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Cover Letter of Juan A. Álvarez to Water Resources and Rural
Development
Submission of an Original paper
The manuscript titled “Constructed wetlands and solar-driven disinfection technologies
for wastewater treatment and reclamation in rural India. SWINGS project” describes the
innovative design, implementation and starting operation of two pilot plant
implemented in two different location of India for wastewater treatment and reuse using
low cost nature-based and solar driven solutions.
SWINGS project is a project in the framework of cooperation between the European
Union (EU) and India. The aim is to implement state of the art low cost sustainable
technologies comprising anaerobic digestion, constructed wetland and disinfection
techniques for the treatment of domestic wastewater and reuse of the treated water. The
project involves the establishment of 4 pilot plants and their monitoring at 3 locations in
India. The design, construction, operation and research of the systems are joint efforts
among the partners and financed by both the EU and the Indian Government. The
implementation of two of these plants is shown in this work.
Although the SWINGS project has had some delays, due to administrative and
bureaucratic issues out of the control of the partners, the establishment of the treatment
plants and the disinfection units is now going on with success and already producing
benefits.

Constructed wetlands and solar-driven disinfection technologies for
wastewater treatment and reclamation in rural India. SWINGS
project
Abstract
“Safeguarding water resources in India with green and sustainable technologies- (SWINGS)”
has been a project in cooperation between the European Union and India. The funding was
provided by the European Union FP7 program and the Department of Science and Technology
of the Government of India, aimed at implementing state of the art low-cost sustainable
technologies comprising anaerobic digestion, constructed wetland and disinfection techniques
for the treatment of domestic wastewater and reuse of the treated water. The largest wastewater
treatment plant consists of high-rate anaerobic system, vertical and horizontal with flow
constructed wetlands, with a treatment area of around 1900 m2, and the possibility of
recirculation followed by a solar disinfection. The disinfection units allow direct reuse and
consist of solar-driven anodic oxidation (AO) and ultraviolet (UV) disinfection system. The
project involves the establishment of 5 pilot plants and their monitoring at 3 locations in India.
The implementation and operation of two of these plants (AMU and IGNTU pilot plant) is
shown in this work. The overall performance of AMU pilot plant during the 7 months of
operation shows an organic matter removal of 87% TSS, 95% BOD5 and 90% COD while
Kjeldahl nitrogen removal was of 89%. The UV disinfection unit was producing water for
irrigation with indicator bacteria well below the concentrations recommended by the Word
Health Organisation. On the other hand, the solar-driven AO disinfection unit, implemented at
IGNTU and operated more than a year, has been producing irrigation quality water for the local
population.

Keywords: low-cost wastewater treatment technology; constructed wetland; disinfection,
wastewater re-use.

