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Abstract: The growing demand for water by the population and industry, as well as water scarcity
due to climate change, has created a need to reuse treated water for agricultural purposes. In
this context, the European Union, through its Regulation (EU) 2020/741, establishes minimum
requirements for wastewater reuse, specifying that reuse for agricultural purposes can help to
promote the circular economy and reduce the need for fertiliser use by setting high-quality standards.
The aim of this article is to study whether the treated water from a pilot plant with membrane
bioreactor technology operating with real urban wastewater from the city of Granada (Spain) satisfies
the quality standards required for its reuse for agricultural purposes, as well as assessing the use of
other resources produced during wastewater treatment, such as biogas and biostabilised sludge. This
plant works in four cycles of operation at two different hydraulic retention times (6 and 12 h) and
different concentrations of mixed liquor (2429–6696 mg/L). The pilot plant consists of a membrane
bioreactor where there are four ultrafiltration membranes working in continuous operation and
a sludge treatment line working in discontinuous mode. Subsequently, a tertiary treatment of
advanced oxidation process was applied to the treated water for a time of 30 min, with different
concentrations of oxidant. The results showed that the effluent has sufficient quality to be used in
agriculture, complying with the characteristics established in the European legislation. Furthermore,
the biostabilised sludge and biogas can be potentially reusable.

Keywords: agriculture; circular economy; membrane bioreactor; reuse; wastewater treatment

1. Introduction

Societies around the world are currently facing the challenge of managing their re-
sources, with a special focus on water. Regarding the negative effects of society’s unsus-
tainable use of natural resources, it is essential to reduce consumption and dependence
on non-renewable resources [1]. The circular economy emerges as a solution based on the
idea of reducing waste and extending the useful life of resources, focusing on efficiency
and reducing the consumption of raw materials and environmental contamination [2].
According to the United Nations, a global shortage of potable water resources of around
40.0% is expected by 2030 [3], which makes essential an efficient and sustainable use of
water resources in agriculture [4]. In the case of the European Union, the Water Framework
Directive 2000/60/EC obliges member states to conserve and protect aquatic ecosystems
through their sustainable use. However, for southern countries in the European Union,
such as Spain, this objective is more complicated due to their climatic characteristics of
prolonged periods of drought. Therefore, legislation is necessary to establish adequate
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quality standards for the reuse of wastewater, once it has been treated, as set out in Direc-
tive 91/271/EEC, so that it can be reused when appropriate. Furthermore, the European
Union has implemented Regulation (EU) 2020/741, on minimum requirements for water
reuse, legislation that is complementary to the existing legislation in the different member
states. In the case of Spain, Royal Decree 1620/2007 establishes the legal regime for the
reuse of treated water and its Annex I.A establishes the quality criteria for the reuse of
water, dividing them into five qualities that include from the most restrictive to the least
restrictive parameters. Quality 1 is exclusively for situations that are in direct contact
with humans, such as irrigation of private gardens and green areas, discharge of sanitary
appliances, etc. Quality 2 and its different subsections is where this article is focused, as
it refers to agricultural reuse. The parameters established for this section are shown in
Annex I of the legislation.

At the European level, the minimum quality requirements to be met by reclaimed
water for agricultural irrigation, as laid down in Directive 91/271/EEC and Regulation
(EU) 2020/741 on minimum requirements for water reuse, are set out in Annex I of the
legislation. This legislation considers reclaimed water when the requirements set out in
Annex I of the legislation are met and the indicated values for E. coli, Legionella spp. and
intestinal nematodes are met in 90.0% or more of the samples; none of the values in the
samples exceed the maximum deviation limit of 1 log unit from the indicated value for
E. coli and Legionella spp. and 100% of the indicated value for intestinal nematodes and the
indicated values for BOD5, TSS and turbidity in Class A are met in 90.0% or more of the
samples; none of the values in the samples exceed the maximum deviation limit of 100% of
the indicated value.

