal (SDG) involves 
ensuring access to water and sanitation. Thus, clean and 
accessible water for all is an essential part of the world we 
want to live in, and there is enough fresh water on the planet 
to achieve this. However, due to bad economic management 
and poor infrastructure, millions of people –including 
children– die every year from diseases associated with 
inadequate water supply, sanitation, and hygiene (United 
Nations Sustainable Development, 2019).

Most of the population living in rural and peri-urban areas 
of developing countries depend on decentralized systems 
for the treatment of domestic wastewater, with conventional 
septic tanks (ST) being the oldest and most popular method 
for on-site wastewater treatment, given their favorable 
economic and functional features, such as simple design, 
low cost, easy installation, and minimal maintenance (Stazi 
and Tomei, 2018; Sharma et al., 2014). However, these 
devices have several inherent drawbacks, with the most 
significant being their limited treatment efficiency in terms 
of COD and TSS reductions for compliance with discharge 
or reuse requirements (30-40% COD and 55-65% TSS) (Nasr 
and Mikhaeil, 2013).

In light of the above, ST are usually sequentially combined 
with anaerobic filters (AF), in which the organic matter not 
removed in the ST is stabilized by microorganisms retained 
in the interstices or adhered to the support medium or 
biofilm in order to achieve  a better effluent quality. This 
configuration (ST-AF, commonly called conventional 
system or CS), in addition to its simplicity, low cost, and 
easy operation, is highly accepted by environmental 
control bodies, mainly for small and dispersed populations, 
where there are few resources to build conventional sewer 
treatment systems (van Haandel et al., 2006).

Despite these advantages, these types of alternatives 
require larger reactors associated with high operating and 
construction costs. In addition, they sometimes demand 
a completely new structure, thus increasing the costs and 
resulting in greater space and maintenance requirements 
(Sharma et al., 2014). 

Therefore, hybrid system (HS) strategies have been 
implemented, considering a wide range of technologies, i.e., 
from ST and AF to other combinations with up-flow anaerobic 
sludge blanket (UASB) reactors, activated sludge, reverse 
osmosis, and ultrafiltration, among others (Dorji et al., 2022; 
Fernández del Castillo et al., 2022; Vicuña et al., 2009).

Some examples of HS include: 

i) The full-scale compact system developed by Sousa and 
Chernicharo (2005), called SISCOTE and composed of 
a modified ST (MST) and two hybrid anaerobic reactors 
operating in series, with removal efficiencies of 85-90% 
COD and 95% TSS;

ii) the full scale up-flow septic tank/baffled reactor (USBR) 
MST, built and tested in a small town in Egypt (Sabry, 2010), 
with removal efficiencies of 84% COD and 89% TSS; 

iii) an MST followed by an up-flow AF, housed within a 
single cylindrical unit, designed for the in situ treatment of 
domestic wastewater (DWW), evaluated at laboratory scale 
by Sharma et al. (2014), which showed removal efficiencies 
of 86,3±4,9% COD and 91,2±9,7% TSS; 

iv) an MST followed by an AF for the in situ treatment of the 
wastewater generated in a boarding school, with efficiencies 
on the order of 72,6% COD and 83,2% TSS (Sharma and 
Kazmi, 2015);

v) an isolated AF (IAF) system incorporating a waste heat 
input for wastewater treatment in buildings, tested at full 
scale in the Phitsanulok province of northern Thailand, with 
removal efficiencies of 61,3% COD and 67,7% TSS (Bouted 
and Ratanatamskul, 2018);

vi) the demonstration by Santiago-Díaz et al. (2019, 2021) 
of the potential of decentralized wastewater management 
in Mexico, through the use of a UASB-septic tank strategy 
for the treatment of municipal wastewater, finding that this 
system can be built with low-cost local materials and does 
not require sophisticated equipment (it is also an economical 
alternative due to the simplicity of the technology and its 
easy operation); and 

vii) the HS comprising ST-AF, where the suspended biomass 
(present in the ST) is combined with adhered biomass 
(present in the AF) in the same reactor.

HS are compact, do not require large areas, and improve 
biological system performance. Additionally, these HS are 
also convenient in places where it is desired to increase 
the biological system’s capacity without making substantial 
modifications involving civil works (Garrido Aranda et al., 
2003; von Sperling and Chernicharo, 2005). 

One of the aspects that defines treatment process efficiency 
is the hydrodynamic behavior of the reactors, which 
considers aspects such as the presence of dead zones and 
short circuits and the determination of the distribution of 
residence times (DRT) of the particles within the system 
(Levenspiel, 2004). However, in general, reactor design has 
focused mainly on aspects of biochemical process efficiency.

Hydrodynamic aspects can be evaluated by tracer tests, in 
which an easily detectable tracer substance (which does 
not participate in any physical, chemical, or biological 
transformations that can alter the actual hydrodynamics of 
the fluid) with a known concentration is injected. Among 
the models used to evaluate hydrodynamics, the most 
applicable are the Wolf Resnick method, the axial dispersion 
model, and the model of complete mixing tanks (CMT) in 
series (Pérez and Torres, 2008; Hassanvand-Jamadi and 
Alighardashi, 2017). Authors such as Santiago-Díaz et al. 
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(2021) have also applied a comprehensive analysis of a 
zeolite-packed up-flow baffled septic tank using tracer tests 
and mathematical modeling.

