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Abstract: This study aims to evaluate the effect of factors influencing the performance of a small-scale operating wastewater treatment plant
(WWTP) integrating anaerobic baffled reactor (ABR) and biofilters with temperature fluctuations in the psychrophilic–mesophilic range.
Over nine months of monitoring, the overall removal efficiencies for total chemical oxygen demand (TCOD), soluble chemical oxygen
demand, particulate chemical oxygen demand, total suspended solids, ammonia nitrogen (NH3–N), and phosphorus (P) were 92%,
82%, 98%, 98%, 49%, and 31%, respectively, on average. The ABR’s TCOD removal efficiency (57%) was about 20% lower than the
simulated efficiency using the Bremen Overseas Research and Development Association (BORDA)’s ABR design model, implying that
temperature fluctuation and intermittent wastewater flow are possibly the factors that most affect performance. Although it was lower than
the expected efficiency, the global performance of the system is supported by the significant contribution of horizontal and vertical gravel
biofilters. The effluent quality complies with the local standard for wastewater discharge, except for the high content of nitrogen and
phosphorus concentrations, which can be used for crop irrigation. To improve the WWTP performance, we recommend using a primary
settler considering the use of a chemically enhanced solid separation process to avoid overloading organic solids in the ABR operation.
DOI: 10.1061/(ASCE)EE.1943-7870.0002047. This work is made available under the terms of the Creative Commons Attribution 4.0
International license, https://creativecommons.org/licenses/by/4.0/.

Practical Applications: This study evaluates the efficiency of a domestic WWTP composed of an ABR and horizontal and vertical flow
hybrid gravel filters without vegetation located in a small city in Bolivia where temperature conditions are highly variable (8–24°C). The
WWTP treats wastewater from a population of 500 families. The WWTP performance under typical OLR, superficial loading rate, and
hydraulic retention time (HRT) showed high removal efficiencies of 92% and 98% for COD and total suspended solids (TSS) respectively,
obtaining high-quality effluent suitable for crop irrigation. This configuration is adequate for treating high-strength wastewater at low-
moderate temperatures that can be replicated as a decentralized water treatment system in small cities with similar climatic conditions.
It is recommended to avoid intermittent flow in ABRs to avoid the washout of organic solids. It is also advisable to complement the con-
figuration with the installation of a primary settler that contemplates an enhanced chemical stage to effectively separate organic and inorganic
solids before the ABR. In this way, the treatment capacity of these systems could be increased.

Author keywords: Anaerobic baffled reactor (ABR); Efficiency; Small scale; Moderate temperature; Hybrid gravel biofilter.

Introduction

Anaerobic wastewater treatment is widely accepted among various
technological options due to its advantages such as low energy con-
sumption, low sludge production, tolerance to high organic loads,
energy generation from produced biogas, and low space require-
ments (de Lemos Chernicharo 2007). However, despite these ad-
vantages, there are certain drawbacks, including a long start-up
process in the absence of adapted seed sludge, the need for
post-treatment processes, requirements for odor control, unsatisfac-
tory removal of nitrogen, phosphorus, and pathogens (de Lemos
Chernicharo 2007), and low performance at moderate to low tem-
peratures, an aspect that still needs to be clarified (Gomec 2010).

An average total chemical oxygen demand (TCOD) removal of
70% is expected in anaerobic treatments at temperatures above
20°C (Gomec 2010). Temperature decreases affect the perfor-
mance of anaerobic reactors since biological processes are slowed
(Nachaiyasit and Stuckey 1997); nevertheless, the development of
several configurations has led to significant performance improve-
ments at low temperatures. Some examples include the expanded
granular sludge bed reactor, in which granular sludge develops at
high up-flow velocities. When provided with a well-adapted, open
form of granular sludge, the system allows high treatment levels for
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low-strength wastewater even at temperatures below 10°C (Kato
et al. 1994; Rebac et al. 1995; Van Lier et al. 1996). Another im-
portant configuration is the staged multiphase anaerobic (SMPA)
reactor system, introduced by Lettinga et al. (1997). The reactors
arranged in series allow the growth of consortia of suitable anaero-
bic microorganisms at each stage depending on the available sub-
strate and specific environmental conditions such as pH and partial
pressure of H2. Thus, the SMPA can prevent sludge in different
compartments from mixing and may encourage the production
of biogas, resulting in higher treatment efficiencies. Moreover, this
system can treat industrial and domestic wastewater within a wide
temperature range, i.e., from very low (<10°C) to very high (55°C).

An anaerobic baffled reactor (ABR) follows the SMPA concept
as it can separate acetogenesis and methanogenesis along the reac-
tor (Wang et al. 2004; Liu et al. 2020). The ABR was first described
by Bachmann et al. (1985) as a series of up-flow anaerobic sludge
blanket reactors (UASB) confined in several compartments using
vertical baffles to direct wastewater through them. Accordingly,
sludge bacteria inside the reactor rise and settle with biogas pro-
duction, resulting in a high solid retention time (SRT) at relatively
short hydraulic retention times (HRT). For municipal/domestic
wastewater treatment, HRT typically varies from 6 to 48 h (Bodkhe
2009; Feng et al. 2008; Hassan and Dahlan 2013; Nasr et al. 2009).
Within this HRT range, SRTs of up to 100 days are achieved
(Grobicki and Stuckey 1992). Furthermore, this fluid flow type re-
duces bacteria washout and enables the ABR to retain biological
mass without using any fixed media.

Since the original design of ABR, numerous modifications have
been made to enhance the efficiency and reliability of the reactor in
treating industrial and domestic wastewater (Hassan and Dahlan
2013; Liu et al. 2010; Zhu et al. 2014). Several studies have focused
on the following factors that affect the performance of ABR: num-
ber of compartments (Khalekuzzaman et al. 2018), hydrodynamics
(Khalekuzzaman et al. 2018; Xu et al. 2014), and organic and hy-
draulic loading (Yenji et al. 2021; Xi-quan and Zhao-hua 2008),
among others. Among these studies, the effect of temperature
dominates. Temperature significantly influences anaerobic proc-
esses such as ABR. A decrease in temperature causes the slowdown
of the degradation rates of volatile organic fatty acids (VFA) and
causes the accumulation of soluble microbial metabolic products
(SMP) that increases the COD values at the exit of the ABR
(Nachaiyasit and Stuckey 1997). Barber and Stuckey (1998) and
Zhu et al. (2014) showed that the ABR performs well in treating
medium- and high-strength soluble industrial and agricultural
wastewater at mesophilic temperatures, with COD removal effi-
ciencies exceeding 95%. Regarding the treatment of domestic or
municipal wastewater, which is generally low-strength, COD re-
moval efficiencies above 80% have been reported in the 25–35°C
interval (Feng et al. 2008; Nasr et al. 2009). Other studies have been
conducted at a wider range of temperatures varying from psychro-
philic to mesophilic (Ayaz et al. 2015; Feng et al. 2008; Gomec
2010; Hahn and Figueroa 2015; Nasr et al. 2009; Schalk et al.
2019), reporting variable COD removal efficiencies from 43% to
84%. At low temperatures, the efficiency of ABRs is mainly attrib-
uted to the retention of particulate organic material within the ABR
(Schalk et al. 2019).

Most studies were carried out at laboratory- or pilot-scale under
controlled conditions and do not necessarily reflect the operational
reality of large-scale treatment plants. For example, in an evaluation
carried out by Yulistyorini et al. (2019) on 89 treatment plants based
on ABRs in Indonesia, only 14% showed acceptable performance,
with biological oxygen demand (BOD) removal in the range of
25%–98% (mean of 74%), averaging 67 mg-BOD5=L in the efflu-
ent, which does not meet Indonesian standards (< 30 mg-BOD5=L)

for wastewater discharge. These results were related to deficient
infrastructure and lack of maintenance; however, the deficient per-
formance of other examples was attributed to design and operating
parameters. In this context, it is important to investigate the perfor-
mance of full-scale treatment systems under real operating condi-
tions, i.e., wastewater and atmospheric temperatures and dynamic
flow and load conditions.