Several studies have observed toxin-producing pathogens in treated wastewater [5].
If wastewater is not suitably treated and used for irrigation in agriculture, it can signify a
health risk by producing contaminated foodstuffs containing pathogens and other pollu-
tants [6]. The technology of membrane bioreactors (MBR) is being studied and presented
in an effective way for the correct treatment of wastewater, obtaining high-quality efflu-
ents [7,8]. Membrane bioreactor (MBR) technology combines biological treatment with
membrane filtration to produce a clarified and largely disinfected effluent, which is being
implemented in more and more countries [9]. Despite the problems of membrane fouling
and high energy costs, it is presented as a technology with pollutant removal efficiencies
around 100% in some cases due to the higher solids retention time (SRT) that facilitates
microbial degradation and the physical retention of the molecules that are higher than the
membrane pores [10]. An advanced oxidation process has been used as tertiary treatment.
In recent years, various pharmaceuticals have been detected in groundwater and surface
water that have been associated with wastewater discharges because the pharmaceuticals
are not completely removed by current wastewater treatment technology [11]. Advanced
oxidation processes (AOP) are presented as an efficient tertiary treatment for the elimination
of this type of compound [12]. In this research, an AOP based on hydrogen peroxide and
ultraviolet radiation (H2O2/UV) was applied to improve the quality of the treated water.

In addition, during the various stages of wastewater treatment, other resources are
also produced, with the possibility of using them for energy production, such as biogas
and biostabilised sludge. Biogas, which is bioenergy produced from biomass, has several
advantages over other forms of renewable energy, hence, the need to adopt and move to
biogas technology [13]. It is important to note other aspects, such as the quality of the
biogas and its origin but, in general, biogas is used in internal combustion engines in the
field of electric and thermal energy generation [14]. Once the biogas has been purified to
biomethane, it can be considered as a reference model for the circular bioeconomy since
better sustainable practices could be followed [15,16].

In the case of biostabilised sludge, it also depends on the location of the plant where it
is generated and this confers specific characteristics, depending on several factors, such
as seasonal variability or the treatment technology of the WWTP [17,18]. Based on its
characteristics, biostabilised sludge can be reused in agriculture as soil fertiliser or soil
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conditioner, thus, increasing the yield of the target crops [19]. It can be also used as an
energy source/resource that would replace raw materials that have to be produced from
non-renewable sources, with considerable associated environmental impacts [20,21].

In this context, different circular economy indicators have been established to moni-
tor the quality of treated wastewater for further use in agriculture, as well as the related
resources of biogas and biostabilised sludge [22]. These indicators will assess the en-
vironmental sustainability of the technology under study and can be useful for initial
assessments [23].

The aim of this research was to evaluate, under the operation conditions of the pilot
plant (cycle 1: 6 h of HRT and 4919 ± 1124 mg/L of mixed liquor suspended solids
(MLSS); cycle 2: 6 h of HRT and 6696 ± 2472 mg/L of MLSS; cycle 3: 12 h of HRT
and 4771 ± 1436 mg/L of MLSS; cycle 4: 12 h of HRT and 2429 ± 768 mg/L of MLSS),
working with real urban wastewater, if the treated wastewater can be used for agriculture.
For this purpose, an assessment of the effluent quality was carried out using circular
economy indicators, as well as for other usable resources, such as the biogas produced and
biostabilised sludge.