Although HS are presented as a promising wastewater 
treatment technology, there are few reported full-scale 
studies (Soroa et al., 2005). Thus, it is to continue with 
the research and application of these systems in order to 
respond to the need for more compact and more sustainable 
systems, as well as to reduce maintenance operations. 
Thereupon, this study presents the results of a pilot-scale 
evaluation of the performance of two wastewater treatment 
system configurations: (i) a conventional system (CS) 
involving a ST and an up-flow AF in separate units and (ii) 
a hybrid system (HS) involving ST-AF in a single reactor. 
This, from a perspective of both performance (COD and TSS 
removal efficiency) and hydrodynamic behavior.

Materials and methods 

Area of study 
The study was conducted in a university campus located at 
coordinates N 4°47’19,65” W 75°41’27,01”, in the Central 
Mountain Range of the Colombian Andes, in the coffee-
growing region, with an altitude of 1 465 meters above the 
sea level, in an urban area with intermediate climate (17 to 
26 °C), and an average annual precipitation of 2 750 mm.

Characterization of the substrate 
The raw wastewater (DWW) used as a substrate came from 
a building located in the Faculty of Arts (35 restrooms, one 
cafeteria, and three workplaces for painting, ceramics, and 
sculptures); and the inoculum came from the septic tank 
of the institutional wastewater treatment plant (WWTP), 
applying 40% of the useful volume of the reactors (Pérez et 
al., 2009). Table 1 shows the variables measured regarding 
the substrate.

Treatment system configurations and experimental 
conditions
Two system configurations consisting of septic tanks (ST) 
and an anaerobic up-flow filter (AF) were evaluated: (i) a 
conventional system (CS: ST followed by AF in separate 
units) and (ii) a hybrid system (HS: ST in the lower part and 
AF in the upper part of the same reactor).

The height of the AF, both in the CS and the HS, was 70 cm, 
and, as filling material, polypropylene rosettes of 186 mm 
diameter with a porosity of 95% were used (Balasundaram 
et al., 2014), placing 100 units on each filter. Figure 1 shows 
the evaluated CS and HS configurations.

The reactor volumes were: CS: 0,75 m3 (0,50 ST and 0,25 
AF); and HS: 0,96 m3. Given that the porosity percentage of 
the rosettes was 95%, their incorporation in the reactors had 

little effect on their volume, leaving a useful volume of 0,74 
and m3, respectively. These values were considered in the 
hydrodynamic analysis of the two systems.

Table 1. Substrate variables measured

Source: APHA et al. (2012)

Figure 1. Conventional (CS) and hybrid (HS) configurations evaluated
Source: Authors

Raw wastewater was fed by a distribution system with 
hoses, and, in order to improve the distribution of the AFs, 
a 1-inch PVC pipe with 0,5 mm perforations was installed 
at the bottom of the reactors. The hydraulic load was 
regulated using peristaltic pumps, ensuring the same initial 
HRT in both configurations (36 hours), which is based on 
studies conducted for the start-up of anaerobic systems with 
municipal wastewater in Colombia and Mexico (Méndez-
Novelo et al., 2012; Orozco-Gaviria et al., 2014). 

Considering that STs require HRTs between 12 and 24 
hours, as well as the fact that, when AFs are used to treat ST 
effluents, HRTs are between 4 and 10 hours (Chernicharo, 
2007), the operating strategy consisted of a progressive 
reduction of the HRT until the lowest value in each reactor 
with stable conditions was reached. This was done as the 
reactors responded favorably in terms of the COD removal 
efficiency and the behavior of the control variables (pH, TA, 
BA, VFA, buffer (BI) and alpha indices, and AI/AP ratio), in 
order to guarantee the conditions for metabolic equilibrium 
between the different process stages and, therefore, the 

Substrate variables Units Measuring 
technique

Temperature °C Mercury 
thermometer

pH units Potentiometric
Chemical oxygen demand 

(COD) mg/L Closed reflux, 
titrimetric

Total (TA) and bicarbonate (BA)
Alkalinity

mg 
CaCO3/L

Titrimetric

Total (TSS) and Volatile 
Suspended Solids (VSS) mg/L Gravimetric

Volatile Fatty Acids (VFA) meq/L Titrimetric
Inlet and outlet flow L/s Volumetric
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adaptability of biomass to controlled substrate overloads 
(Pérez et al., 2009). 

The BI corresponds to the relationship between alkalinity 
due to VFA and the total alkalinity; the alpha index is the 
relationship between BA and TA; and the AI/AP is the 
relationship between alkalinity due to VFAs and BA (Pérez 
and Torres, 2008). According to this criterion, the duration 
of each operating stage was variable (Table 2). Additionally, 
the COD and TSS reduction efficiencies were determined, 
and the temperature and pH were measured in situ.

Table 2. Operational conditions

 

* Includes stops due to the students’ holiday period (absence of 
wastewater to feed the systems).   **Does not include stops.
Source: Authors

A multivariate factorial design was proposed in which eight 
treatments resulting from the combination of two factors 
were evaluated: the type of configuration (CS and HS) and 
the HRT (36, 30, 24, and 18 hours), as shown in Table 3.

Table 3. Factors and levels

Source: Authors

Descriptive statistics tools were used to analyze the 
results obtained, including the average and the standard 
deviation. In the first instance, it was verified whether the 
assumptions of the analysis of variance were met for the 
response variables (COD and TSS removal efficiency), for 
which the Shapiro-Wilk and Levene tests were used with 
regard to the normality and homogeneity of variance, 
respectively. Additionally, to establish the significance of 
the factors evaluated for each of the response variables, 
as well as to examine factor interactions, an analysis of 
variance was performed based on the multivariate factorial 
model at a confidence level of 95% (σ = 0,05). Statistical 
processing was performed with the Statistical Package for 
Social Science (SPSS) software.