The efficiencies achieved by ABR, especially in areas of moderate
to low temperatures, are lower compared to other secondary treatment
processes; in addition, they have poor performance in the removal of
nitrogen, phosphorus, and pathogens, thus requiring a polishing treat-
ment. Constructed wetlands (CW) integrated with other processes are
considered promising complementary treatments due to their sim-
plicity and low energy consumption (Dornelas et al. 2009). Among
these, the so-called hybrid CW, which are a combination of hori-
zontal and vertical subsurface flow wetlands, have shown better
performance than individual unit systems (Otieno et al. 2017).
These systems have been used in combination with ABRs, reaching
up to 90%, 89%, and 80% in the removal of COD, total suspended
solids (TSS), and TKN, respectively (Ayaz et al. 2015; Singh et al.
2009; Ali et al. 2018; Munavalli et al. 2022). Although the use of
plants in wetlands brings advantages, especially in the elimination
of organic nitrogen, gravel biofilters, which are essentially CW
without vegetation, may be adequate to obtain effluents suitable
for use in crop irrigation as they retain nutrients while also having
lower maintenance needs. The use of gravel biofilters is uncommon
in practice, and the performance of a system integrating ABR and
hybrid CW with no vegetation remains poorly understood.

This study focuses on evaluating a WWTP composed of ABR
and a no-vegetation hybrid CW comprising a sequence of horizon-
tal and vertical gravel filters (HGF and VGF) to comprehensively
understand the factors influencing its performance, such as temper-
ature, HRT, organic loading rate (OLR), and Vup on small-scale
operation under dynamic conditions. The study area is located in
Tolata, Bolivia, with a population of 2,705 inhabitants where the
WWTP is operated using a management scheme. The results of
this research have important implications for engineers and practi-
tioners to make adjustments to future designs.

Treatment System

Tolata is located in a semiarid area of central Bolivia at 2,720 m
above sea level. The annual average air temperature is 16.5°C, with
an annual average minimum of 8.8°C and an average maximum of
27°C. The average annual rainfall is 457 mm (SENAMHI 2018).
The area’s economy is based on agriculture and farming, with
maize and alfalfa as the main crops (PDM 2007). TheWWTP treats
the wastewater received from the sewage system installed in the
town of Tolata, which mainly has a domestic origin. It was built
and is currently operated by the Aguatuya Foundation.

The WWTP is composed of two parallel treatment trains that
combine sequentially an ABR, a HGF, and finally a vertical gravel
filter. Both trains are preceded by a pumping station, a rotating
screen, and a grease trap. The treated wastewater from both trains
is collected in a chamber before entering a chlorination tank and
then passes through a sand filter before being deposited in a storage
tank for later use in irrigation (AGUATUYA 2015). The whole pro-
cess is designed to have an HRT of 31 h from influent to effluent.
The treatment plant shown in Figs. 1 and 2 were designed to cope
with a flow rate of 351 m3=d (AGUATUYA 2017).

The pumping station is equipped with a grid chamber (placed
before the pumping tank), where large solids are retained. This re-
ceives all the wastewater coming from the public sewers, which
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then rises it toward the rotating screen (RS). This station also
functions as a flow rate equalizer; nonetheless, the flow entering
the WWTP is less than the design flow, thus, pumping is inter-
mittent. The RS retains solids >3 mm, which are later dried and
transferred to a sanitary landfill. The wastewater then is con-
ducted to the grease trap where fatty material is separated by
natural flotation and removed manually. Anaerobic biological
treatment is carried out within the ABRs, where organic matter
is decomposed into simpler compounds, methane, and carbon
dioxide under anoxic conditions. The process generates sludge
deposition in the bottom of both ABRs, which is digested and
periodically removed through relief valves. The ABRs were
designed to have a retention time of 9 h according to recom-
mended design criteria for decentralized wastewater treatment
systems (Gutterer et al. 2009). The walls and their baffles are
built with fiberglass reinforced polyester (FRP) (Echeverría
et al. 2019).

Additional treatment is carried out in the HGF and VGF. At the
outlet of each ABR, collecting chambers are arranged to direct the

flow to the HGFs, with a total area of approximately 508 m2 and a
depth of 0.8 m. The walls and bottom of the filter are lined with
high-density polyethylene geomembrane (Echeverría et al. 2019).
At the entrance of each HGF, the solid media is composed of coarse
gravel, while the medium-sized gravel (30–32 mm) in the treatment
area has a mean porosity between 36% and 40% (Delgadillo et al.
2010). The effluent of the HGF passes through an aeration chamber
and is then sprinkled to the VGF through a perforated pipe installed
at each entrance. Both VGFs also have an approximate area of
508 m2 and are packed with medium-sized gravel (Delgadillo
et al. 2010).

The sludge accumulated at the bottom of the ABRs is pumped to
a sludge drying area of 194.5 m2 with a depth of 0.15 m. The
sludge accumulated at the bottom of the ABRs is pumped to a
194.5 m2 sludge dryer with a depth of 0.15 m. The sludge removal
frequency is about 3–6 months. The sludge that dries in this area is
transferred to a sanitary landfill located in the same place. Excess
water from the drying area returns to the inlet of the plant
(AGUATUYA 2017).

Fig. 1. Plan view of the Tolata wastewater treatment plant.

Fig. 2. Sequence of wastewater treatment processes.
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Materials and Methods

In Situ Measurement, Sampling, and Analysis

Nine monitoring campaigns were carried out from October 2018 to
July 2019. In every campaign, the flow rate at the WWTP’s inlet
was measured in triplicate every hour during an 8-h monitoring
period using the volumetric method with a stopwatch and a 10-L
graduated bucket. The mean of the triplicates was used for further
calculation and assessment.

To evaluate the performance of the treatment plant, composite
samples (collected every hour during 8-h periods) were taken sep-
arately at the inlet and outlet of every treatment process in both
treatment sequences. The sampling points were coded as follows:
influent to the WWTP (IN), effluent from the RS, effluent from the
degreaser (D), effluent from the anaerobic baffled reactor (ABR),
effluent from the HGF, effluent from the vertical gravel filter (VGF)
and effluent from the sand filter (EF).

On-site pH and temperature (T) measurements were carried out
using a multiparameter HANNA HI 98136. Biochemical oxygen
demand (BOD5) was determined by an external laboratory; the
TCOD, soluble chemical oxygen demand (SCOD), nitrogen as am-
monia (NH3–N), and soluble phosphorus (P) were measured using
a HANNA HI 83099 photometer. Samples for SCOD analysis were
initially filtered through a 0.45 μm filter. Alkalinity was deter-
mined through acid-base titration; total solids (TS) and total sus-
pended solids (TSS) were analyzed using gravimetric methods as
described in the Standard Methods for Examination of Water and
Wastewater (APHA/AWWA/WEF 1999). The performance of the
WWTP was evaluated based on the characteristics of the waste-
water. As for the evaluation of the efficiency of the WWTP, the
following parameters were considered: TCOD, SCOD, PCOD,
TSS, NH3–N, and P.

Statistical Data Analysis and Efficiency Simulation

Data were checked for normality and homogeneity of variance by
Anderson–Darling and Levene´s tests, respectively. ANOVA one-
way and nonparametric Kruskal–Walli’s tests were followed by
Games–Howell, Tukey, andMann–Whitney post hoc tests (p < 0.05).
Mean and median values between IN-RS, RS-D, D-ABR, ABR-
HGF, HGF-VGF, and VGF-EF were compared to determine the
significance of TCOD, SCOD, TSS, and NH3–N removal in each
treatment process. MINITAB version 19 software was used for the
statistical analysis.