2. Materials and Methods
2.1. Description of the Pilot Plant

The pilot-scale urban wastewater treatment plant used in this study uses MBR tech-
nology. It is located at the Los Vados WWTP (Granada, Spain) and is fed with real urban
wastewater from the primary settling of the Los Vados WWTP. The plant consists of a
cylindrical mixing tank with mechanical agitation, which is connected to a rectangular
bioreactor (85 L) where ultrafiltration membranes of 3.72 m2 in filtration surface area (each
membrane module has 0.93 m2 surface area), with a pore size of 0.04 µm (ZW-10, Zenon),
are submerged. The membranes are made of polyvinylidene fluoride (PVDF) of outside/in
hollow fibre configuration, with a weight per module (drained) of 1.9 kg and 2.1 kg (wet),
with permeate (fibre size) hold-up volume of 0.13 litres. The typical operating transmem-
brane pressure (TMP) was 10–50 kPa, with a maximum TMP of 62 kPa. The operation flow
rate was 4.25 L m−2 h−1 for cycles 1 and 2 and 2.12 L m−2 h−1 for cycles 3 and 4. Filtration
in these modules was carried out by a peristaltic pump working in combined cycles of
9 min and 35 s of filtration and a backwashing of 25 s. The filtration is carried out from the
outside of the membrane to the inside by suction. Figure 1 shows a diagram of the pilot
plant and the sludge line.

The membrane tank was constantly aerated to physically clean the surface of the
membranes and to ensure the aerobic condition and the homogenisation of the mixed
liquor. The flow rate of oxygen was 226.52 L/min (56.63 L/min for each membrane
module) where a set point of 1.5 mg/L of dissolved oxygen was maintained, with aeration
stopping once the set point was reached and starting again when the set point dropped
below half of the set point. The plant had a recirculation stream from the membrane tank
to the mixing tank to guarantee a constant MLSS concentration.

The pilot plant, which constitutes the water line of the study, was operated continu-
ously in four operating cycles with the modified operation variables being the hydraulic
retention time (HRT) and the MLSS concentration. Once the plant reached steady state,
a purge flow rate was set to remove waste sludge from the system. Table 1 shows the
conditions for each working cycle.

Table 1. Operation conditions of hydraulic retention time (HRT), mixed liquor suspended solids
(MLSS), temperature and solids retention time (SRT) in each cycle for steady state.

Cycle Duration (day) HRT (h) MLSS (mg L−1) Temperature (◦C) SRT (day)

1 40 6 4919 ± 1124 20.8 ± 1.6 22.3
2 23 6 6696 ± 2472 20.2 ± 2.9 10.7
3 164 12 4771 ± 1436 12.6 ± 2.8 38.5
4 58 12 2429 ± 768 20.1 ± 1.4 36.5
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Figure 1. Diagram of the pilot plant of MBR for municipal wastewater treatment.

The sludge line operated in batch mode with the daily sludge purged. The sludge
was concentrated in a membrane thickener which concentrated it to 20.0% (v/v). The total
suspended solids (TSS) from sludge digestion after thickening were 9900 mg/L (cycle 1),
14,650 mg/L (cycle 2), 12,970 mg/L (cycle 3) and 6040 mg/L (cycle 4). This thickening was
carried out in a vertically oriented aerated circular tank with a total volume of 6.7 L (4.32 L
of effective volume) in which a hollow fibre microfiltration membrane with a total area
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of 0.10 m2 was submerged. The membrane operated in suction and backwashing cycles
programmed according to the optimum TMP. The hollow fibres in the membrane were
made of PVDF with a polyester braided interior support. Once the sludge was thickened, it
was introduced into a laboratory-scale digester located in a thermostatic fridge for digestion.
This digester was agitated under anaerobic conditions and had a water trap for bubbling
the gas produced. A constant temperature of 32.5 ◦C was maintained throughout the
experiment by means of a controller located in the thermostatic fridge. It was kept in
digestion for 28 days to ensure that the sludge had been completely digested. Once the
digestion process had been completed, the sludge was centrifuged to separate its liquid
and solid phase from the digestate.