Reactor hydrodynamic performance 
To evaluate the hydrodynamic behavior of the two 
configurations and validate the real HRT with respect to 
the theoretical HRT, a hydrodynamic test was performed 
using sodium chloride (NaCl) as a tracer, which is not 
absorbed by sludge particles, has no inhibitory effects on 
anaerobic bacteria, and is not absorbed as a nutrient by 
microorganisms (Li et al., 2016). Equations (1) and (2) were 
used to calculate the tracer dose (Pérez and Torres, 2008), 
and the tracer injection was instantaneous.

310
∀× ×

=
×

P  K Co 
I 

 23 35,5 1,65
 35,5

Weight NaClK
Weight Cl

+
= = =

where P represents the weight of the tracer to be added (kg); 
∀ represents the useful reactor volume (m³); K represents 
the correction constant; Co represents the concentration 
(mg/L or g/m³); and I represents the degree of purity of the 
tracer (fraction of the unit).

The theoretical HRT was 24 hours, and, taking into 
account that the tracer test must last three times longer 
than the theoretical HRT, during which the concentration 
of the tracer is expected to approach zero, a period of 72 
hours was considered, measuring conductivity every 20 
minutes during the first 48 hours and then every hour until 
completing 72 hours. Table 4 shows the final value of P for 
each configuration according to these Equations.

Table 4. Pfinal for each configuration (conventional and hybrid systems)

Source: Authors

Data analysis was performed by constructing tracer 
concentration and time distribution (E(t)) trend curves to 
determine the real or experimental HRT, and the Wolf-
Resnick mathematical model, the axial dispersion model, 
and the complete mix reactors in series model were applied 
(Levenspiel, 2004; Pérez and Torres, 2008), with the objective 
of identifying the type of flow in each system and the presence 
of hydraulic phenomena such as short circuits and dead zones.

Stage
HRT (CS) HRT (HS) Operation period

(days)

ST 
(hours)

AF 
(hours) Hybrid (hours) *Total **Real

1 24 12 36 85 63
2 20 10 30 84 49
3 16 8 24 42 42
4 12 6 18 35 35

Total 246 189

Factors Levels No. of 
levels

No. of 
treatments

Response 
variables

System
CS: 

conventional 2

4 x 2 = 8
COD and TSS

removal 
efficiency 

HS: hybrid

Hydraulic 
retention 

time (HRT)

HRT 36

4
HRT 30
HRT 24
HRT 18

(1)

(2)

CONVENTIONAL SYSTEM (CS)
P 4,64 kg Amount of salt added

Pfinal 0,89 kg NaCl concentration after 72 hours (1203 
mg/l NaCl)

C-Co 0,01 kg Initial-final concentration after 72 hours 
(19,4 mg/l NaCl)

HYBRID SYSTEM (HS)

P 3,64 kg Amount of salt added

Pfinal 1,19 kg NaCl concentration after 72 hours (1271 
mg/l NaCl)

C-Co 0.13 kg Initial-final concentration after 72 hours 
(137,62mg/l NaCl)
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ranges recommended for anaerobic digestion (6,5-8,0 
units). As for alkalinity, an adequate buffer capacity was 
observed, given the predominance of bicarbonate alkalinity 
(Chernicharo, 2007).

Reactor performance 
Table 6 shows the effluent characteristics of the two 
configurations (CS and HS) in terms of temperature, pH, 
VFA, TA, and BA. In general, both effluents reached higher 
alkalinity values than those of the affluent, which, according 
to Orozco-Gaviria et al. (2014), occurs because the system 
seeks to generate bicarbonate ions to reach equilibrium with 
buffer capacity.

Figure 2 shows the COD and TSS reduction efficiencies 
in each of the evaluated operating stages, allowing to 
observe that efficiencies higher than 60% were achieved 
during HRTs longer than 36 and 30 hours for both the CS 
and HS and in the samples. For HRTs of 24 and 18 hours, 
although efficiency decreased overall, it was higher in the 
HS. It was observed that, in terms of the removal efficiency 
of both COD and TSS, the HS configuration exhibited a 
better performance under all of the evaluated operating 
conditions.

From a statistical point of view, significant differences 
(p<0,05) were found between the HRTs of 36 and 18 hours 
in the removal of COD: (i) CS: 69,4±5,2 and 39,8±13,1%, 
respectively, which represents an efficiency reduction of 
29,6%; (ii) HS: 64,0±5,4 and 52,0±16,8%, respectively, 
which constitutes an efficiency reduction of just 12% 
regarding the two HRTs. This indicates that CS was more 
susceptible than HS to a decrease in HRT.

Chernicharo (2007) reports COD removal efficiencies for the 
CS between 40 and 70% (for temperatures below 15 °C and 
above 25 °C), a range in which the results of this study fall, 
also coinciding with other studies, such as that by Méndez-
Novelo et al. (2012) in Mexico with HS, in which removal 
efficiencies of 56% COD and 61% TSS were obtained while 
operating at HRs of 36 and 24 hours. In contrast, Pacheco 
and Magaña (2003) obtained low efficiencies in Mexico, in 
the order of 38%, when starting an HS in a continuous phase, 

To evaluate the real HRT when compared to the theoretical 
one, the mean, variance, and standard deviation of the 
HRT were calculated according to the CS and HS reactor 
concentration results measured in known time intervals. 
Likewise, the mean residence time from the E curves was 
used to determine the hydraulic efficiency associated with 
a reactor’s ability to distribute the flow uniformly within its 
useful volume, maximizing the pollutant contact time and 
optimizing its removal (Persson et al., 1999; Latrach et al., 
2018). Equation (3) allows evaluating the effective volume 
and the number of complete mix tanks in series (Persson et 
al., 1999).