In addition to the described monitoring, we applied the guide
“Decentralized Wastewater Treatment Systems (DEWATS) and
Sanitation in Developing Countries” prepared by the German-
based NGO called Bremen Overseas Research and Development
Association (BORDA) (Gutterer et al. 2009). This guide provides
a semiempirical model to predict the efficiency of an ABR based on
collected data from the operation of full-scale installations. It con-
siders the input data of the COD inflow, OLR, HRT, up-flow veloc-
ity (Vup), and temperature. This model was used for calculating the
expected efficiency of Tolata’s ABR under the operating conditions
measured in this study to verify its influence.

Results and Discussion

Performance of WWTP

As shown in Table 1, this small-scale integrated treatment system
shows very high overall removal efficiencies for BOD5 (98%),
TCOD (92%), PCOD (98%), TSS (98%), and SCOD (81%).

The removal efficiency for NH3–N and P were 50% and
34%, respectively. In this table, the results of each treatment
process from the influent to effluent depict the mean and stan-
dard deviation values. For example, the effluent concentrations
achieved were: 11 mg-BOD5=L, 80 mg-TCOD=L, 6 mg-TSS=L,
44 mg-NH3−N=L, and 8.4 mg-P=L.

The mean influent pH values for the ABR operation were
7.64� 0.27. A slight pH decrease was observed at the exit of the
ABR; however, pH values were generally stable and not less than
6.5. The alkalinity values at the influent of the ABR were
1; 408� 600 mgCaCO3=L, decreasing to 833� 514 mgCaCO3=L
at the exit of the reactor.

The high removal efficiencies of biodegradable organic matter
and particulate and soluble organic matter show that Tolata’s WWTP
configuration is advantageous with respect to the predominant
treatment technologies operating in Bolivia (Imhoff tanks and
lagoon processes), which do not always reach acceptable treatment
levels (Cossio et al. 2017).

As for the effluent quality, except for the NH3–N content, all the
parameters satisfy the requirements of Bolivian regulations for
discharges to water bodies: (80 mg-BOD5=L, 250 mg-COD=L,
60 mg-TSS=L, and 4 mg-NH3−N=L) (Bolivian Law 2004). Based
on these results, the effluent is more suitable for reuse in crop
irrigation than for discharge to water bodies.

Both pH and alkalinity values indicate sufficient stability in
the treatment process given the wastewater’s buffering capacity.
A decrease in pH and alkalinity may indicate certain failures
in the anaerobic reactor (Bodkhe 2009), while pH values be-
tween 6.5 and 8.5 ensure optimal biological activity (Ramalho
2003).

In relation to the removal of suspended solids, there is an evident
increase of TCOD, PCOD, and TSS from the influent to the RS and
the degreaser. These increments may result from the dragging of
solids caused by the intermittent pumping to the RS and the accu-
mulation of suspended and floating organic matter within the
degreaser due to lack of maintenance. A clear correlation was ob-
served among high TCOD, PCOD, and TSS values. The PCOD-
TSS correlation indicates that the suspended solids are mostly
organic, which is a typical characteristic of domestic wastewater
(Metcalf and Eddy 2003). A coefficient of determination of 0.99
confirms the strong correlation between TCOD versus PCOD
[Fig. 3(a)] and PCOD versus TSS [Fig. 3(b)].

In this particular configuration, the ABR and HGF are the
main contributors to the removal of the organic matter and solid
concentrations. As shown Fig. 4, 55% of the TCOD and 65%
of the TSS is removed in the ABR. At the HGF, 27% of the TCOD
and 26% of the TSS were removed. The VGF and sand filter
may be considered as polishing units that further improve effluent
quality. The combination of all the units makes high treatment
efficiency levels possible, except for the removal of ammonia
nitrogen, and phosphorus.

The statistical analysis shown in Table 2 confirmed that the re-
movals of TCOD and SCOD were significant at ABR and HGF
processes. Also, the removal of TSS was significant at ABR,
HGF, and VGF processes. A significant reduction in NH3–N was
noticed only at the VGF stage. (Fig. 5).

Anaerobic reactors combined with biofilters generally show
adequate performance in wastewater treatment. For example,
Saavedra et al. (2019) reported the performance of a WWTP com-
prising UASB reactors followed by biofilters located very close to
Tolata’s WWTP. Under similar climatic conditions, they reported
TCOD removals at the UASB between 35 and 50%, affected
mainly by solid biomass washout. In the present study, the ABR
reached a TCOD removal efficiency between 42% and 71%

© ASCE 04022065-4 J. Environ. Eng.
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Table 1. Wastewater quality at each process and overall removal efficiency of WWTP

Parameter

IN influent

RS D ABR HGF VGF EF effluent

Overall
removal
efficiency

Effluent
Removal
efficiency Effluent

Removal
efficiency Effluent

Removal
efficiency Effluent

Removal
efficiency Effluent

Removal
efficiency

Mean SD Mean SD Percentage Mean SD Percentage Mean SD Percentage Mean SD Percentage Mean SD Percentage Mean SD Percentage

BOD5

(mg=L)
479 178 648 220 −35 415 123 36 215 56 48 55 23 74 24 9 56 11 9 98

TCOD
(mg=L)

942 229 967 196 −3 989 264 −2 426 152 57 171 75 60 99 53 42 80 39 92

SCOD
(mg=L)

360 60 365 57 −1 346 29 5 238 52 31 103 54 57 68 56 34 69 44 81

PCOD
(mg=L)

582 135 602 146 −3 643 222 −7 188 89 71 68 44 64 31 26 54 11 29 98

TS (mg=L) 2,154 1,287 2,222 977 −3 2,081 926 6 1,816 945 13 1,556 460 14 1,469 335 6 1,513 661 30
TSS (mg=L) 309 71 334 108 −8 373 194 −12 107 50 71 27 44 75 7 3 74 6 4 98
pH 7.64 0.27 7.58 0.29 — 7.52 0.25 — 6.86 0.19 — 7.05 0.19 — 7.14 0.22 — 7.21 0.21 —
Alkalinity
(mg=L)

1408 600 1158 398 — 1058 461 — 1210 731 — 1196 705 — 885 518 — 833 514 —

NH3–N
(mg=L)

87.3 15.7 90.2 10.7 −3 84.3 15.3 7 86.1 19.3 −2 72.9 19.6 15 48.7 16.3 33 43.9 16.7 50

P (mg=L) 12.8 2.3 12.5 2.4 2 11.9 2.7 5 11.3 1.6 5 10.5 2.1 7 9.5 2.2 10 8.4 2.8 34

Note: SD stands for standard deviation.
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showing that the ABR is notably advantageous in reducing biomass
washout. The results are consistent with those of Manariotis and
Grigoropoulos (2006) who reported that the risk of obstruction
and sludge bed expansion is minimized in an ABR, thus avoiding
biomass purge at the reactor outlet.

Operational Conditions and Treatment Efficiency
at the ABR and Biofilters

The operational conditions and efficiency of the ABR process
obtained at each sampling campaign are summarized in Table 3.
The OLR values of the ABRs analyzed in this investigation were
found in the range of 0.43–1.20 kg-COD=m3 · d. The Vup and
HRT ranges were 0.43–0.64 m=h and 27–38 h, respectively. The
average temperature range in this study was 17.5–23.6°C. The
TCOD removal corresponding to these operating conditions was
57%� 12%.

The treatment efficiency of an ABR depends upon several
operational parameters, including inlet concentration, OLR, HRT,
number of chambers, and temperature (Reynaud and Buckley 2016),
as it is discussed in the following sections. Furthermore, the up-
flow velocity greatly influences solid retention within the ABR
compartments containing sludge, thus influencing the efficiency
(Sasse 1998).