2.2. Analytical Methods

During the operation of the plant, samples of influent, effluent, bioreactor and mixing
tank were taken daily in all operating cycles in order to characterise the wastewater and
the operation (MLSS, chemical oxygen demand (COD), biochemical oxygen demand on the
fifth day (BOD5), pH, conductivity and temperature). Control analyses for BOD5, COD and
TSS were performed according to the standard methods [24]. Turbidity measurements were
performed according to UNE-EN ISO 7027-1:2016 and colour measurements according to
method B of UNE-EN ISO 7887:2012. Conductivity and temperature measurements were
carried out with a Crison CM 35® meter (Barcelona, Spain). The pH measurement was
carried out with a Crison pH 25® meter (Barcelona, Spain). Absorbance measurements
at different wavelengths were measured on a Thermo Helios Gamma 9423 UVG 1002E
spectrophotometer. Tests for COD, TSS, pH, conductivity, temperature, alkalinity and
volatile fatty acids were carried out during the digestion process. For the determination of
volatile fatty acids and alkalinity, the method described in APHA was used [25]. Colour
tests were carried out on samples of effluent, permeate from thickening the sludge prior
to anaerobic digestion and once the sludge had been digested and centrifuged, the mea-
surement was also carried out on the reject water from the final centrifugation. In addition,
these samples were subjected to advanced H2O2/UV oxidation processes, lasting 30 min
at three increasing H2O2 concentrations of 25 mg/L, 50 mg/L and 100 mg/L. During the
tests, samples were collected from the test evolution at 0 min, 10 min, 20 min and 30 min.
Colour measurement was also performed on these samples. Colour was measured by the
absorbance of the samples at three wavelengths (436 nm, 525 nm and 620 nm). Spot assays
for Escherichia coli were performed following the membrane filtration method described
in the DifcoTM Manual, which consists of 0.45 µm membrane filtration of the sample
and subsequent incubation at 44 ◦C on plates with Endo Agar as culture medium. In
addition, nitrogen and phosphorus detection was carried out. The samples were analysed
on a Metrohom ECO IC autosampler ion chromatograph plus 919 IC and on a Metrohom
Compact IC 761 ion chromatograph. The analytical method used was high-performance
liquid chromatography with triple-quadrupole mass spectrometry detector [26].

2.3. Advanced Oxidation Processes

A UV-Consulting Peschl® photochemical reactor (Mainz, Germany) was used to carry
out the advanced oxidation process. It is a batch reactor with a capacity of 0.8 L. The lamp
used as a source of photoirradiation is a medium pressure mercury vapor lamp with an
emission spectrum in a UV range above 190 nm and a power of 150 W. The reactor is stirred
to ensure perfect mixing and is insulated by a cylindrical quartz tube surrounded by a
cooling jacket. The cooling was carried out by means of a cold-water bath that maintained
an operating temperature of 20 ◦C in the photoreactor.

An aspect to highlight about the use of AOP is its high economic cost. To minimise
this problem, biological and physicochemical processes are combined to make the process
selective for certain pollutants [11]. In addition, techniques have been developed that
combine biological treatment processes and AOP to make the processes more energy
efficient [27].
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2.4. Biological Dephosphatation Potential Indicator (IBDP)

To analyse the expected phosphorus removal in the wastewater treatment process,
an initial assessment can be made based on the COD of the input water and the total
phosphorus (TP) present in the water [28]. Depending on the results obtained, it can be
decided if only a biological process should be used or whether it is necessary to incorporate
a physicochemical process. For the removal of TP, biological treatment is intended to be
applied, as it is efficient and does not produce residues of unwanted compounds in the
sludge, as is the case with chemical treatments [29]:

The IBDP indicator is calculated from the following equation:

IBDP =
COD

TP
(1)

where:

COD: chemical oxygen demand concentration in the influent (mg/L)
TP: total phosphorous concentration in the influent (mg/L)

This indicator shows that a physical or chemical treatment must be applied in addition
to the biological treatment when the result is lower than 50. However, when the result is
higher than 50, several authors [28,30,31] state that dephosphatation by biological treatment
is adequate, resulting in a final content with a TP concentration lower than 2 mg/L. It is an
indicator of the applicability of a biological-based phosphorus removal stage.