1. Introduction
Cooperation, knowledge and technology transfer from European Union (EU) to
developing countries has increased in the last decades as a result of the improved
welfare of the European region, the interest of the EU of sharing technical and scientific
innovation developments, and the European commitment to benefit and improve life
standards of the population in developing countries. Additionally, in most developing
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countries where economic conditions and life quality is improving the population
growth is constant; consequently, there is more industrialization and greater demand for
agricultural production; implying larger water demand and therefore an increase of
wastewater discharges. According to WHO/UNICEF (2015) more than 2.5 billion
people in the world do not have access to proper sanitation, 36% of the world’s
population lack of improved sanitation treatment and around 15% still defecate in the
open.
India is the second most populous country in the world with ca 1.2 billion
inhabitants; it is ranked as the seventh largest country in regards to surface (CIA, 2015).
Water supply and sanitation in India has been developing steadily in the past 25 years
and the Indian Government has strived to meet the UN Millennium Development Goal
(MDG) which calls for reducing the unserved population by 50% by 2015. According to
WHO/UNICEF (2015), in the period between 1990 and 2011, while Indian population
grew by around 30%, management of urban water has boosted and now 60% of the
Indian urban population is covered by sewers and treatment systems. Open defecation in
urban areas has decreased by 50% in this period. During the same period, technical
wastewater management in the rural areas has also improved, and national coverage has
increased from 7% to 24%, while open defecation has gone down from 90% to 60%.
Even though India has invested resources and gone a long way in the last years in
improving the sanitation situation, there is room for improvement as well as for the
implementation of technology that can provide adequate treatment, under beneficial
economic conditions and consequently generating positive health and social effects
(DST, 2011).
Understanding the importance and need for cooperation, both India and EU member
states have set the stage for jointly working to address these challenges. SWINGS has
been a project in the framework of cooperation between the European Union (EU) and
India from September 2012 till November 2016 (www.swingsproject.com). The main
objective of the project is to develop low-cost optimized treatment schemes employing
state of the art wastewater management and treatment systems to make full use of water
resources at community level, with the final purpose of tackling water scarcity in India.
The project aims at combining available “green” and sustainable technologies that can
produce a final effluent that is to be reused in productive activities such as irrigation,
nutrient supply, soil enrichment or aquaculture, while ensuring no risk due to pathogen
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exposure and complying with all the national discharge standards. The project has
involved the establishment and monitoring of 4 pilot plants at 3 locations in India. The
design, construction, operation and research of the systems have been joint efforts
among the partners and financed by both the EU and the Indian Government.
Constructed wetlands are among the recently proven efficient technologies for
wastewater treatment. Compared to conventional treatment systems, constructed
wetlands are low cost, are easily operated and maintained, and have a strong potential
for application in developing countries, particularly by small rural communities (Zhang
et al., 2013). However, these systems have not found widespread use, due to lack of
awareness, and local expertise in developing the technology on a local basis. The
flexibility and possibilities provided by the design of the SWINGS treatment pilot
plants will permit the testing of different configurations and will advocate for the use of
CWs in rural areas of India and increase the knowledge regarding design and
operational needs.
The project has succeeded closing the water loop by achieving integral wastewater
treatment and reuse at the campus of Aligarh Muslim University (AMU) (Aligarh, Uttar
Pradesh, India) and has implemented tertiary treatment and disinfection units testing
different technologies at Indira Gandhi National Tribal University (INGTU) (Lalpur and
Amarkantak, Madhya Pradesh, India) and at the International Center for Ecological
Engineering of the University of Kalyani (KALYANI) (Kalyani, West Bengal, India).
The integral treatment system that was designed and built at AMU aims to provide full
wastewater treatment by establishing treatment trains of a UASB (up flow sludge
blanket) reactor as primary treatment followed by a combination of vertical and
horizontal flow CWs and disinfection units. For the disinfection of treated water, solardriven ultraviolet (UV) and anodic oxidation (AO) disinfection systems were
implemented at the three sites. The final effluent complied with various reclamation
guidelines, being reused for irrigation and other purposes at the sites. The establishment,
implementation and operation of two of these pilot plants: AMU and IGNTU pilot
plants are shown in this paper.
2. Material and Methods
2.1. Design and implementation of AMU pilot plant (Aligarh, Uttar Pradesh, India)
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The pilot plant at Aligarh Muslim University (AMU) treats municipal wastewater
generated at the campus for 1,000 population equivalent (PE). The plant comprises the
construction of a combination of anaerobic primary treatment, a CW system followed
by two disinfection units working in parallel. The primary treatment is achieved with an
upflow anaerobic sludge blanket (UASB) methanogenic reactor of 50 m3. The
secondary treatment consists of two parallel treatment trains with CW units; each
treatment train is fitted with a combination of an unsaturated vertical flow constructed
wetland (480 m2) (VFCW), followed by a horizontal subsurface flow constructed
wetland (460 m2) (HFCW). The design also includes flexibility in the operation and is
fitted with alternatives, for recirculation of treated effluents to the different treatment
stages to permit different operational options and exploitation strategies. Following the
CWs, the plant is fitted with a solar-driven UV and anodic oxidation (AO) disinfection
units, each one designed to disinfect 10 m3/d, to be used for toilet flushing, irrigation
and aquaculture.
The plant area calculation and design was made based on characterisation campaigns
that AMU ran for about a month, together with historical data of the area (Table 1). The
calculated treatment area needed for the establishment of the CW system is of around
1900 m2 and treats an average flow of 200 m3/d. Additional areas are needed for the
establishment of the primary treatment, pumping units, recirculation and sampling wells
and the water disinfection units.
Table 1
2.1.1. Primary treatment: UASB reactor
The UASB reactor designed for the primary treatment has a total volume of 50 m3
with a nominal hydraulic residence time of 12 h. The raw wastewater enters the reactor
after flowing through a grit channel and to a homogenisation tank, is pumped to a feeder
box mounted on the wall of the UASB reactor where the flow is divided in four streams
and fed at different points on the bottom of the reactor. Once the water is treated the
effluent is collected on the top part of the reactor by 2 gutters fixed on either side of the
gas dome head and conducted to a common effluent point just below the water level in
the reactor. The reactor is fitted with a gas collection system at the top. The gas-liquid-
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solid separator is made of fibre reinforced plastic and is connected with a flaring system