11 = − 
 

e ë V
N

where   eV  represents the effective volume, and N represents 
the number of tanks in series.

Results and discussion 

Substrate evaluation and experimental unit perfor-
mance
Table 5 shows the physicochemical characteristics of 
the wastewater (influent), which is characterized by the 
temperature, pH, and VFA of the DWW. However, a high 
alkalinity and COD were observed, which allows classifying 
the substrate as having a medium to strong DWW 
concentration (Bureau of Sale Drinking Water, 2016), which 
may be associated with the fact that the wastewater comes 
from 35 sanitary batteries (without showers) that have water-
saving devices. Additionally, wastewater is received from the 
washing of materials in the ceramic, painting, and sculpture 
workplaces. Lew et al. (2011) found similar values (COD: 1 
576±376 mg/L) in Israel and elsewhere in the Middle East, 
which were caused by low per capita water consumption in 
these areas. 

Throughout the experimental period, the reactors operated 
under environmental conditions in the mesophilic 
temperature range, as well as with pH values close to the 

(3)

Parameters
Stage 1 (HRT 36) Stage 2 (HRT 30) Stage 3 (HRT 24) Stage 4 (HRT 18)

max min mean σ max min mean σ max Min mean σ max min mean σ

In
ffl

ue
nt

Temperature (°C) 30,0 23,1 25,5 1,9 28,7 23,7 25,6 1,6 26,6 22,3 24,4 1,7 24,5 23,1 23,5 0,6
pH 8,08 7,19 7,64 0,26 8,18 7,78 7,99 0,16 8,23 7,77 7,98 0,19 8,34 8,02 8,21 0,12

(units)
VFA (mgHAc/L) 360 84 245 88 156 84 110 33 156 108 132 19 204 120 180 35
TA (mgCaCO3/L) 765 405 605 129 780 500 662 115 690 495 587 75 790 660 738 56
BA (mgCaCO3/L) 640 285 499 133 670 400 537 92 630 375 465 91 640 530 574 43

COD (mg/L) 1 333,3 383,5 878,5 250,5 1 743,6 383,6 700,8 480,5 1 487,2 860,8 1 103,7 268,0 1 063,3 842,1 893,8 100,7
TSS (mg/L) 866,7 56,0 283,9 258,9 223,3 53,3 105,7 61,7 90,0 27,0 65,2 23,4 131,0 29,0 137,2 105,3

Table 5. Summary of evaluated influent physicochemical parameters

HRT 36 hours (n = 10); HRT 30 hours (n = 7); HRT 24 hours (n = 6); HRT 18 hours (n = 5).
Source: Authors
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due to the slow growth of the reactor biomass and the high 
affluent concentration variations (1 375-565 mg/L of COD). 
They also found that the higher the affluent concentration, 
the greater the removal percentage.

Other studies with anaerobic HS operated under different 
conditions exhibit higher efficiencies than those obtained in 
this study (Soroa et al., 2005; Sousa and Chernicharo, 2005; 
Sharma and Kazmi, 2015), possibly because the wastewater 
composition evaluated in this study includes waste from 
activities such as painting, ceramics, and sculpture, which 
can provide some potentially inhibiting substances to the 
microbial population responsible for the anaerobic digestion 
of the substrate.

Figure 2. Comparison of the COD and TSS removal efficiencies in the 
conventional and hybrid systems
Source: Authors

Hydrodynamic evaluation of reactors
Figure 3 presents the CS and HS tracer concentration curves 
over time, and Table 7 shows the trend curve analysis 
through the relationships between the parameters.

Figure 3. CS and HS tracer concentration curve vs. time
Source: Authors

An analysis of the CS and HS trend curves shows a dual or 
arbitrary behavior. According to Pérez and Torres (2008), 
plug flow occurs during the time elapsed from the tracer 
addition until it can be measured in the effluent and the 
curve changes from concave to convex. From this point and 
until a second inflection is observed in the descending curve, 
dual flow occurs. Henceforth, the flow is of mixed character. 
In this sense, the HS curve shows a greater predominance of 
plug flow than that of the CS.

Configuration/ 
system Parameters

Stage 1 (HRT 36) Stage 2 (HRT 30) Stage 3 (HRT 24) Stage 4 (HRT 18)
max min Mean σ Max min mean σ max min mean σ max min mean σ

CS

Temperature (°C) 30,5 20,7 25,99 2,98 28,2 23,1 25,56 1,80 26,5 22,6 24,6 1,7 26,3 23,2 24,6 1,5

pH (units) 8,25 7,83 8,10 0,12 8,51 8,13 8,25 0,14 8,32 8,01 8,14 0,13 8,33 8,07 8,22 0,10

VFA (mgHAC/L) 300 120 199 59 126 72 93 18 156 60 94 34 144 96 118 20

TA (mgCaCO3/L) 710 460 614 87 810 590 717 82 660 465 578 63 770 650 726 57

BA (mgCaCO3/L) 630 310 521 117 700 520 621 67 530 365 466 56 640 550 583 35

HS

Temperature (°C) 30,5 20,6 26,2 3,0 26,7 23,2 25,2 1,5 26,6 22,2 24,5 1,8 25,5 23,2 24,0 0,9

pH (units) 8,20 7,77 8,04 0,11 8,42 8,00 8,21 0,15 8,24 7,95 8,07 0,10 8,39 7,99 8,21 0,15

VFA (mgHAC/L) 560 108 223 127 120 72 89 18 120 36 89 29 180 144 163 18

TA (mgCaCO3/L) 680 305 515 140 840 620 710 77 600 435 540 61 750 720 736 13

BA (mgCaCO3/L) 590 215 436 139 690 530 610 61 470 355 422 44 600 550 572 18

Table 6. Summary of the control variables in the effluent of the conventional (CS) and hybrid systems (HS)

HRT 36 hours (n = 10); HRT 30 hours (n = 7); HRT 24 hours (n = 6); HRT 18 hours (n = 5).
Source: Authors
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Table 7. Systems’ tracer trend curve analysis

Source: Authors

According to the relationships between ti/to and tp/to, there 
is a predominance of mixed flow in the systems, and large 
short circuits, with a value below 0,3, which indicates the 
probable direct passage of water between the inflow and 
outflow of the tanks.