2.5. Indicators of Circular Economy

In order to comprehensively cover the wastewater purification process, indicators
will be set for the whole process, which will be divided into 3 parts: indicators for water
quality, indicators for sludge quality and indicators for biogas. Once the results obtained
from the circular economy indicators have been calculated and analysed, it will be deter-
mined whether the water leaving the plant in its different phases is suitable for reusing in
agricultural irrigation in terms of resource recovery.

2.5.1. Indicators of Circular Economy for Water
Recovery of Water in the Treatment Process Indicator (IW,R)

In order to analyse the percentage of treated water in the whole process, the following
indicator was proposed. It is calculated from the following equation:

IW,R (%) =
Qeff + QP + QS

QW
·100 (2)

where:

Qw: wastewater flow rate (L/day)
Qeff: effluent flow rate (L/day)
Qp: permeate from the sludge thickener flow rate (L/day)
Qs: supernatant from digester sludge centrifugation flow rate (L/day)

Organic Matter Removal Efficiency Indicator (IRECOD)

In addition to the removal of nutrients, the removal of organic matter is an important
indicator for the performance of the WWTP. Although it cannot be considered as an
indicator of circularity, it is considered as an indicator of the overall wastewater treatment
efficiency of the plant and has, therefore, been included in this section. It is calculated from
the following equation [32]:

IRECOD (
kgO2
day

) =
QW·(CODin − CODeff)

106 (3)

where:
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Qw: wastewater flow rate (L/day)
CODin: chemical oxygen demand concentration in the influent (mg/L)
CODeff: chemical oxygen demand concentration in the effluent (mg/L)

This indicator represents the total mass of organic matter removed. The higher this
indicator, the more organic matter is removed per day.

Effluent Inorganic Content Indicator (IEIC)

Nutrients such as N and P entering the environment can lead to excessive algal blooms,
a phenomenon known as eutrophication, and have a negative impact on water quality, food
sources and habitats, as well as reducing the availability of oxygen for aquatic life [33,34].
These nutrients are present in wastewater effluents from WWTPs and are discharged
into the environment, thus, altering the natural balance in water ecosystems [35,36], so
it is important to control the content of these compounds. As these are nutrients with a
high environmental impact, their concentration in water treatment plants is covered by
legislation. However, these compounds, as a result of possible water reuse, can be very
useful in agriculture.

These indicators show the total load of N (IEIC(N)) and P (IEIC(P)) in the daily effluent of
the wastewater treatment plants and are calculated from the following equations [37–39]:

IEIC(N) = Ni·Qd (4)

IEIC(P) = Pi·Qd (5)

where:

Ni: inorganic nitrogen concentration in the effluent, (mg/L)
Pi: inorganic phosphorus concentration in the effluent, (mg/L)
Qd: daily average effluent flow, (L/day)

2.5.2. Indicators of Circular Economy for Sludge
Indicator of Technological Nutrient Performance for Recovered Sludge (ISG,R)

This indicator is defined to obtain information on the amount of sludge recovered dur-
ing the wastewater treatment process as a function of the treated water flow rate from the
membrane bioreactor sludge purge [40]. It can be estimated from the following equation:

ISG,R =
mSG,R

Qeff
(6)

where:

mSG,R: sludge flow rate recovered during the water treatment process (kg/day)
Qeff: effluent flow (L/day)

Indicator of the Amount of Sludge Recovered as a Function of Sludge Produced (ISG,%R)

This indicator is defined to estimate the percentage of final biostabilised sludge recov-
ered in relation to the total amount of sludge generated during the purification process [40].
It is calculated from the following equation:

ISG,%R (%) =
mSG,R

mSG,T
·100 (7)

where:

mSG,R: sludge flow rate recovered during the water treatment process (kg/day)
mSG,T: sludge flow rate produced during the water treatment process (kg/day)
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2.5.3. Indicator of Circular Economy for Biogas Produced
Indicator of Efficiency of Biogas Transformation into Electric Energy