to burn the excess methane produced by the anaerobic digestion.
The flow from the reactor is collected in a common chamber on the top of the
reactor. From this chamber, the primary treated water is divided into two streams of 100
m3/d each and conducted to the respective CW treatment trains. Table 2 indicates the
design parameters of the UASB implemented in AMU pilot plant while Figure 1 and
Figure 2 show the engineering drawings and the implementation phases of the UASB
reactor, respectively.
Table 2
Figure 1
Figure 2
The UASB reactor has 3 sampling ports on one side of the wall. The purpose of these
sampling ports is to collect sludge samples for analysis, and accordingly the sludge
withdraw can take place. The sludge produced by the UASB has the potential of being
apt for reuse; if the sludge achieves proper consistency within the reactor it will be
pumped directly to planted drying beds (to be constructed), else it is drained from the
reactor under hydrostatic pressure to a thickening storage tank where it is held for
around 12 d and subsequently discharged to the planted sludge drying bed. The dried
sludge from the beds will be spaded after about 10 days and dewatered in the form of
cake, and can be used as fertilizer for agricultural purposes at the site.
2.1.2. Secondary treatment: Vertical and horizontal constructed wetlands
After the primary treatment, the system has two parallel treatment trains (west and
east) both comprising vertical flow (VF) beds followed by horizontal subsurface flow
(HF) beds, with the necessary wells and structures to allow sampling recycling and
hydraulic control (Figure 3). Initially both trains treat equal water volumes but the flow
can be regulated at will and different loading can be treated by the trains increasing the
flexibility of the plant for both research and treatment capacity.
Figure 3
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The treatment trains are loaded using two different methods, the western train is fed
using a siphon that works without the use of electricity, while the eastern train is loaded
using a centrifugal pump. The siphon is installed in a loading tank that stores the
necessary water volume to load and distribute water homogeneously over the entire bed
(10 m3). The loading of each bed has been calculated to satisfy the hydraulic loading
rated, so that every pulse loads the beds totally and uniformly. Figure 4 shows the
implementation steps of the siphon loading chamber.
Figure 4
In both treatment trains the first stage is designed to operate with unsaturated vertical
flow beds which are divided in separate compartments to improve hydraulic control as
well as to facilitate the construction. Each compartment is fed by pulses homogeneously
with primary treated wastewater through a pressurised distribution system using
perforated pipes placed on the surface of the beds. Once the water is distributed on the
surface, it trickles down through the unsaturated bed media and in contact with the
plant, and once in the bottom, the treated water is collected by 100 mm Ø drainage
manifold placed on the bottom of the bed following the Danish construction guidelines
(Brix and Arias, 2005; Miljøministeriet, 2014). The drainage system is connected to
pipes to the surface of the bed that allows atmospheric air to diffuse passively to the
bottom of the bed, permitting the recharge of oxygen of the entire bed in between
loading pulses.
The calculated area for the VF beds is of 970 m2 and each treatment train has a VF
surface of 485 m2 with an effective depth of the beds of 1 m. The bed dimensions are 61
m long by 8 m wide. The beds are designed according to the expected quality of the
effluent after the anaerobic treatment with a calculated organic load of 19 g BOD5/m2d
while the calculated ammonia nitrogen loading is of 7.5 g NH4-N/m2d. The beds are
pulse-loaded at a rate of 8 to 10 pulses/d. The media selected for the beds consists of top
10 cm of 8-16 mm Ø gravel covering the distribution system to improve the
distribution, followed by a 1.0 m layer deep of washed sand of 1-4 mm Ø. The bottom
20 cm layer of the bed is filled of 16-32 mm Ø gravel engulfing the drainage and
aeration system. Two plant species were selected for the VFCW namely Phragmites
australis, and P. karka planted at a density of 4 plant/m2. Additional materials were
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used for the construction including liners to avoid the infiltration or gain to or from
ground water (Figure 5); membranes and geotextiles to separate the layers in the beds.
Figure 5
Each VFCW is fitted with recirculation-units. The recirculation of treated water
improves the water treatment (Bohórquez et al., 2017; Torrijos et al., 2016; Zhang et al.,
2013; Arias et al., 2005) and as such the unit can regulate the recirculation of volumes
for research purposes and to improve the quality of the treated water. Once water drains
from the vertical flow beds, the effluent is divided at will and part of the treated
wastewater, runs by gravity back to the pumping unit (recirculation); while the rest lows
by gravity onwards to the inlet of the subsurface horizontal flow beds. The recirculation
unit has different functions:
 Diluting the new wastewater therefore reducing the risk of clogging in the CW
and maintaining a homogenous influent water characteristics.
 Helping to determine design parameters valid for systems operating in India.
 Enhancing total nitrogen removal by allowing further denitrification of the
nitrified effluent.
 Removing H2S, reducing the potential fouling smell, preventing the erosion of
concrete structures and prolonging lifetime of the pump.
 The recirculation unit enables sampling and testing of operational parameters.
Following the VF beds, the treated water is transported to a homogenization
distribution and measuring well that controls the feeding of the HFCW beds (Figure 6).
The division well receives the water from the VF beds in an equalization chamber that
regulates the flow to the HF beds by means of a V 60º three notch well that allows the
accurate measurements of the flow. After the weir, water is fed to the horizontal beds by
gravity and with the same flow to both beds by means of levelled pipes, although the
influent pipe is fitted with gate valves that permit the flow control.
Figure 6
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The HF beds provide a final water polishing step, enhancing complete nitrogen
elimination as well as the removal of pathogens (Molle et al., 2008). Since HFCWs are
water saturated, dissolved oxygen availability is limited in the bed and organic carbon is
available from root exudates, being denitrification of the nitrate nitrogen up to nitrogen
gas the major nitrogen transforming process in this wetland type (Zhai et al., 2013;
Adrados et al., 2014). The water is distributed evenly across the inlet of the beds
through perforated pipes perpendicular to the water flow at 10 cm below the surface and
collected by drainage pipes which are installed perpendicular to the flow at the end and
the bottom of the bed.
Each treatment train has its own HF bed each with a surface of 460 m2. For research
purposes with different hydraulic retention times the two beds have different effective
depths, the eastern bed with 0.60 m while the western bed is shallower with 0.40 m
effective depth. The media selected for the beds is a 1:1 mixture of washed, clay free, of
2–4 mm Ø sand and 4–8 mm Ø gravel. The distribution and collection systems are
embedded in 16-32 mm Ø coarse gravel. The distribution system is made from
perforated 110 mm Ø PVC pipes. The drainage system is placed at the bottom at the end
of the beds built from perforated 160 mm Ø PVC.
The plants selected for the VF beds include reeds, Phragmites australis and P. karka
and for the HF beds tropical species with flowers with nutrient removal potential were
planted, which can beautify the sites and increase the acceptance of this type of systems