Similarly, the relationship between the mean time and 
the theoretical time (tm/to), with a value <1, proves the 
existence of short circuits. In terms to the Wolf-Resnick, 
axial dispersion, and tanks in series models, Table  shows 
the analysis of the two systems; the first section allows 
identifying the percentages of the reactor that behave as 
plug flow or as complete mixture, in addition to dead zones 
and short circuits, showing a very equitable dual behavior 
involving plug flow (52%) and complete mix (48%) at the 
CS outlet, as well as more dead zones compared to the 
HS, which exhibits a dual hydraulic regime, albeit with a 
predominance of plug flow (62%), thus confirming the trend 
curve findings.

Table 8. Application of the Wolf-Resnick, axial dispersion, and tanks in 
series models

Source: Authors

According to Levenspiel (2004), all reactors showed a 
dispersion number between intermediate (0,025) and 
large (0,200), which confirms the presence of PF and CM. 
According to the tanks in series model, the greater the 
number of tanks, the greater the tendency towards PF; and, 
with fewer tanks, there is a tendency towards CM. In short, 
the CS behaves like a completely mixed reactor (CMR) in a 
series of three, with a high dispersion coefficient and a dual 
regime and a predominance of plug flow (52%) and 5% dead 
zones. The CMR model showed a correlation of 88%.

The HS behaves as a CMR in series of three, with a high 
degree of dispersion and a dual flow regime with a greater 
predominance of plug flow (62%) than the CS (52%), 
without the presence of dead zones. There was also a 
higher correlation (91%) with the axial dispersion model. 
Similar results were found in the hydrodynamic evaluation 
at the end of the optimization of a full-scale AUFF (Pérez 
and Torres, 2008), as well as in studies conducted in Brazil 
(Baettker, 2015), evaluating different AF support media on a 
laboratory scale.

Table 9 shows the results of the estimation of real HRT for 
the systems, which indicate that the mean experimental 
or real HRT, calculated through the median variance and 
E curve methods, are similar. For the CS (ST+AF), the real 
HRT is 19,29 hours (in comparison with 16,50 for the ST and 
very close to the theoretical value of 16 hours), which means 
that, in this system, short circuits are mainly found in the AF, 
which have a real HRT of only 2,79 hours compared to the 
theoretical HRT of 8 hours.

Table 9. Estimated real HRT for the CS and HS

 
 
*These values were calculated as the difference between the HRT of the 
complete system (ST+AF) minus that of the septic tank (ST)
Source: Authors

This may be the cause of the low COD removal efficiency 
(45,9±19,7%) in the 24-hour HRT (insufficient wastewater 
contact time with the retained AF biomass). Thus, a large 
portion of the removal takes place in the septic tank (von 
Sperling and Chernicharo, 2005; Oliveira and von Sperling, 
2008).

In the HS, the real HRT approaches the theoretical HRT 
with a difference of just 56,35 minutes, which guarantees 
a better performance of the HS with respect to the CS 
because the water mass has a longer contact time with 

Parameters CS HS Meaning

ti/to 0,03 0,07

Measures big short circuits (SC)
ti/to = 1: plug flow
ti/to = 0: mixed flow
ti/to < 0,3: SC (direct passage between 
inlet and outlet)

tm/to 0,7 0,8

tm/to < 1 short circuits
tm/to > 1 experimental errors or 
unwanted tracer accumulation (dead 
zones)

tp/to 0,82 0,43

tp/to = 1: plug flow
tp/to = 0: mixed flow
tp/to = 1 and ti/ to >0,5: predominance 
of plug flow, if =0: mixed flow 
predominance

tc/to 1,1 0,97 tc/to = 0,7 complete mix flow

tb/to 2,1 2 tb/to = 2,3 complete mix flow

E 0,51 1,71 e ≥ 2,3: complete mix flow
e = 0: plug flow

Wolf-Resnick model analysis results

System Reactor θ t1/to t2/to
tag 
∝

Plug 
flow

Mix 
flow

Dead 
zones

CS ST+AF 0,50 0,50 1,50 1,00 52% 43% 5%
HS HS 0,71 0,71 1,67 1,05 62% 38% 0%

Axial dispersion and tanks in series model results

System Real HRT 
(hours) σ2 θ No. dispersion 

(D/uL)
No.  tanks

(1/N)

CS 8,96 124,88 0,347 0,118 3
HS 21,85 142,85 0,299 0,105 3

Configuration Reactors

Theoretical 
HRT

Real HRT
HRT method: 
median and 

variance

HRT method: 
E and F 
curves

Median 
(hours)

Median 
(hours)

Median 
(hours)

CS
ST 16,00 15,98 16,50
AF *8,00 *2,98 *2,79

ST+AF 24,00 18,96 19,29
HS Hybrid 24,00 21,85 23,07
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the microorganisms responsible for removing organic 
matter. Table 10 shows that the HS also exhibits a greater 
hydraulic efficiency (0,63%) compared to the CS (0,50%) 
because, according to Persson et al. (1999), λ values ≥ 0,75 
indicate good hydraulic efficiency, 0,75 ≤ λ <0,5 indicates 
satisfactory efficiency, and λ ≤ 0,5 denotes poor efficiency.