Biogas can be used to produce electricity, which is then used in internal combustion
engines. Each m3 of biogas produces approximately 6.5 kWh of energy and the efficiency
of transformation of biogas into electricity is estimated at 35.0% [41]. From the indicator
proposed by these authors, adapting it to the conditions of the plant, it is possible to
estimate the energy obtained from the biogas produced:

Eb(
kWh
day

) = 6.5·Qb·0.35 (8)

where:

Eb: energy obtained from biogas
Qb: volumetric flow of biogas obtained by the anaerobic digestion

3. Results and Discussion

In order to establish whether the water treated in this study is suitable for agricultural
use and the different uses included in normative, current European legislation establishes
the parameters that must be met, as well as the specific legislation in Spain, where the pilot
plant is located. Samples of influent, effluent, biological reactor and purged sludge were
collected and analysed in the pilot plant. The permeate from the thickening process of
the purged sludge was also analysed. During the digestion process, samples were also
collected periodically for analysis, as well as samples of supernatant from the thickening
sludge centrifugation.

3.1. Characterisation of the Operating Cycles

For all operating cycles, the measured parameters for influent, effluent and bioreactor
of the water line of the system are listed in Table 2.

Table 2. Physicochemical parameters for influent and effluent (TSS, conductivity, pH, BOD5 and
COD) and bioreactor (TSS, conductivity and pH).

Cycle TSS (mg/L) Conductivity
(µS/cm) pH BOD5

(mgO2/L)
COD

(mgO2/L)

Influent
1 106 ± 17 1157.2 ± 135.7 7.9 ± 0.2 292 ± 45 496 ± 52
2 116 ± 40 1184.3 ± 219.6 7.8 ± 0.3 277 ± 56 541 ± 92
3 108 ± 23 1106.2 ± 215.4 8.1 ± 0.1 256 ± 63 484 ± 110
4 171 ± 85 1114.6 ± 153.2 7.6 ± 0.1 271 ± 24 462 ± 61

Effluent
1 3 ± 2 871.4 ± 68.8 7.4 ± 0.4 9 ± 7 42 ± 22
2 3 ± 2 862.8 ± 142.5 7.9 ± 0.3 5 ± 6 37 ± 27
3 3 ± 3 834.0 ± 134.9 7.0 ± 0.9 7 ± 9 57 ± 31
4 3 ± 2 787.9 ± 33.6 7.2 ± 0.3 7 ± 5 32 ± 20

Bioreactor
1 4919 ± 1124 894.9 ± 95.2 7.4 ± 0.4 - -
2 6696 ± 2472 859.5 ± 117.2 7.7 ± 0.3 - -
3 4771 ± 1436 802.3 ± 144.8 7.0 ± 0.7 - -
4 2429 ± 768 784.9 ± 27.5 6.6 ± 0.6 - -

Table 2 shows the sludge line, which operates in discontinuous operation and is also
shown in Table 3.
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Table 3. Anaerobic digester parameters (conductivity, pH, alkalinity and volatile fatty acids).

Anaerobic Digester

Cycle Conductivity
(µS/cm) pH Total Alkalinity

(mg/L CaCO3)
Volatile Fatty

Acids (mg/L CaCO3)

1 1784.2 ± 561.3 7.5 ± 0.1 612.5 ± 213.5 35.4 ± 15.6
2 2278.3 ± 619.6 7.4 ± 0.1 825.6 ± 256.8 39.5 ± 9.9
3 2406.2 ± 361.9 7.0 ± 0.2 900.0 ± 228.9 127.2 ± 37.2
4 974.6 ± 132.8 7.3 ± 0.2 490.6 ± 272.7 104.5 ± 95.5

3.2. Water Pollution Removal

The BOD5 and COD removal performance of the pilot plant in the different operating
cycles is shown in Table 4.