by the local population and even be harvested and sold in the local market, acting as a
possible revenue generator. Selected plants include the planting beds with equal
surfaces of: arrow head (Sagittaria sagittifolia), iris (Iris spp.), canna (Canna indica),
ginger. Figure 7 shows the implementation steps of the HF constructed wetlands.
Figure 7
The effluent of the HFCWs is collected in a 1.8 m deep well covered from sunlight to
avoid algae growth from where water is pumped to the disinfection units. The pump is
installed in a 32 mm Ø pipe, where about 10% of the final effluent is pumped and
disinfected using the two solar-powered units. The remaining 90% flows out by gravity
to a canal to be reused for irrigation in the surrounding agricultural lands.
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2.1.3. Disinfection treatment: solar-driven ultraviolet (UV) and anodic oxidation (AO)
units
The SWINGS project is also embarked into going a step forward in the treatment of
wastewater and aims at producing water of enough quality to be safely reclaimed in
productive activities while avoiding health risks, so as to contribute to water
conservation and sustainability. The selection criteria for the disinfection technologies
stressed the used of effective technologies that were applicable in the field, with low
establishment and maintenance investment and low to no energy demand and with no
potential of releasing or creating harmful by-products. The SWINGS project is testing
different disinfection alternatives at the different treatment sites including solar-driven
technologies namely, anodic oxidation (AO) system and UV disinfection, as well as
passive disinfection systems such as bank filtration and maturation ponds.
The AO unit is an autonomous system, that can disinfect water by a combination of
processes that include a filtration step followed by the electrolysis of salts already
present in the water to produce chlorine. Chlorine is a strong oxidizing agent and kills
the pathogens remaining from the previous treatment steps. AutarconTM (Kassel,
Germany) has installed this technology with a capacity of producing 10 m3/d of
disinfected water at IGNTU, KALYANI and AMU as a part of the SWINGS project in
India.
The AO installed are powered by photovoltaic (PV) cells that can provide enough
energy for the entire unit. The system is fitted with a control unit that regulates the
water flow, the chlorine production according to the needs, and monitors online and real
time the water quality throughout the process. Effluent water from the wetland
treatment collected in the well is pumped through a filter to remove the remaining
suspended solids and turbidity that were not removed in the previous treatments.
Following the filtration step, the water goes to a chamber where an electrolytic cell
produces chlorine from the salt already present in the water. The chlorine released reacts
with the water and the disinfection takes place without the need of adding any other
compound or submitting the treated water to other processes. The water quality is
continuously monitored to control the amount of chlorine produced to ensure that water
quality is maintained even after storage. The core of the AO disinfection technology is
the production of free Cl that will kill pathogen presence.
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The Solar UV system developed by SolarSpring™ (Freiburg, Germany) is an
autonomous system that uses UV lamps emitting light at wavelengths between 240 to
280 nm to inactivate pathogens present in the treated wastewater. The system designed
for the SWINGS project is adapted to disinfect wastewater that has gone through all the
primary and secondary steps in the wastewater treatment. The disinfection process at
AMU was placed in an elevated tower constructed after the wastewater treatment plant.
The Solar UV system is powered by PV cells to provide the necessary electricity to run
a pump to drive the water through a filtration step and UV lamps to disinfect up to 10
m3/d. The system as it is designed requires minimum maintenance and provides water at
a quality suited even for human drinking purposes.
At the AMU site, the disinfection systems receive wetland effluent from a sump.
Each disinfection system independently pumps the water from the sump. After the
disinfection, the water is either used for irrigation, for flushing toilets in the building or
even as drinking water if requirements are fulfilled. Figure 8 shows the flow chart of
solar-driven UV system implementation.
Figure 8
As a precaution in case suspended solids content and turbidity were higher than
desired for the UV and AO disinfection systems to operate optimally, both systems were
fitted with zeolite pre-filtration units.
In addition to the wastewater treatment plant, other infrastructure was constructed at
the AMU site, including a building to host a laboratory, the solar-PV-modules and two
water storage tanks of 1 m³ tank each that were installed on the roof for the collection
and storage of disinfected water (Figure 9). Sampling points, user taps and toilets were
also installed.
Figure 9
2.2. Design and implementation of IGNTU pilot Plant (Amarkantak, Madhya
Pradesh, India)
At Indira Gandhi National Tribal University (IGNTU), a tertiary treatment system
was designed and implemented at the campus premises. As the minimum required
effluent water quality is not achieved by the existing Sewage Treatment Plant (STP), a
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direct application of solar-driven anodic oxidation (AO) disinfection was not possible
since all the produced chlorine would become consumed by the organics before having
effect on the disinfection. Therefore, a 35 m2 (3.5 m x 10 m) subsurface horizontal
gravity fed CW was installed to pre-treat the effluent of the STP of the IGNTU campus
to remove organic matter and turbidity (Table 3). In order to provide pathogen free
water, an AO disinfection system was implemented for treating up to 10 m3/d. Figure 10
indicates the drawings and the design parameters of the subsurface horizontal flow CW,
while Figure 11 shows the construction and implementation of the IGNTU horizontal
CW.
Table 3
Figure 10
Figure 11
Additional functions of the subsurface flow constructed wetland includes the
homogenization and equalization of the flow fluctuations and nutrient loads. In order to
keep operation as simple and robust as possible, the treated water flows by gravity into a
settling chamber and then through the wetland bed to an effluent sump. After the bed,
treated water is pumped to the solar-driven AO disinfection unit, which calculates the
flow through the horizontal bed and adjusts its performance automatically to the raw
water quality.
The CW was filled with 17 m³ of 10-16 Ø mm washed gravel, being the influent and
effluent sections of the bed filled with 5.1 m³ of washed 16-32 Ø mm gravel. The beds
were planted with local species at a density of 4 plants/m2. Even though the horizontal
bed reduces the turbidity, the effluent’s turbidity can still be higher than desired and
therefore, a solar-driven and automated back washable turbidity filter was developed
and installed filled with Ag Plus zeolite media (Figure 12).
Figure 12
Adjacent to the horizontal bed, a small building was constructed. A 500 L water
storage tank was placed on the roof while solar PV panels were mounted to power the
disinfection units (Figure 13). The filtration and the AO disinfection unit together with
the energy supply unit were integrated in the building. A pump was installed into the
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chamber receiving treated water from the horizontal bed. The water quality sensors
were installed into the 500 L water storage tank.
Figure 13
2.3. Water quality analysis and sampling
The AMU pilot plant has been in operation for about seven months since its
commissioning in January 2016 and has been monitored regularly during this period at