Table 10. Persson method hydraulic efficiencies

 
Source: Authors

Conclusions and recommendations 

The evaluated wastewater shows adequate levels of pH 
and total and bicarbonate alkalinity, which guarantees a 
good buffer capacity in the systems. The alkalinity indices, 
as well as the operating variables, showed that the systems 
operated in a stable manner, without acidification due to 
the accumulation of VFA. However, the presence of paints 
and clay residues, among other additives used in painting, 
ceramics, and sculpture in the fine arts workplaces, can 
generate inhibitory effects on the process, which must be 
further evaluated.

In the conventional and hybrid systems evaluated, conformed 
by septic tank and anaerobic filters, the hybrid configuration 
had a better performance, with greater stability by better 
supporting the different hydraulic loads evaluated and 
achieving an 18-hour HRT removal efficiency of 52,0±16,8% 
for COD and 73,06±18,5% for TSS, in comparison with 
39,8±13,1% for COD and 65,8±20,52% for TSS with the 
conventional configuration. Additionally, the hybrid system 
had lower performance variations as the HRT was reduced.

This hydrodynamic evaluation confirms the improved 
performance of the hybrid system, which is associated 
with a predominance of plug flow (62%) compared to the 
conventional system (52%), leading to a real HRT closer to 
the theoretical one, as well as to a greater hydraulic efficiency 
than the conventional system.

CRediT author statement

All authors contributed equally to the research.

References

APHA, AWWA, and WEF (2012). Standard methods for exami-
nation of water and wastewater (22nd ed.). American Water 
Works Association and Water Environment Federation, Wa-
ter Environment Federation.

Baettker, E. C. (2015). Avaliação do desempenho de filtros 
anaeróbios preenchidos com diferentes meios suportes no 

tratamento de água residuária sintética [Master’s tesis, Uni-
versidade Tecnológica Federal do Paraná]. https://reposito-
rio.utfpr.edu.br/jspui/handle/1/2744 

Balasundaram, N., Meenambal, T., Balasubramanium, N., and 
Loganath, R. (2014). Comparative study of different media 
in the treatment of sago wastewater using HUASB reactor. 
Nature Environment and Pollution Technology, 13(3), 511-
516. https://neptjournal.com/upload-images/NL-49-12-(10)
B-3010Com.pdf

Bouted, C., and Ratanatamskul C. (2018). Effects of temperatu-
re and HRT on performance of a novel insulated anaerobic 
filter (IAF) system incorporated with the waste heat input 
for building wastewater treatment. Journal of Environmental 
Management, 206, 698-706. https://doi.org/10.1016/j.jenv-
man.2017.10.071

Bureau of Safe Drinking Water (2016). Wastewater operator 
certification training. Module 1: Introduction to wastewater 
treatment, unit 2 – Characteristics of wastewater. Depart-
ment of Environmental Protection. https://cutt.ly/Az0dfix

Chernicharo, C. A. L. (2007). Biological wastewater treatment 
series. Volume 4. Anaerobic reactors (1st ed.). IWA Publi-
shing.

Dorji U., Dorji P., Shon H., Badeti U., Dorji C., Wangmo C., 
Tijing L., Kandasamy J., Vigneswaran S., Chanan A., and 
Phuntsho S. (2022). On-site domestic wastewater treat-
ment system using shredded waste plastic bottles as biofil-
ter media: Pilot-scale study on effluent standards in Bhutan. 
Chemosphere, 286(2), 131729. https://doi.org/10.1016/j.
chemosphere.2021.131729 

Fernandez del Castillo A, Verduzco-Garibay M, Sénes-Gue-
rrero, C, Orozco-Nunnelly D.A., de Anda J., and Gradi-
lla-Hernandez M.S. (2022). A review of the sustainability 
of anaerobic reactors combined with constructed wetlands 
for decentralized wastewater treatment. Journal of Cleaner 
Production, 371, 133428. https://doi.org/10.1016/j.jcle-
pro.2022.133428 

Garrido-Aranda, J. M., Oyanedel, V. and Méndez, R. (2003). 
Nuevos biorreactores híbridos para el tratamiento de aguas 
residuales. Ingeniería Química, 401, 171-178. https://dial-
net.unirioja.es/servlet/articulo?codigo=623582

Hassanvand-Jamadi, M., and Alighardashi, A. (2017). Appli-
cation of Froude dynamic similitude in anaerobic baffled 
reactors to prediction of hydrodynamic characteristics of 
a prototype reactor using a model reactor. Water Science 
and Engineering, 10(1), 53-58. https://doi.org/10.1016/j.
wse.2017.03.002 

Latrach, L., Ouazzani, N., Hejjaj, A., Zouhir, F., Mahi, M., Ma-
sunaga, T., and Mandi, L. (2018). Optimization of hydraulic 
efficiency and wastewater treatment performances using a 
new design of vertical flow Multi-Soil-Layering (MSL) tech-
nology. Ecological Engineering, 117, 140-152. https://doi.
org/10.1016/j.ecoleng.2018.04.003 

Levenspiel, O. (2004). Ingeniería de las reacciones químicas 
(2nd ed.). Reverté, S.A..