The effect of main operational parameters such as organic and
hydraulic loading on the performance of ABR was evaluated at

laboratory scale. Several studies, treating low to high-strength waste-
water (290−1,970 mg-COD=L), reported efficiencies between 52%
and 94% under a wide range of OLRs (0.1–3.2 kg-COD=m3) and
HRTs (3–144 h) within a mesophilic temperature range (Bodkhe
2009; Feng et al. 2008, 2015; Koottatep et al. 2004; Nasr et al.
2009). The studies carried out at this level generally do not take into
account the effect of dynamic operating conditions and diurnal var-
iations in the amount and concentration of wastewater. As an excep-
tion, Abbasi et al. (2017) assessed the effect of fluctuations of OLR
and HRT and seasonal climatic conditions on the performance of
ABRs. They reported the highest COD removal efficiency as 72%
in summer (25–35°C) and the lowest efficiency of 60% in winter
(5–15°C), increasing the HRT from summer to winter from 72
to 120 h.

On the performance of ABRs at pilot and field scale (up to
45 m3=d), under dynamic operating conditions with natural flow
fluctuation, Bugey et al. (2011), Sibooli (2013), Reynaud (2015),
and Yenji et al. (2021) reported COD removal efficiencies in a
range of 22%–90% for an OLR between 0.19 and 8 kg-COD=m3d
and HRT between 18 and 55 h. Particularly, Yenji et al. (2021)
reported a field-scale study for a wide range of OLR variation
(0.03–8 kg-COD=m3 · d) corresponding to concentrations between
381 and 2,045 mg-COD=L. The efficiencies ranged from 60% to
90%, further demonstrating that ABRs have a high capacity to
withstand shock loads. Additionally, they found that the removal
of COD and TSS increases with the strength of the wastewater.
All these reports correspond to a mesophilic temperature range.

Our results were compared with those of Ayaz et al (2015),
Hahn and Figueroa (2015), Schalk et al. (2019), Saif et al. (2021),
and Pfluger et al. (2018) who reported the efficiency of pilot-scale
or full-scale ABR under moderate-low temperatures and dynamic
operating conditions. These references were included in Table 3.

Effect of Organic Loading, Hydraulic Retention Time,
and Up-Flow Velocity on ABRs Efficiency

The OLR of this research lies within the range reported for other
full- and pilot-scale ABR (See Table 3) and below the maximum
design COD load, 3.0 kg-COD=m3 · d, recommended by Gutterer
et al. (2009). Concerning pilot-scale studies (ABR volumes be-
tween 0.7 and 9.8 m3) at low-moderate temperatures, Ayaz et al.
(2015) reported a COD removal efficiency of 50% under similar
load conditions of 0.3–0.7 kg-COD=m3 · d at a temperature
of 12°C. Hahn and Figueroa (2015) showed a lower efficiency
of 43% in a temperature range of 12–23°C for an OLR of
1.3 kg-COD=m3 · d; Schalk et al. (2019) reported a COD removal

Fig. 3. Correlation between (a) TCOD versus PCOD; and (b) PCOD versus TSS at every stage of the treatment train.

Fig. 4. Contribution by processes to the global efficiency of the
Tolata’s WWTP.
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Table 2. Statistical tests employed for the analysis of reduction of TCOD, SCOD, TSS, and NH3–N in each process treatment

Parameter

Normality
Anderson-Darling’s

testa

Homogeneity of
variance Levene’s

testb

One-way-test

ANOVA
Kruskal-Wallis Mann–Whitney Significance

Games–Howell
Tukey Significance

TCOD, mg=L True False S (1) — — (1) IN-RS NS
RS-D NS
D-ABR S

ABR-HGF S
HGF-VGF NS
VGF-EF NS

SCOD, mg=L False True S (2) IN-RS NS — —
RS-D NS
D-ABR S

ABR-HGF S
HGF-VGF NS
VGF-EF NS

TSS, mg=L False False S (2) IN-RS NS — —
RS-D NS
D-ABR S

ABR-HGF S
HGF-VGF S
VGF-EF NS

NH3–N, mg=L True True S (2) — — (2) IN-RS NS
RS-D NS
D-ABR NS

ABR-HGF NS
HGF-VGF S
VGF-EF NS

Note: Post hoc tests: One-way ANOVAwas followed by multiple comparisons of means (p values adjusted according to Bonferroni) post hoc (p < 0.05); One-way
ANOVA (for unequal variances) was followed by Games–Howell’s post hoc test (p < 0.05); and Nonparametric Kruskal–Walli’s test was followed by Mann–
Whitney’s test of multiple comparisons (for independent samples) post hoc test (p < 0.05). NS not significant, and S significant for all one-way test p values <0.05.
aTrue = all the groups (IN, RS, D, ABR, HGF, VGF, EF) have normal distributions.
bTrue = equal variances.

Fig. 5. (a) TCOD concentration; (b) SCOD concentration; (c) TSS concentration; and (d) NH3–N concentration at the end of each component of the
treatment train.
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of 52% under an OLR of 0.43 kg-COD=m3 · d at 15.4°C.
Similarly, Pfluger et al. (2018) showed a COD removal of 49%
for an OLR of 0.5 kg-COD=m3 · d in a temperature range of
14.8 to 20.5°C. All these COD removal efficiency results are com-
parable to those of our study (57%) under similar ranges of OLR
and temperature.

The study of Saif et al. (2021) corresponds to a larger reactor
scale (92 m3) comparable to the scale of our study (65 m3). These
authors report a COD removal efficiency of 40%–47% for an OLR
range between 0.125 and 0.28 kg-COD=m3 · d, treating a domestic
wastewater with a COD inlet concentration between 104 and
233 mg-COD=L under a temperature range between 13 and 34°C.
This lower efficiency may be related to the low wastewater COD
concentrations. In our study, a 57% COD removal efficiency was
observed with higher wastewater concentration (989 mg-COD=L),
as discussed by Yenji et al. (2021).

The intervals of HRT and Vup reported here also satisfy the de-
sign limits recommended for ABRs: HRT >8 h and Vup < 1 m=h
(Gutterer et al. 2009). Additionally, our results are similar to
the reference range of pilot and full-scale studies at moderate tem-
peratures (12–30 h and 0.36–1.0 m=h). In general, the operating

conditions are similar to those of common practice in full-
scale ABR.

In Fig. 6 the observed values of TCOD removal lie below the
line simulated by the BORDA tool which relates TCOD removal
with HRT and Vup at a mean ABR effluent temperature of 21.4°C.
The observed values in the range of this study (17.5–23.6°C) were
lower than those simulated at 21.4°C. Additionally, it is observed
that the simulated efficiency reached its maximum value of 80% at
an HRT greater than 20 h. This verifies that efficiency is more lim-
ited by temperature rather than HRT or Vup.

This comparatively low performance might be additionally ex-
plained by the strong influence of the hourly temperature variability
and the occurrence of hydraulic shocks caused by intermittent
pumping, preventing the Vup and HRT from being uniform. These
factors are described as follows.

Effect of Temperature Variability on ABRs Efficiency

In the study area, atmospheric temperatures were highly varia-
ble, ranging from 3 to 31°C during the monitoring period of
October 2018 to July 2019 based on stations operated by

Table 3. Operational conditions and efficiency of the ABR process

Monitoring
TCOD in
(mg=L)

Flow
(m3=h)

Up-flow
velocity (m=h) HRT (h)

OLR
(kg-COD=m3d)

Temperature
(°C)

TCOD efficiency
(%)

1st 590 3.9 0.53 33.2 0.43 22 71.2
2nd 1,374 3.7 0.49 35.5 0.93 23.6 66
3rd 803 4.7 0.64 27.6 0.7 22.8 69
4th 1,374 4.7 0.64 27.6 1.2 23.4 66
5th 828 3.2 0.43 41 0.48 22.4 59.3
6th 943 4 0.53 32.8 0.69 21.5 54.6
7th 838 3.3 0.44 39.7 0.51 20 42.5
8th 1,111 3.5 0.48 36.8 0.72 19.2 47
9th 1039 4.5 0.61 28.9 0.86 17.8 38.3
Mean 989 3.9 0.53 33.7 0.7 21.4 57.1
Reference rangea 460–760 0.03–6.3 0.36–1.00 12–30 0.3–3.24 9–34 40–62
aFrom full and pilot scale studies reported by Ayaz et al. (2015), Hahn and Figueroa (2015), Schalk et al. (2019), Pfluger et al. (2018), and Saif et al. (2021).