various sampling campaigns, the flow was of 200 m3/d of municipal wastewater.
Sampling took place every week where grab samples were taken after each one of the
units of the treatment plant. Figure 14 shows the sampling points along the water line.
The in situ parameters were measured directly in the sampling wells, while the samples
for the lab analysed parameters were taken, refrigerated and transported to be analysed
immediately upon arrival at the water quality laboratory of the Department of Civil
Engineering of AMU.
Figure 14
The IGNTU pilot plant started operation the second semester of 2015. Since the
establishment, the system has been treating treated partially wastewater and through the
period of a year, several sampling campaigns have been done. As mentioned before, the
water quality of the effluent of the STP is not sufficient and therefore an additional step
consisting of a HFCW was built to improve the water quality to meet the minimum
quality requirements to ensure a satisfactory performance of the disinfection system
The in-situ water quality parameters analyzed included water temperature, dissolved
oxygen (DO), pH, turbidity, redox potential (ORP) and electric conductivity were
determined using commercial calibrated electrodes. Laboratory water quality analysis of
total suspended solids (TSS), volatile suspended solids (VSS), chemical oxygen demand
(COD), biological oxygen demand (BOD5) and ammonium nitrogen (NH4-N) followed
Standard Methods for the Examination of Water and Wastewater (APHA, 2012). TSS
and VSS was analyzed following APHA 2540 D, ammonia nitrogen following
spectrophotometric method APHA 4500 NH3-D and nitrate spectrophotometric method
APHA 4500-NO3-F. Phosphate was analyzed following spectrophotometric method
APHA 4500-P F and COD samples were analyzed following APHA 5210 C. Kjeldahl
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nitrogen was analyzed using a Foss™ Tecator™ Kjeltec™ 8200 Auto Distillation Unit.
Finally, BOD5 samples were analysed by OxitopR manometric assays.
The pathogen indicators were evaluated using the multiple tuber fermentation
technique from Standard Methods (APHA, 2012). Namely 9221 B for Total Coliforms
(TC), 9221 E for Faecal Coliforms (FC), 9221 F for Escherichia Coli, 9230 B for
Enterococci. The Salmonella and Clostridium were evaluated using filtering technique.
For Salmonella, the APHA method followed was 9260 B while for Clostridium was
evaluated following the UK environmental protection office, Part 6 – Methods for the
isolation and enumeration of sulphite-reducing clostridia and Clostridium perfringens
by membrane filtration.
After UASB reactor, flow in the CW treatment lines was measured indirectly, using a
pulse counter installed in each of the feeding wells that tallied the number of times the
pump emptied the well during the day. Since the capacity of the siphon (west treatment
line) and the pump (east treatment line), the dimensions of the feeding chambers and the
water level at each pulse are known, the flow loading into the west and east vertical
beds could be accurately calculated.
Statistical analysis was performed using repeated one-way ANOVA, and post hoc
Tukey’s HSD tests were conducted to compare all water quality parameters and
pollutants concentrations from different treatment units with the significance level of p
= 0.05. All data were tested for homogeneity of variance by Levene’s test before the
statistical analysis. The statistical analysis was carried out with XLStat Pro® statistical
software (XLStat, Paris, France).
3. Results and Discussion
3.1. Treatment performance of AMU pilot plant
Regular sampling started in February 2016 and has continued regularly during 6
months, after it was determined a stable start-up of the systems. During the sampling
campaigns, the system was in continuous operation without recirculation. Figure 14
shows the sampling points were the first sample corresponds to the influent of the two
VF beds. Since the UASB has not reached a steady state operation and has shown an
irregular performance it is being by-passed while it is reaching optimal operation
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conditions. Sampling points 2 and 3 correspond to the effluent of the VFCW; 5 and 6
correspond to the effluent of the HF beds, and 6 and 7 correspond to the effluent of the
AO and UV systems.
If the mass loading is considered, the loadings to the VF beds were of 30 g
COD/m2d, 13 g BOD5/m2d, 7.1 g NH4-N/m2d and 8.5 g TSS/m2d. These are lower than
other values reported in the literature (Brix and Arias, 2005; Arias et al., 2005), being
around half of the recommended loading rates for the parameters evaluated, therefore it
is expected that the system has even larger capacity to remove the evaluated parameters.
Dissolved oxygen (DO) concentration in the raw wastewater was approximately 0.6
± 0.3 mg/L over the whole study (Figure 15). DO in the effluent from two VFCWs were
significantly higher than influent, observing average values of 4.0 ± 1.3 mg/L in the
west vertical unit (VW) and of 2.3 ± 1.2 mg/L in the east vertical unit (VE).
Subsequently DO values slightly decreased (although with no statistical significance)
after passage through the HFCWs. In VFCWs, the water is fed in large batches and then
the water percolates down through the sand medium. The new batch is fed only after all
the water percolates and the bed is free of water. This enables diffusion of oxygen from
the air into the bed. As a result, VFCWs are far more aerobic than HFCWs and provide
suitable conditions for nitrification (Brix and Arias, 2005; Molle et al., 2008; Bohórquez
et al., 2017).
Figure 15
Table 4 shows the average concentration and standard deviation of different
parameters measured along the water treatment line. TSS concentration at the inlet of
the vertical beds was 41 mg/L and was effectively removed by the passage through the
two VFCWs. The low concentrations were maintained along the rest of the system,
producing a final effluent with a TSS average concentration of 5 mg/L, which is well
below the discharge demand by the national EPA (Office of Water, EPA 821-F-16-002,
June 2016). The concentration of COD at the influent of the VFCWs was ca. 150 mg/L
and both beds removed significant amounts of COD, producing an effluent averaging 20
and 28 mg/L COD for the West (VW) and East train (VE), respectively. Final effluent
COD concentrations after the passage through the HFCWs were ca. 15 mg/L. BOD5
concentration before the VFCWs was around 65 mg/L and after the passage through the
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VF beds average concentrations were of 7 mg/L and 17 mg/L at the VW and VE
effluents, respectively. As water flowed through the HFCWs the concentration of BOD5
dropped down below 5 mg/L, and after the disinfection systems the average
concentration was below 3 mg/L.
Table 4
Figure 16 illustrates the organic matter (COD (a) and BOD5 (b)) and nitrogen (NH4+N (c) and TKN (d)) concentrations of influent and effluent of all the treatment units at
the pilot plant at AMU. Average influent COD, BOD5, NH4-N and TKN concentrations
were 147 ± 42 and 64 ± 19, 34 ± 2 and 39 ± 8.1 mg/L, respectively. All these pollutants
were significantly removed in the system and average concentrations at the effluent of
CW systems, were lower than 20 mg/L. The effluent concentrations of these pollutants
were not significantly different between all the treatment units, besides VE had
significantly higher effluent pollutants concentrations than other treatment units.
Average influent TSS and turbidity concentrations were 41 ± 21 and 53 ± 23 mg/L,
respectively (Figure 17). TSS and turbidity were significantly removed in the treatment
system and achieved average values lower than 10 mg/L. Generally, there were no
significant differences between all the treatment units.
Figure 16
Figure 17
TKN and NH4-N performed similarly as expected. Influent concentration to the