Lew, B., Lustig, I., Beliavski, M., Tarre, S., and Green, M. (2011). 
An integrated UASB-sludge digester system for raw domes-
tic wastewater treatment in temperate climates. Bioresource 
Technology, 102(7), 4921-4924. https://doi.org/10.1016/j.
biortech.2011.01.030 

System Reactor Ve (m3) N Persson H.E. (λ) %

CS ST+AF 0,74 3 0,50
HS H 0,94 3 0,63

https://repositorio.utfpr.edu.br/jspui/handle/1/2744
https://repositorio.utfpr.edu.br/jspui/handle/1/2744
https://neptjournal.com/upload-images/NL-49-12-(10)B-3010Com.pdf
https://neptjournal.com/upload-images/NL-49-12-(10)B-3010Com.pdf
https://doi.org/10.1016/j.jenvman.2017.10.071
https://doi.org/10.1016/j.jenvman.2017.10.071
https://cutt.ly/Az0dfix
https://doi.org/10.1016/j.chemosphere.2021.131729
https://doi.org/10.1016/j.chemosphere.2021.131729
https://doi.org/10.1016/j.jclepro.2022.133428
https://doi.org/10.1016/j.jclepro.2022.133428
https://dialnet.unirioja.es/servlet/articulo?codigo=623582
https://dialnet.unirioja.es/servlet/articulo?codigo=623582
https://doi.org/10.1016/j.wse.2017.03.002
https://doi.org/10.1016/j.wse.2017.03.002
https://doi.org/10.1016/j.ecoleng.2018.04.003
https://doi.org/10.1016/j.ecoleng.2018.04.003
https://doi.org/10.1016/j.biortech.2011.01.030
https://doi.org/10.1016/j.biortech.2011.01.030


IngenIería e InvestIgacIón vol. 43 no. 2, august - 2023

arIas-Henao, M., Paredes-cuervo, d., and torres-lozada, P.

9 of 9

Li, S., Nan, J., and Gao, F. (2016). Hydraulic characteristics and 
performance modeling of a modified anaerobic baffled re-
actor (MABR). Chemical Engineering Journal, 284, 85-92. 
https://doi.org/10.1016/j.cej.2015.08.129 

Méndez-Novelo R. I., Chan-Gutiérrez, E. A., Castillo-Borges, E. 
R., Vázquez-Borges, E. R., and Espadas-Solís, A. E. (2012). 
Digestión anaerobia de efluentes de fosas sépticas. Inge-
niería, Investigación y Tecnología, 13(3), 339-349. https://
www.scielo.org.mx/scielo.php?script=sci_arttext&pi-
d=S1405-77432012000300008

Munavalli, G. R., Sonavane, P. G., Koli, M. M., and Dhaman-
gaokar, B. S. (2022). Field-scale decentralized domestic 
wastewater treatment system: Effect of dynamic loading 
conditions on the removal of organic carbon and nitrogen. 
Journal of Environmental Management, 302(Part A), 114014. 
https://doi.org/10.1016/j.jenvman.2021.114014 

Nasr, F. A., and Mikhaeil, B. (2013). Treatment of domestic 
wastewater using conventional and baffled septic tanks. En-
vironmental Technology, 34(16), 2337-2343. http://dx.doi.
org/10.1080/09593330.2013.767285 

Oliveira, S. C., and von Sperling, M. (2008). Reliability analysis 
of wastewater treatment plants. Water Research, 42(4-5), 
1182-1194. https://doi.org/10.1016/j.watres.2007.09.001 

Orozco-Gaviria, C. A., Triviño-Cabrera, C. C., and Manri-
que-Losada, L. (2014). Arranque de un reactor UASB para 
el tratamiento de aguas residuales domésticas en condicio-
nes andino amazónicas. Revista Facultad de Ciencias Básicas, 
10(2), 170-185. https://doi.org/10.18359/rfcb.328 

Pacheco, J., and Magaña, A. (2003). Arranque de un reactor 
anaerobio. Ingeniería, 7(1), 21-25. https://www.redalyc.org/
pdf/467/46770102.pdf

Pérez-Vidal, A., and Torres-Lozada, P. (2008).  Evaluación del 
comportamiento hidrodinámico como herramienta para 
optimización de reactores anaerobios de crecimiento en 
medio fijo. Revista Facultad de Ingeniería Universidad de An-
tioquia, 45, 27-40. http://www.scielo.org.co/scielo.php?s-
cript=sci_arttext&pid=S0120-62302008000300003

Pérez-Vidal, A., Torres-Lozada, P. and Silva-Leal, J. (2009). Tra-
tamiento anaerobio de las aguas residuales del proceso de 
extracción de almidón de yuca. Optimización de variables 
ambientales y operacionales. DYNA, 76(160), 139-148. 
http://www.scielo.org.co/pdf/dyna/v76n160/a13v76n160.
pdf

Persson, J., Somes, N. L., and Wong, T. H. F. (1999). Hydraulics 
efficiency of constructed wetlands and ponds. Water scien-
ce and technology, 40(3), 291-300. https://doi.org/10.1016/
S0273-1223(99)00448-5 

Sabry, T. (2010). Evaluation of decentralized treatment of sewa-
ge employing Upflow Septic Tank/Baffled Reactor (USBR) in 
developing countries. Journal of Hazardous Materials, 174(1-
3), 500-505. https://doi.org/10.1016/j.jhazmat.2009.09.080

Santiago-Díaz, Á. L., García-Albortante, J., and Salazar-Peláez, 
M. L. (2019) UASB-septic tank as an alternative for decen-
tralized wastewater treatment in Mexico. Environmental Te-
chnology, 40(14), 1780-1792. https://doi.org/10.1080/0959
3330.2018.1430170 