Fig. 6. (a) Simulated and measured COD removal versus hydraulic retention time; and (b) simulated and measured COD removal versus up-flow
velocity, Vup.
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SENAMHI (2018). This variability shows the minimum, maxi-
mum, and mean atmospheric temperatures, together with the mean
wastewater temperature at the ABR (Fig. 7). In addition, hourly
variations in wastewater temperature at the ABRs are shown
in Fig. 8.

The average wastewater temperature at the ABR does not show
large variations (17.5–23.6°C), actually, it fluctuates in a narrow
range within the psychrophilic and mesophilic temperatures. How-
ever, large variability of temperature at the ABR during the day was
found, 11 to 27°C from 8 a.m. to 3 p.m. Nocturnal monitoring
would make this temperature range even wider. Under these con-
ditions, it is expected to occur even wider variations of the micro-
bial activities would affect COD removal.

In our study, the clear dependence of efficiency on temperature
is considerable (Fig. 9) is noticed. Similar behavior was reported by
Saavedra et al. (2019) for a UASB-HGF configuration located in
the same geographical zone and under similar climatic conditions.

A graph of efficiency as a function of temperature that confirms
this correlation is shown in Fig. 10. The additional dotted line rep-
resents the expected efficiency in the same temperature range ac-
cording to the design criteria of the BORDA guide.

The graphs show similar linear trends in the dependence be-
tween efficiency and temperature, as evidenced by the slopes.

It can be noticed that the measured efficiency is lower than the
simulated efficiency. Although this correlation is valid only for this
particular WWTP, it provides a useful reference to estimate the
efficiency of ABRs under similar operating conditions.

Effect of Flow Pattern on ABRs Efficiency

The flow rates presented in Table 3 represent the average of eight
campaigns. In each campaign, the flow measurement was per-
formed hourly for 8 h. In the actual operation of the WWTP,
the input flow to the ABR is nonuniform since the wastewater
is received in a lift station and then intermittently pumped to
the RS and degreaser, from which it is distributed to both parallel
ABRs. The average flow received by the lifting station is 1.1 L=s
and the pumping flow is 4 to 6 times higher; thus, the ABR receives
an intermittent flow of wastewater and experiences hydraulic
shocks. Intermittent flow and low temperatures can cause the oc-
currence of hydraulic dead spaces, thus decreasing the actual HRT
as discussed by Haque and Hasan (2018). Moreover, the number of
compartments can be related to a decrease in the presence of dead
spaces. The ABR of this study has three compartments that are less
than the number recommended by Xu et al. (2014) (four or five
compartments) to achieve optimal and economic performance.

Additionally, to prevent wastewater flow from being uniform,
this pumping regime causes the drag of particulate organic material
from the lift station tank to subsequent units, overloading the pre-
treatment units and, consequently, the ABR. This solids overload
can affect ABR performance in terms of COD removal. Some

Fig. 7. Atmospheric and wastewater temperatures during the period of
the study.

Fig. 8. Hourly variation of temperature at ABR.

Fig. 9. Relation between TCOD removal and temperature at ABR.

Fig. 10. Effect of temperature on TCOD removal efficiency.
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studies of full-scale treatment plants have concluded that an ABR’s
operational performance, especially in combined collection sys-
tems (as presented here), depends on the efficiency of the pretreat-
ment units. Inefficient pretreatment may affect the management of
solids in the ABR, requiring a greater effort and frequency of main-
tenance for desludging (Schalk et al. 2019).

The transfer of the substrate to the microorganisms, uniformity
of environmental factors, and effective use of the reactor volume
are guaranteed when the flow pattern is uniform (Xu et al. 2014).
In this study, uniform flow is not accomplished. This condition,
together with the variability of temperature, are possibly the
causes of the suboptimal COD removal. Under constant flow
conditions, the granular biomass would not suffer disturbances,
disintegrations, and washouts, so greater total COD removal is
likely.

Operational Parameters and Efficiency of Horizontal
and Vertical Gravel Filters

The superficial loading rate (SLR) that HGF and VGF received was
in the range of 107–300 g-COD=m2d and 13–52 g-COD=m2d, re-
spectively. An HRT of 86 h for HGF and VGF was registered as is
shown in Table 4. Removals of 59%, 79%, and 16% of COD, TSS,
and NH3–N in HGF and 44%, 46%, and 32% of COD, TSS, and
NH3–N, respectively, in VGF corresponding to these operational
conditions were reported in this study.

The use of combined horizontal subsurface flow and vertical
flow CWs (called hybrid CWs) has proven to be very advantageous
in combination with anaerobic processes. Anaerobic treatment pre-
vents biofilters from clogging, whereas horizontal flow wetlands
remove organic matter and vertical ones provide nitrification
(Ayaz et al. 2011, 2015). The observed efficiency values of this
research were slightly lower than those reported by Singh et al.
(2009), who evaluated a treatment system configured by ABR and
a hybrid CW, a similar configuration of Tolata´s WWTP, with the
difference in the hybrid gravel biofilters that are unplanted CWs.

In the horizontal subsurface flow wetland, Singh et al. (2009)
reported efficiencies of 51%, 69%, and 24% of COD, TSS, and
NH3–N, respectively; the equivalent removal values in vertical flow
wetland were 46%, 58%, and 70.9% of COD, TSS, and NH3–N,
respectively. These efficiencies are comparable to our results except
for the removal achieved in the vertical flow wetland, which is
greater in planted wetlands than in biofilters. Also, removals in
the range of 77%–94% COD, 81%–96% TSS, and 74%–99%
NHþ

4 have been reported in hybrid CWs by Sayadi et al. (2012).
Planted CWs are more efficient at removing pollutants (Dornelas
et al. 2009), especially nitrogen, likely since plants regulate bio-
chemical pathways by increasing oxygen supply (Paranychianakis
et al. 2016). Since these effluents are used for irrigating crops, it is
desirable to conserve nutrients; in this regard, gravel biofilters are a
more economical option concerning operation and maintenance as
a polishing treatment. Additionally, 72-h HRT is recommended for
the operation of hybrid systems for economic and technical reasons
(Cui et al. 2006). This difference may indicate that increasing the
treatment capacity of these filters may be possible by increasing the
flow rate.

Conclusions

This study focused on evaluating the efficiency of Tolata’s
WWTP, located in the high valley of Cochabamba, which is a
semiarid area with large daily temperature fluctuations, where
water is a limited and valuable resource for crop irrigation. Thus,
evaluating the feasibility of combined ABR-HGF-VGF treat-
ment to achieve acceptable standards for reuse is of particular
importance.

The global efficiency results obtained from October 2018 to July
2019 were as follows: 92% of TCOD, 82% of SCOD, 98% of PCOD,
98% of TSS, 49% of NH3–N, and 31% of P. The effluent con-
centrations were 11 mg-BOD5=L, 80 mg-TCOD=L, 6 mg-TSS=L,
44 mg-NH3−N=L, and 8.4 mg-P=L which, except for the nutrient
content, comply with parameter thresholds specified in the Bolivian
legislation for WWTP discharge. This WWTP showed highly effi-
cient removal of BOD5, COD, and TSS. The ABR and horizontal-
vertical gravel filter stages contributed the most to the global
efficiency.