VFCWs was slightly below 40 mg/L for both forms of nitrogen. The VW bed nitrified
almost all the influent NH4-N while the VF in the eastern train only nitrified about half
of the NH4-N reaching the bed. After the VFs beds, water flowed through the HFCWs
and NH4-N and TKN at the final effluent ranged between 3 and 9 mg/L. Since the
environmental conditions in the saturated HF beds do not benefit the nitrification
process, no nitrification is shown after the VF beds. The average turbidity at the influent
of the beds was of around 55 NTU. After the VW, turbidity average value was of 3
NTU while after the VE was of 7 NTU. By the passage through the HF beds, the
average turbidity continued to decrease down to ca. 1 NTU.
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Overall percentage removal (Table 5) for all the examined water quality parameters
ranged from around 74% for NH4-N to 98% for turbidity. TSS, BOD5 and COD average
removal efficiencies were of 87%, 95% and 90%, respectively. Most of the removal
occurred while water trickled down in the VFCWs. The fact that the removal efficiency
of NH4-N and TKN was lower in the VE than in the VW (50% NH4-N and 70% TKN at
VE vs. 98% NH4-N and 91% TKN at VW) can be explained by the loading scheme of
the bed. While the VW is loaded by spaced pulses, the VE is loaded at shorter intervals
and therefore there is less time for the bed to be saturated with air before the next pulse
is distributed on the surface of the bed.
Table 5
The efficiency of the vertical and horizontal systems of AMU pilot plant was in line
with the performance of similar treatment configurations working at similar temperature
and organic load indicated in the literature (Zhang et al., 2013; Ávila et al., 2013). It is
important to remark that the results of AMU pilot plant indicated in this study
correspond to the initial phase of steady state operation. In addition, taking into account
the low-medium strength of the influent, AMU pilot plant will be operated at higher
organic loads in the following operation periods applying different recirculation rates.
Therefore, according to the initial performance, it is expected AMU pilot plant will
obtain organic and nitrogen removal higher than 90% working at loads of 40 g
COD/m2d, 20 g BOD5/m2d and 12 g NH4-N/m2d.
With regards to the disinfection capacity, influent concentrations of Total Coliforms
(TC) and Fecal Coliforms (FC) were constant at about 6.7 and 5.7 log10 CFU/100 mL,
respectively (Figure 18). Significantly lower TC and FC (range of 3.8 – 4.0 log10
CFU/100 mL) were detected in the effluent of both VFCW and HFCW units. Moreover,
at a final step, TC and FC were significantly removed after the solar-driven disinfection
processes. Values of TC and FC of around 1.8 log10 CFU/100 mL were observed after
Anodic Oxidation and below the limit of detection after UV treatment.
Figure 18
3.2. Treatment performance of IGNTU pilot plant
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Table 6 presents different parameters evaluated since the system started operation.
Grab samples were taken at the influent and effluent of the HFCW and at the effluent of
the AO system. Temperature and pH along the treatment was stable and no mayor
change was evident. Dissolved oxygen increased more than 50% from the effluent of
the HFCW and therefore improving the quality of the water before reuse. ORP increases
in a similar percentage as a result of the higher DO availability. Alkalinity, hardness,
electrical conductivity, TSS were reduced along the treatment as a result of the
consumption of salts during the AO disinfection system. The production of free chlorine
in the system also reduced the BOD5 by around 80%. Table 6 also shows the presence
of relative high concentration of nitrate (3.0 mg/L) that will react with the free chlorine
and consume the available Cl for the disinfection. Chlorine production in the AO system
reached up to 5 mg/L but was consumed by the remaining ammonia (not measured),
BOD5 and nitrate reaching a break point where free chlorine was available. The
measured chlorine at the effluent was 0.5 mg/L and an increase over 1000% is sufficient
to inactivate pathogens and provide residual disinfection. Additionally, and since the
removal will be affected by the contact time, the water is stored in 1000 l tanks before
use to improve the disinfection process.
Table 6
Table 7 presents pathogen indicators evaluated during the operation period. The tests
included Total Coliforms, Faecal Coliforms, Escherichia coli as well as enterococcus.
Clostridium and Salmonella, all required by the Indian legislation. Samples were only
taken from the effluent of the HFCW and the effluent of the AO. The concentrations
measured at the effluent of the HFCW show concentrations of coliforms close to raw
wastewater suggesting that the HFCW is not removing them along the treatment as
expected. Enterococcus and Clostridium were a log lower than expected in raw
wastewater also suggesting low performance of the HFCW for these indicators, while
for Salmonella the HFCW seems to perform better removing up to three log units if
compared to the expected count. After the AO system, none of the pathogens were
detected. Even though the pathogens were not detected the frequency and the number of
samples analysed was not sufficient to guarantee the removal of pathogens and further
and continuous sampling campaigns must be made to ensure the safety of the treated
water and no risk for the final users. Currently, the treated water is being used for
irrigation of the local gardens and therefore pathogen removal must be guaranteed.
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Table 7
3.3. Impact and application of SWINGS pilot plants
According to the 7th World Water Forum Framework Report (2015), globally the
amount of wastewater discharge to water bodies is approximately 2 million tons per day
and is rising with development and population growth. In addition, 2,520 million people
(36% of world population) have not an efficient wastewater treatment. On the other
hand, World Water Treatment Product Demand is estimated in 37 billion€ and world
demand for water treatment products is projected to increase 6.2% per year to nearly 50
billion€ in 2015 (Freedonia, 2011). In Europe, the water and wastewater services play a
major economic role in European countries, providing close to 600,000 jobs for more
than 70,000 water services operators. Investments in the sector represent overall more
than 33,000 million€ annually. The turnover for this sector is around 72,000 million€
annually (WssTP SRA, 2016).
Regarding EU regions, a potential market for SWINGS solutions is Urban STP in
small and medium towns (between 2,000-100,000 population equivalent -PE-). It is
estimated that there are 22,847 agglomerations in EU with 2,000-100,000 PE. They
represent 95% of total EU settlements, which generate 47% of the pollution load (EC,
2013). Some European countries, (i.e. Belgium, France, Ireland, Italy, Luxembourg,
Portugal, and Spain) still need to make substantial efforts to improve their compliance
with Directive 91/271/EEC (EC, 2000). Significant investments in these countries have
to continue for the necessary improvements of wastewater treatment of these
agglomerations.
Regarding India, 38 million m3/d of wastewater is generated and only 35% are
treated mostly up to secondary stage (CPHEEO, 2012). The Environmental Impact
Assessment Notification mentions all constructions with more than 20,000 m2 area will
need prior clearance permission, which includes an important component of wastewater
treatment unit. To address shortfall in wastewater treatment, the Delhi Development
Authority in March 2012 made it mandatory for any new group of housing, institutional
and commercial building plans to have dual plumbing systems and a mini-sewage
treatment plant within the premises (Dillon et al., 2013). This initiative has been
implemented in Karnataka with encouraging results. The Karnataka State Pollution