Santiago‐Díaz, Á. L., Benítez‐Olivares, G., Salazar‐Peláez, M. 
L., de los Cobos Vasconcelos, D., and Mugica‐Álvarez, V. 
(2021). Comprehensive analysis of a zeolite‐packed upflow 
baffled septic tank using tracer tests and mathematical mo-
delling. Water and Environment Journal, 36(2), 332-342. ht-
tps://doi.org/10.1111/wej.12740 

Sharma, M. K., Khursheed, A., and Kazmi, A. A. (2014). Modi-
fied septic tank-anaerobic filter unit as a two-stage onsite 
domestic wastewater treatment system. Environmental Te-
chnology, 35(17-20), 2183-2193. http://dx.doi.org/10.1080/
09593330.2014.896950 

Sharma, M. K., and Kazmi, A. A. (2015). Anaerobic onsite 
treatment of black water using filter-based packaged sys-
tem as an alternative of conventional septic tank. Ecological 
Engineering, 75, 457-461. https://doi.org/10.1016/j.eco-
leng.2014.12.014 

Singh. S. P., Sharma, M. K., and Gaur, R. C. (2022). Effects of 
aqwise carrier media and brick media as filter materials on 
performance of biofilm reactor. Materials Today: Procee-
dings, 60(Part 1), 782-787. https://doi.org/10.1016/j.ma-
tpr.2022.04.486 

Soroa del Campo, S., Lopetegui-Garnika, J., Almandoz-Peraita, 
A., and García de las Heras, J. L. (2005). Diseño de reactores 
híbridos anaerobios para el tratamiento de aguas residuales 
industriales. Revista Tecnología del Agua, 267, 60-67. http://
www.bibliotecagbs.com/archivos/ta_267_1_05.pdf

Sousa V. P., and Chernicharo, C. A. L. (2005). Sistema com-
pacto de tratamento de esgostos domiciliares composto de 
tanque séptico modificado e reatores anaeróbios Híbridos 
operando em série [Conference presentation]. 23° Congres-
so Brasileiro de Engenharia Sanitária e Ambiental, Campo 
Grande, Brasil. https://acortar.link/xT2KfT 

Stazi, V., and Tommei, M. C. (2018). Enhancing anaerobic treat-
ment of domestic wastewater: State of the art, innovative 
technologies and future perspectives. Science of the Total 
Environment, 635, 78-91. https://doi.org/10.1016/j.scito-
tenv.2018.04.071 

United Nations Sustainable Development (2019). Water and 
sanitation. Retrieved from: https://www.un.org/sustainable-
development/water-and-sanitation/ 

van Haandel, A., Kato, M., Cavalcanti, P., and Florencio, L. 
(2006). Anaerobic reactor design concepts for the treatment 
of domestic wastewater. Reviews in Environmental Scien-
ce and Bio/Technology, 5, 21-38. https://doi.org/10.1007/
s11157-005-4888-y 

Vicuña, E., Ara, L., and Loayza, J. (2009). Sistemas híbridos de 
tratamiento de aguas residuales. Revista Peruana de Quími-
ca e Ingeniería Química, 12(1), 10-17. https://revistasinves-
tigacion.unmsm.edu.pe/index.php/quim/article/view/4953

von Sperling, M., and Chernicharo, C. A. (2005). Biological was-
tewater treatment in warm climate regions – Volume 1 (1st 
ed.). IWA Publishing.

https://doi.org/10.1016/j.cej.2015.08.129
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1405-77432012000300008
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1405-77432012000300008
https://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1405-77432012000300008
https://doi.org/10.1016/j.jenvman.2021.114014
http://dx.doi.org/10.1080/09593330.2013.767285
http://dx.doi.org/10.1080/09593330.2013.767285
https://doi.org/10.1016/j.watres.2007.09.001
https://doi.org/10.18359/rfcb.328
https://www.redalyc.org/pdf/467/46770102.pdf
https://www.redalyc.org/pdf/467/46770102.pdf
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0120-62302008000300003
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0120-62302008000300003
http://www.scielo.org.co/pdf/dyna/v76n160/a13v76n160.pdf
http://www.scielo.org.co/pdf/dyna/v76n160/a13v76n160.pdf
https://doi.org/10.1016/S0273-1223(99)00448-5
https://doi.org/10.1016/S0273-1223(99)00448-5
https://doi.org/10.1016/j.jhazmat.2009.09.080
https://doi.org/10.1080/09593330.2018.1430170
https://doi.org/10.1080/09593330.2018.1430170
https://doi.org/10.1111/wej.12740
https://doi.org/10.1111/wej.12740
http://dx.doi.org/10.1080/09593330.2014.896950
http://dx.doi.org/10.1080/09593330.2014.896950
https://doi.org/10.1016/j.ecoleng.2014.12.014
https://doi.org/10.1016/j.ecoleng.2014.12.014
https://www.researchgate.net/profile/Surya-Singh-8
https://www.researchgate.net/profile/Meena-Sharma-12
https://www.researchgate.net/profile/Rakesh-Gaur-4
https://doi.org/10.1016/j.matpr.2022.04.486
https://doi.org/10.1016/j.matpr.2022.04.486
http://www.bibliotecagbs.com/archivos/ta_267_1_05.pdf
http://www.bibliotecagbs.com/archivos/ta_267_1_05.pdf
https://acortar.link/xT2KfT
https://doi.org/10.1016/j.scitotenv.2018.04.071
https://doi.org/10.1016/j.scitotenv.2018.04.071
https://www.un.org/sustainabledevelopment/water-and-sanitation/
https://www.un.org/sustainabledevelopment/water-and-sanitation/
https://revistasinvestigacion.unmsm.edu.pe/index.php/quim/article/view/4953
https://revistasinvestigacion.unmsm.edu.pe/index.php/quim/article/view/4953