The simulated efficiency of the ABR under the studied tem-
perature range and operational conditions (HRT, OLR, and Vup)
were calculated using the BORDA tool. An efficiency of 57%
was observed for a temperature range of 17.5–23.6°C, lower than
the simulated 78% efficiency at a mean temperature of 21.4°C for
optimal ABR performance, indicating that temperature limits
the efficiency the most. Another factor that may affect the per-
formance is the intermittent flow regime due to on-and-off
pumping.

In order to improve the performance of the treatment, we rec-
ommend the following actions. First, providing a more continuous
flow into the system to obtain a constant up-flow velocity within
the ABR could improve residence time. Another factor that could
contribute to ABR efficiency is the implementation of a primary
settler, considering the use of a chemically enhanced solid
separation process that could reduce the inflow of inorganic
and organic particulate matter. The frequent maintenance of all
treatment units is an important factor to reach the optimal perfor-
mance of all components of the system. Due to the content of
nutrients in wastewater, we recommend its application in crop
irrigation limiting to tall-stem crops or those that are not
consumed unprocessed in order to avoid the implicit microbio-
logical risks.

Table 4. Operating parameters of the HGF and VGF during the monitoring
period

Monitoring
TCOD in
(mg=L)

HRT
(h)

SLR
(g-COD=m2 d)

TCOD
efficiency (%)

HGF
1st 169.8 84.8 106.9 43.1
2nd 467.7 90.5 233.2 64.1
3rd 249.3 70.3 175.5 50.5
4th 467.7 70.3 300.2 64.1
5th 337 104.6 121.5 74.7
6th 427.7 83.7 173 63.5
7th 481.7 101.2 127.1 65.2
8th 588.3 94 181.6 45
9th 641.2 73.7 216.6 60.8
Mean 425.6 85.9 181.8 59

VGF
1st 96.6 84.8 17.5 51.5
2nd 168 90.5 28.5 43.3
3rd 123.5 70.3 27 50.7
4th 168 70.3 36.7 43.3
5th 85.2 104.6 12.5 56.2
6th 156 83.7 28.6 54.9
7th 167.5 101.2 25.4 20.5
8th 323.3 94 52.9 44.6
9th 251.3 73.7 52.4 29.6
Mean 171.1 85.9 31.3 43.8

© ASCE 04022065-10 J. Environ. Eng.

 J. Environ. Eng., 2022, 148(11): 04022065 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

18
1.

17
7.

15
6.

16
9 

on
 1

0/
17

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Data Availability Statement

All data, models, and code generated or used during the study
appear in the published article.

Acknowledgments

The authors wish to thank the embassy of Sweden for the financial
support in conducting this research and the team of engineers and
technicians of the Aguatuya Foundation for the operative support.

References

Abbasi, H. N., X. Lu, and F. Xu. 2017. “Seasonal performance and char-
acteristic of ABR for low strength wastewater.” Appl. Ecol. Environ.
Res. 15 (1): 263–273. https://doi.org/10.15666/aeer/1501_263273.

AGUATUYA. 2015. Ficha técnica Planta de Tratamiento de Aguas
Residuales-Centro Urbano de Tolata. Bolivia: Aguatuya Foundation.

AGUATUYA. 2017. Ficha técnica PTAR Tolata. Bolivia: Aguatuya
Foundation.

Ali, M., D. P. L. Rousseau, and S. Ahmed. 2018. “A full-scale comparison
of two hybrid constructed wetlands treating domestic wastewater in
Pakistan.” J. Environ. Manage. 210 (Mar): 349–358. https://doi.org/10
.1016/j.jenvman.2018.01.040.

APHA/AWWA/WEF (American Public Health Association/American
Water Works Association/Water Environment Federation). 1999.
Standard methods for the examination of water and wastewater.
Washington, DC: APHA/AWWA/WEF.

Ayaz, S. Ç., N. Findik, L. Akca, N. Erdogan, and C. Kinaci. 2011. “Effect
of recirculation on organic matter removal in a hybrid constructed wet-
land system.” Water Sci. Technol. 63 (10): 2360–2366. https://doi.org
/10.2166/wst.2011.635.

Ayaz, S. T., Ö. Aktaş, L. Akça, and N. Findik. 2015. “Effluent quality and
reuse potential of domestic wastewater treated in a pilot-scale hybrid
constructed wetland system.” J. Environ. Manage. 156 (Jun): 115–120.
https://doi.org/10.1016/j.jenvman.2015.03.042.

Bachmann, A., V. L. Beard, and P. L. McCarty. 1985. “Performance char-
acteristics of the anaerobic baffled reactor.” Water Res. 19 (1): 99–106.
https://doi.org/10.1016/0043-1354(85)90330-6.

Barber, W., and D. Stuckey. 1999. “The use of the anaerobic baffled re-
actor (ABR) for wastewater treatment: A review.” Water Res. 33 (7):
1561–1578. https://doi.org/DOI:10.1016/S0043-1354(98)00371-6.

Bodkhe, S. Y. 2009. “A modified anaerobic baffled reactor for municipal
wastewater treatment.” J. Environ. Manage. 90 (8): 2488–2493. https://
doi.org/10.1016/j.jenvman.2009.01.007.

Bolivian Law. 2004. Ley del Medio Ambiente. Ley No. 1333 de 27 de Abril
de 1992. Reglamento a la ley del medio ambiente. D.S No. 24176 de 8
de Diciembre de 1995. LA PAZ: U.P.S.1333, L. Reglamento en materia
de contaminación hídrica. Ley No. 1333. Ley de Medio Ambiente.
Gaceta Oficial de Bolivia Abril 1992. Bolivia: Plurinational State of
Bolivia.

Bugey, A., S. Sinha, N. Reynaud, C. A. Buckley, and R. Pradeep. 2011.
“Performance assessment of full-scale decentralized wastewater treat-
ment systems (DEWATS) in India.” In Proc., IWA Decentralized Waste-
water Treatment Systems (DEWATS) for Urban Environments in Asia
Conference. London: International Water Association.

Cossio, C., J. Mcconville, S. Rauch, B. Wilén, S. Dalahmeh, A. Mercado,
and A. M. Romero. 2017. “Wastewater management in small towns:
Understanding the failure of small treatment plants in Bolivia.” Environ.
Technol. 39 (11): 1393–1403. https://doi.org/10.1080/09593330.2017
.1330364.

Cui, L. H., W. Liu, X. Z. Zhu, M. Ma, X. H. Huang, and Y. Y. Xia. 2006.
“Performance of hybrid constructed wetland systems for treating septic
tank effluent.” [In Chinese.] J. Environ. Sci. 18 (4): 665–669.

de Lemos Chernicharo, C. A. 2007. “Anaerobic reactors.” In Biological
Wastewater treatment in warm climate regions. 1st ed., 59–810. Belo
Horizonte, Brazil: IWA Publishing.

Delgadillo, O., A. Camacho, M. Andrade, and L. Peréz. 2010. Depuración
de aguas residuales por medio de humedales artificiales, edited by
N. Antequera. Cochabamba, Bolivia: Centro Andino para la Gestión
y Uso del Agua (Centro AGUA) Universidad Mayor de San Simón.

Dornelas, F. L., M. B. Machado, and M. von Sperling. 2009. “Performance
evaluation of planted and unplanted subsurface-flow constructed wet-
lands for the post-treatment of UASB reactor effluents.” Water Sci.
Technol. 60 (12): 3025–3033. https://doi.org/10.2166/wst.2009.743.

Echeverría, R. I., L. Machicado, V. O. Saavedra, R. Escalera, G. Heredia,
and R. Montoya. 2019. “Domestic wastewater treated with an anaerobic
baffled reactor followed by gravel filters as a potential to be used in
agriculture area in Tolata.” Bolivia. Investigación Desarrollo 19 (1):
63–72. https://doi.org/10.23881/idupbo.019.1-4i.