18

Control Board (KSPCB) specified that housing complexes that are in excess of 10,000
m2 built up area or 50 flats need to have a sewage treatment plant on their premises and
the flats should have dual plumbing. This allows the treated water to be put to nonhuman consumption use or secondary usage such as flushing, gardening, washing cars,
etc. Along with this, KSPCB also stresses on rainwater harvesting in order to bolster the
water table (Pioneer, 2012). In 2011, Pune Municipal Corporation proposed a resolution
to make mandatory for all constructions with more than 80 flats (new and old) to have
an on-site wastewater treatment unit (Times of India, 2013). Similarly, Jaipur too is in
the process of initiating compulsory wastewater treatment units on site for all building
complexes.
The SWINGS solutions, described in this work, will be exploited mainly in
developing countries as India market although EU market could be also a potential
market where integral and cost-effective wastewater treatment plants can be
implemented for wastewater reuse in agriculture field or public uses.
4. Conclusions and Final Remarks
The implementation of the systems under the umbrella of SWINGS project will give
the opportunity to test advanced CW technologies operating to meet local needs, under
tropical conditions, using local building materials, indigenous plants and taking
advantage of local building experience. The flexibility and possibilities provided by the
SWINGS pilot plants will permit the testing of different configurations and will
advocate for the use of integrated system comprising UASB, CWs and solar-driven
disinfection technologies in India, particularly in rural and semi-urban settings for
pollution abatement of rivers, where land is easily available but energy is scarce. It
would also encourage counter-part researchers to enrich their knowledge regarding
design and operational needs.
The overall performance of AMU pilot plant during the 7 months of operation shows
an organic matter removal of 87% TSS, 95% BOD and 90% COD while Kjeldahl
nitrogen removal was of 89%. The UV disinfection unit was producing water with
indicator bacteria well below the concentrations recommended by the WHO. The water
produced is being used for irrigation. On the other hand, the solar-driven AO
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disinfection unit, implemented at IGNTU and operated more than a year, has been
producing irrigation quality water for the local population.
The project has given the partners the opportunity to cooperate in multiple instances
such as plant designs, scientific updating and visits to various successful and nonsuccessful examples of full-scale CW systems. SWINGS has enriched cooperation
among the partners and after successful implementation, India and its region may have
new and demonstration sites on the use of low-cost sustainable technologies for
municipal wastewater treatment and reuse. A valuable addition of the project was the
access state of the art technology such as nano-sensors for monitoring water quality and
solar energy for running disinfection methods based on AO and UV processes.
Additional to the scientific gains, SWINGS project is also showing economic
advantages, where raw wastewater is treated to produce water of high quality standard
than can be directly reclaimed in multiple purposes. Additionally, the participation of
different actors in society, namely governmental instances, universities and research
centres, URLs, SMEs and NGOs guarantees that the findings and developments of
SWINGS will reach many actors and will have greater impact than just a research
project. All the actors will contribute in the dissemination, the technology transfer and
the further application of the outcome of the project that eventually will benefit India
and the European Union.
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Table 1. Wastewater characteristics form analytical work at
AMU and national discharge standards (modified from Khalil
et al., 2006; Khalil, 2009; Ministry of Env. & Forest, 2010).
Parameter
BOD5 (mg/L)
COD (mg/L)
TSS (mg/L)
VSS (mg/L)
NH4-N (mg/L)
TKN (mg/L)
Fecal Coliforms
(CFU/100mL)

Raw Sewage
210
450
400
250
32
49

Target
< 30
NR
< 50
NR
NR
NR

106-107

<104

NR: Discharge concentration not mentioned in the national discharge limits
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Table 2. Design parameters for the UASB reactor of AMU plant.
Parameter
Dimensions (length/width/depth)

Values
3.54/ 3.04/ 4.87

Unit
m

Volume

51.13

m

Sludge Bed Concentration

65 - 75

kgTSS/m
m/h
h
Days
%

Upflow Velocity
Minimum hydraulic retention time (HRT)
Sludge Residence Time (SRT)
VSS destruction in Reactor

0.52-0.54
7.0
35-40
50

3
3

25

Table 3. Influent and effluent physico-chemical characterisation of IGNTU campus
STP.
Parameter
pH
Temperature (ºC)
Conductivity (µS/cm)
Total dissolved solids (mg/L)
Chloride (mg/L)
BOD5 (mg/L)
COD (mg/L)

Raw wastewater
7.86
29
1405-2250
702-1124
56-115
150-349
209-450

IGNTU STP effluent
8.3
29.8
700-1420
330-709
40-71
30-80
70-190
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Table 4. Average and standard deviation of parameters measured in AMU pilot plant
(n= between 12 and 54)
Parameter
TSS (mg/L)
COD(mg/L)
BOD (mg/L)
NH4-N
(mg/L)
TKN (mg/L)
Turbidity
(NTU)
1East
6UV