Feng, H., L. Hu, Q. Mahmood, C. Qiu, C. Fang, and D. Shen. 2008.
“Anaerobic domestic wastewater treatment with bamboo carrier anaero-
bic baffled reactor.” Int. Biodeterioration Biodegradation 62 (3):
232–238. https://doi.org/10.1016/j.ibiod.2008.01.009.

Feng, J., Y. Wang, X. Ji, D. Yuan, and H. Li. 2015. “Performance and bio-
particle growth of anaerobic baffled reactor (ABR) fed with low-strength
domestic sewage.” Front. Environ. Sci. Eng. 9 (2): 352–364. https://doi
.org/10.1007/s11783-014-0638-0.

Gomec, C. Y. 2010. “High-rate anaerobic treatment of domestic wastewater
at ambient operating temperatures: A review on benefits and drawbacks.”
J. Environ. Sci. Health, Part A Toxic/Hazard. Subst. Environ. Eng.
45 (10): 1169–1184. https://doi.org/10.1080/10934529.2010.493774.

Grobicki, A., and D. C. Stuckey. 1992. “Hydrodynamic characteristics of
the anaerobic baffled reactor.” Water Res. 26 (3): 371–378. https://doi
.org/10.1016/0043-1354(92)90034-2.

Gutterer, B., L. Sasse, T. Panzerbieter, and T. Reckerzugel. 2009. Vol. 49 of
Decentralised wastewater treatment systems (DEWATS) and sanitation
in developing countries. A practical guide. Bremen, Germany: Water,
Engineering and Development Centre, Loughborough Univ.

Hahn, M. J., and L. A. Figueroa. 2015. “Pilot scale application of anaerobic
baffled reactor for biologically enhanced primary treatment of raw
municipal wastewater.” Water Res. 87 (Dec): 494–502. https://doi.org
/10.1016/j.watres.2015.09.027.

Haque, R., and M. Hasan. 2018. “Effect of low temperature on hydrodi-
namics of a hybrid anaerobic baffled reactor (HABR).” In Proc., 4th
Int. Conf. on Advances in Civil Engineering (ICACE 2018), 24–29.
Chittagong, Bangladesh: Chittagong Univ. of Engineering and
Technology.

Hassan, S. R., and I. Dahlan. 2013. “Anaerobic wastewater treatment using
anaerobic baffled bioreactor: A review.” Central Eur. J. Eng. 3 (3):
389–399. https://doi.org/10.2478/s13531-013-0107-8.

Kato, M., J. Field, R. Kleerebezem, and G. Lettinga. 1994. “Treatment of
low strength wastewater in upflow anaerobic sludge blanket (UASB)
reactors.” J. Ferment. Bioeng. 77: 679–685.

Khalekuzzaman, M., M. Hasan, R. Haque, and M. Alamgir. 2018. “Hydro-
dynamic performance of a hybrid anaerobic baffled reactor (HABR):
Effects of number of chambers, hydraulic retention time, and influent
temperature.” Water Sci. Technol. 78 (4): 968–981. https://doi.org/10
.2166/wst.2018.379.

Koottatep, T., A. Morel, S.-A. Wanasen, and R. Schertenleib. 2004.
“Potential of the anaerobic baffled reactor as decentralized wastewater
treatment system in the tropics.” In Proc., Int. Conf. on On-Site Waste-
water Treatment & Recycling. Chicago: World Academy of Science,
Engineering, and Technology.

Lettinga, G., J. Field, J. Van Lier, G. Zeeman, and L.W. Hulshoff Pol. 1997.
“Advanced anaerobic wastewater treatment in the near future.” Water
Sci. Technol. 35 (10): 5–12. https://doi.org/10.1016/S0273-1223(97)
00222-9.

Liu, J., X. Liu, L. Gao, S. Xu, X. Chen, H. Tian, and X. Kang. 2020.
“Performance and microbial community of a novel combined anaerobic
bioreactor integrating anaerobic baffling and anaerobic filtration pro-
cess for low-strength rural wastewater treatment.” Environ. Sci. Pollut.
Res. 27 (15): 18743–18756. https://doi.org/10.1007/s11356-020-08263-9.

Liu, R., Q. Tian, and J. Chen. 2010. “The developments of anaerobic
baffled reactor for wastewater treatment: A review.” Afr. J. Biotechnol.
9 (11): 1535–1542. https://doi.org/10.5897/AJB10.036.

© ASCE 04022065-11 J. Environ. Eng.

 J. Environ. Eng., 2022, 148(11): 04022065 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

18
1.

17
7.

15
6.

16
9 

on
 1

0/
17

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://doi.org/10.15666/aeer/1501_263273
https://doi.org/10.1016/j.jenvman.2018.01.040
https://doi.org/10.1016/j.jenvman.2018.01.040
https://doi.org/10.2166/wst.2011.635
https://doi.org/10.2166/wst.2011.635
https://doi.org/10.1016/j.jenvman.2015.03.042
https://doi.org/10.1016/0043-1354(85)90330-6
https://doi.org/DOI:10.1016/S0043-1354(98)00371-6
https://doi.org/10.1016/j.jenvman.2009.01.007
https://doi.org/10.1016/j.jenvman.2009.01.007
https://doi.org/10.1080/09593330.2017.1330364
https://doi.org/10.1080/09593330.2017.1330364
https://doi.org/10.2166/wst.2009.743
https://doi.org/10.23881/idupbo.019.1-4i
https://doi.org/10.1016/j.ibiod.2008.01.009
https://doi.org/10.1007/s11783-014-0638-0
https://doi.org/10.1007/s11783-014-0638-0
https://doi.org/10.1080/10934529.2010.493774
https://doi.org/10.1016/0043-1354(92)90034-2
https://doi.org/10.1016/0043-1354(92)90034-2
https://doi.org/10.1016/j.watres.2015.09.027
https://doi.org/10.1016/j.watres.2015.09.027
https://doi.org/10.2478/s13531-013-0107-8
https://doi.org/10.2166/wst.2018.379
https://doi.org/10.2166/wst.2018.379
https://doi.org/10.1016/S0273-1223(97)00222-9
https://doi.org/10.1016/S0273-1223(97)00222-9
https://doi.org/10.1007/s11356-020-08263-9
https://doi.org/10.5897/AJB10.036


Manariotis, I. D., and S. G. Grigoropoulos. 2006. “Low-strength waste-
water treatment using an anaerobic baffled reactor.” Water Environ.
Res. 74 (2): 170–176. https://doi.org/10.2175/106143002X139884.

Metcalf and Eddy, Inc. 2003. Ingeniería de aguas residuales, tratamiento,
vertido y reutilización. 3rd ed. Madrid, Spain: McGraw-Hill.

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

Nachaiyasit, S., and D. C. Stuckey. 1997. “The effect of shock loads on the
performance of an anaerobic baffled reactor (ABR). 2. Step and tran-
sient hydraulic shocks at constant feed strength.” Water Res. 31 (11):
2747–2754. https://doi.org/10.1016/S0043-1354(97)00134-6.

Nasr, F. A., H. S. Doma, and H. F. Nassar. 2009. “Treatment of domestic
wastewater using an anaerobic baffled reactor followed by a duckweed
pond for agricultural purposes.” Environmentalist 29 (3): 270–279.
https://doi.org/10.1007/s10669-008-9188-y.

Otieno, A. O., G. N. Karuku, J. M. Raude, and O. Koech. 2017. “Effective-
ness of the horizontal, vertical and hybrid subsurface flow constructed
wetland systems in polishing municipal wastewater.” Environ. Manage.
Sustainable Dev. 6 (2): 158. https://doi.org/10.5296/emsd.v6i2.11486.

Paranychianakis, N. V., M. Tsiknia, and N. Kalogerakis. 2016. “Pathways
regulating the removal of nitrogen in planted and unplanted subsurface
flow constructed wetlands.” Water Res. 102 (Oct): 321–329. https://doi
.org/10.1016/j.watres.2016.06.048.

PDM (Plan de Desarrollo Municipal). 2007. Plan de desarrollo municipal
Tolata. Bolivia: Gobierno autónomo municipal de Tolata.

Pfluger, A., G. Vanzin, J. Munakata-Marr, and L. Figueroa. 2018. “An
anaerobic hybrid bioreactor for biologically enhanced primary treat-
ment of domestic wastewater under low temperatures.” Environ. Sci.
Water Res. Technol. 4 (11): 1851–1866. https://doi.org/10.1039
/c8ew00237a.

Ramalho, R. S. 2003. Tratamiento de aguas residuales (Edición ca). Bar-
celona, España: Editorial Reverté S.A.

Rebac, S., J. Ruskova, S. Gerbens, J. Van Lier, A. J. M. Stams, and G.
Lettinga. 1995. “High rate anaerobic treatment of wastewater under
psychrophilic conditions.” J. Ferment. Bioeng. 80 (5): 499–506.
https://doi.org/10.1016/0922-338X(96)80926-3.

Reynaud, N., and C. A. Buckley. 2016. “The anaerobic baffled reactor
(ABR) treating communal wastewater under mesophilic conditions:
A review.” Water Sci. Technol. 73 (3): 463–478. https://doi.org/10
.2166/wst.2015.539.

Reynaud, N. S. 2015. Operation of Decentralised Wastewater Treatment
Systems (DEWATS) under tropical field conditions. Dresden, Germany:
Technical Univ.

Saavedra, O., R. Escalera, G. Heredia, R. Montoya, I. Echeverría, A.
Villarroel, and L. Lorenz. 2019. “Evaluation of a domestic wastewater
treatment plant at an intermediate city in Cochabamba, Bolivia.” Water
Pract. Technol. 14 (4): 908–920. https://doi.org/10.2166/wpt.2019.071.

Saif, Y., M. Ali, I. M. Jones, and S. Ahmed. 2021. “Performance evaluation
of a field-scale anaerobic baffled reactor as an economic and sustainable

solution for domestic wastewater treatment.” Sustainability 13 (18):
10461. https://doi.org/10.3390/su131810461.

Sasse, L. 1998. DEWATS decentralised wastewater treatment in develop-
ing countries. Bremen, Germany: BORDA-Bremen, BORDA Gremen
Overseas Research and Development Association.

Sayadi, M. H., R. Kargar, M. R. Doosti, and H. Salehi. 2012. “Hybrid con-
structed wetlands for wastewater treatment: Aworldwide review.” Proc.
Int. Acad. Ecol. Environ. Sci. 2 (4): 204–222.

Schalk, T., C. Marx, M. Ahnert, P. Krebs, and V. Kühn. 2019. “Operational
experience with a full-scale anaerobic baffled reactor treating municipal
wastewater.”Water Environ. Res. 91 (1): 54–68. https://doi.org/10.2175
/106143017X15131012188295.

SENAMHI. 2018. “Base de datos del sistema metereológico SISMET.”
Accessed October 4, 2021. https://www.senamhi.gob.bo/sismet.

Sibooli, H. M. 2013. Assessment of the performance characteristics
and applicability of decentralized wastewater treatment systems to peri
urban settlements in Zambia. Lusaka, Zambia: Univ. of Zambia.

Singh, S., R. Haberl, O. Moog, R. R. Shrestha, P. Shrestha, and R. Shrestha.
2009. “Performance of an anaerobic baffled reactor and hybrid con-
structed wetland treating high-strength wastewater in Nepal-A model
for DEWATS.” Ecol. Eng. 35 (5): 654–660. https://doi.org/10.1016/j
.ecoleng.2008.10.019.

Van Lier, J. B., S. Rebac, and O. Lettinga. 1997. “High-rate anaerobic
wastewater treatment under psychrophilic and thermophilic conditions.”
Water Sci. Technol. 35 (10): 199–206. https://doi.org/10.1016/S0273
-1223(97)00202-3.

Wang, J., Y. Huang, and X. Zhao. 2004. “Performance and characteristics
of an anaerobic baffled reactor.” Bioresour. Technol. 93 (2): 205–208.
https://doi.org/10.1016/j.biortech.2003.06.004.

Xi-quan, H., and L. Zhao-hua. 2008. “Operational characteristics of an
anaerobic baffled reactor treating low strength wastewater.” In Proc.,
2nd Int. Conf. on Bioinformatics and Biomedical Engineering,
3135–3139. New York: IEEE. https://doi.org/10.1109/ICBBE.2008
.1113.

Xu, M., L. Ding, K. Xu, J. Geng, and H. Ren. 2014. “Flow patterns and
optimization of compartments for the anaerobic baffled reactor.” De-
salin. Water Treat. 57 (1): 345–352. https://doi.org/10.1080/19443994
.2014.970580.

Yenji, S. S., G. R. Munavalli, and M. M. Koli. 2021. “Field-scale anaerobic
baffled reactor for domestic wastewater treatment: Effect of dynamic
operating conditions.” Water Pract. Technol. 16 (1): 42–58. https://doi
.org/10.2166/wpt.2020.103.

Yulistyorini, A., M. A. Camargo-Valero, S. Sukarni, N. Suryoputro, M.
Mujiyono, H. Santoso, and E. T. Rahayu. 2019. “Performance of
anaerobic baffled reactor for decentralized waste water treatment in ur-
ban Malang, Indonesia.” Processes 7 (4): 184. https://doi.org/10.3390
/pr7040184.

Zhu, G., R. Zou, A. K. Jha, X. Huang, L. Liu, and C. Liu. 2014. “Recent
developments and future perspectives of anaerobic baffled bioreactor
for wastewater treatment and energy recovery.” Cri. Rev. Environ.
Sci. Technol. 45 (12): 1243–1276. https://doi.org/10.1080/10643389
.2014.924182.

© ASCE 04022065-12 J. Environ. Eng.

 J. Environ. Eng., 2022, 148(11): 04022065 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

18
1.

17
7.

15
6.

16
9 

on
 1

0/
17

/2
3.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

https://doi.org/10.2175/106143002X139884
https://doi.org/10.1016/j.jenvman.2021.114014
https://doi.org/10.1016/j.jenvman.2021.114014
https://doi.org/10.1016/S0043-1354(97)00134-6
https://doi.org/10.1007/s10669-008-9188-y
https://doi.org/10.5296/emsd.v6i2.11486
https://doi.org/10.1016/j.watres.2016.06.048
https://doi.org/10.1016/j.watres.2016.06.048
https://doi.org/10.1039/c8ew00237a
https://doi.org/10.1039/c8ew00237a
https://doi.org/10.1016/0922-338X(96)80926-3
https://doi.org/10.2166/wst.2015.539
https://doi.org/10.2166/wst.2015.539
https://doi.org/10.2166/wpt.2019.071
https://doi.org/10.3390/su131810461
https://doi.org/10.2175/106143017X15131012188295
https://doi.org/10.2175/106143017X15131012188295
https://www.senamhi.gob.bo/sismet
https://doi.org/10.1016/j.ecoleng.2008.10.019
https://doi.org/10.1016/j.ecoleng.2008.10.019
https://doi.org/10.1016/S0273-1223(97)00202-3
https://doi.org/10.1016/S0273-1223(97)00202-3
https://doi.org/10.1016/j.biortech.2003.06.004
https://doi.org/10.1109/ICBBE.2008.1113
https://doi.org/10.1109/ICBBE.2008.1113
https://doi.org/10.1080/19443994.2014.970580
https://doi.org/10.1080/19443994.2014.970580
https://doi.org/10.2166/wpt.2020.103
https://doi.org/10.2166/wpt.2020.103
https://doi.org/10.3390/pr7040184
https://doi.org/10.3390/pr7040184
https://doi.org/10.1080/10643389.2014.924182
https://doi.org/10.1080/10643389.2014.924182