Influent
41 ± 21
147 ± 42
64 ± 19

VE1
6.7 ± 4.4
28 ± 18
14 ± 6

VW2
5.1 ± 4.2
20 ± 13
7.1 ±4.3

HE3
6.4 ± 5.7
15 ± 9.6
4.5 ± 2.5

HW4
8.7 ± 10.3
17 ± 13
4.4 ± 2.9

AO5
5.6 ± 2.7
15 ± 11
2.8 ± 1.9

UV6
5.4 ± 2.5
14 ± 7.2
2.9 ± 0.8

34 ± 2.1
39 ± 8.1

17 ± 10
12 ± 9.7

0.8 ± 0.9
3.5 ± 4.1

3.8 ± 3.1
4.5 ± 6.4

4.9 ± 4.8
5.5 ± 4.3

7.8 ± 4.2
5.3 ± 4.6

9.9 ± 3.7
3.1 ±3.5

53 ± 23

7.1 ± 7.5

2.7 ± 5.9

1.5 ± 1.6

2.3 ± 4.4

1.0 ± 0.5

0.9 ± 0.5

Vertical CW; 2West Vertical CW; 3East Horizontal CW; 4West Horizontal CW; 5Anodic oxidation disinfection system;

disinfection system.
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Table 5. Removal percentages (%) of different water quality parameters along the
wastewater treatment plant at AMU.
Structure
VE1
VW2
HE3
HW4
AO5
UV6
Overall
removal
efficiency
1East

TSS
84
87
-11
-50
26
29

BOD5
79
89
23
24
37
34

COD
81
87
15
2
5
7

NH4-N
50
98
-64
-109
-81
-128

TKN
70
91
-12
-37
-6
38

Turbidity
86
95
31
-9
47
54

87

95

90

74

89

98

Vertical CW; 2West Vertical CW; 3East Horizontal CW; 4West Horizontal CW; 5Anodic oxidation

disinfection system; 6UV disinfection system.
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Table 6. Parameters analysed at IGNTU, where influent corresponds to the effluent
from the local sewage treatment plant (STP), and entering the HF constructed wetland,
the second sampling point corresponds to the effluent of the CW, and AO effluent is the
final effluent (n=8).
Parameters
Temp (oC)
pH
DO (mg/L)
Alkalinity (mg/L)
Hardness (mg/L)
ORP (mV)
Conductivity
(uS/cm)
BOD5 (mg/L)
Chlorine (mg/L)
Nitrate (mg/L)
Phosphate (mg/L)

Influent
22
8.3
3
66
106
210

After CW
23 ± 0.6
8.3 ± 0.2
3.6 ± 0.3
135 ± 13
85 ± 12
210 ± 18

AO Effluent
24 ± 0.9
8.1 ± 0.2
8.1 ± 0.4
95 ± 11
27 ± 10
408 ± 47

1312
48
*NM
*NM
*NM

882 ± 116
35 ± 8.4
0.04 ± 0.03
3.0 ± 1.0
1.1 ± 0.5

609 ± 92
8 ± 2.4
0.5 ± 0.3
0.3 ± 1.0
0.2 ±0.5

*NM Not measured
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Table 7. Pathogen indicators evaluated after the HFCW and the effluent of the AO
system (n=5) at IGNTU pilot plant.
Pathogen
Total Coliform
Fecal Coliform
E. Coli
Enterococcus
Clostridium
Salmonella

After HFCW (CFU /100 ml)
3X106
3X104
3X104
4300
1500
50

AO Effluent (CFU /100 ml)
BDL
BDL
BDL
BDL
BDL
BDL

*BDL: Below detection limit
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Figure captions:
Figure 1. Engineering drawings of UASB reactor at AMU pilot plant.
Figure 2. Implementation steps of UASB reactor at AMU pilot plant.
Figure 3. Engineering design (top view) for both treatment trains (west and east) of
AMU pilot plant.
Figure 4. Implementation steps of the siphon loading chamber for western treatment
trains.
Figure 5. Implementation phases of vertical constructed wetlands.
Figure 6. Implementation of flow division well after VF CW at AMU pilot plant.
Figure 7. Horizontal constructed wetlands implementation.
Figure 8: Flow chart of solar-driven UV disinfection at AMU pilot plant
Figure 9. Laboratory building, solar PV panels, water tanks and disinfection systems
implemented at AMU pilot plant.
Figure 10. Drawings and design parameters of the subsurface horizontal C implemented
at IGNTU site.
Figure 11. Horizontal bed construction and implementation at INGTU pilot plant.
Figure 12: Setting of the solar-driven AO disinfection unit at IGNTU Campus.
Figure 13. Implementation of the AO disinfection system and agriculture fields irrigated
with treated water at IGNTU site.
Figure 14. Sampling points along the water line of AMU pilot plant.
Figure 15. DO in influent and effluent of two vertical (west -VW- and east -VE-), two
horizontal (west -HW- and east -HE-) CWs and disinfection systems (AO and
UV) of AMU pilot plant. Different letters above the bars in each plot
represent significant difference.
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Figure 16. COD (a), BOD5 (b), NH4+-N (c) and TKN (d) concentrations in influent and
effluent of two vertical, two horizontal CWs and disinfection systems of
AMU pilot plant. Different letters above the bars in each plot represent
significant difference.
Figure 17. TSS (a) and Turbidity (b) in influent and effluent of two vertical, two
horizontal CWs and disinfection systems of AMU pilot plant. Different letters
above the bars in each plot represent significant difference.
Figure 18. Total coliforms (b) and Faecal coli (a) concentrations in the influent and
effluent of west vertical and horizontal CWs and disinfection systems of
AMU pilot plant. Different letters above the bars in each plot represent
significant difference.
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