Table 4. Removal efficiencies in the different operating cycles.

Cycle BOD5 Removal (%) COD Removal (%) TSS Removal (%)

1 96.9 ± 2.5 91.5 ± 4.0 97.8 ± 1.8
2 97.9 ± 3.3 92.8 ± 4.9 97.1 ± 2.3
3 97.0 ± 3.4 87.9 ± 6.8 96.8 ± 4.3
4 97.3 ± 1.8 93.1 ± 4.2 97.7 ± 2.8

From the point of view of the reuse of treated water, the values of total suspended
solids comply even with the most restrictive legislation, which limits the quantity to
10 mg/L for the best quality of reclaimed water that can be used, the results obtained being
much lower than this parameter (Directive 91/271/EEC, Regulation (EU) 2020/741 on
minimum requirements for water reuse). In another option, limits are also established for
total suspended solids of ≤35 mg/L O2 and a removal rate of 90.0%, which are amply met
by the treated water in this study.

In addition, the minimum discharge concentrations and removal rates to be met for
BOD5 (70.0–90.0% and ≤25 mg/L O2) and COD (75.0% and ≤125 mg/L O2) are also limited.
These plant performance requirements are amply met by the pilot plant, with removal rates
of more than 95.0% in the case of BOD5 and more than 85.0% in the case of COD. Other
studies show similar removal rates, thus, presenting MBR as a promising technology for
wastewater treatment [26,42–44].

Moreover, samples of influent and effluent from the pilot plant were analysed to check
the amount of total nitrogen and phosphorus and to analyse whether these nutrients are
removed in the different operating cycles. The plant does not eliminate these nutrients
because there is no anoxic zone and anaerobic zone. This is due to the fact that the plant
technology used in this research is designed so that there is no elimination of nitrogen or
phosphorus and that the treated water contains these nutrients, thus, making a positive
contribution to the receiving environment in agriculture.

Although colour analysis is not included in legislation as a determining parameter in
the use of treated water for agricultural use, it can be considered a quality parameter and
was, therefore, monitored. The results of the colour measurements at different wavelengths
for the samples after the AOP test indicate improvements for effluents always higher than
77% of the initial colour, reaching 100% in some cases. In the case of the permeate coming
from the thickening of the sludge, the improvement in colour was possible in approximately
45% of the initial colour in the most favourable case, as well as in the supernatant coming
from the centrifugation where the elimination of colour was only possible, approximately,
in 40% in the most remarkable case. The results obtained for the indicator of biological
dephosphatation potential (IBDP) were 34.8 (cycle 1), 27.8 (cycle 2), 125.6 (cycle 3) and
30.8 (cycle 4). According to these results, in the case of cycle 3, it would be appropriate
to apply a physical–chemical treatment, in addition to the biological treatment in the
purification process.
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3.3. Biogas Production during Anaerobic Digestion

The production of biogas is carried out during the anaerobic digestion step from the
digestion of the organic matter. The microorganisms metabolise carbon in an oxygen-
deprived environment, i.e., in an anaerobic form [41,45]. An indirect calculation was made
to estimate the volumetric flow rate of biogas produced from stoichiometric calculations
and COD removal during the digestion process. Table 5 shows the maximum daily value
of biogas produced per litre of activated sludge during the digestion cycles, as well as the
total amount of biogas produced during the total digestion process (28 days).

Table 5. Biogas production during activated sludge digestion.

Cycle Maximum CH4 Flow Rate
(L biogas kg−1 sludge day−1)

Total CH4 Volume
(L)

1 0.257 1.633
2 0.793 4.410
3 0.198 2.952
4 0.117 1.447

The maximum daily CH4 production occurs in cycle 2, being of the order of 677.8%
higher than the maximum daily production recorded in cycle 3. This is due to the fact
that in cycle 2, the SRT is much lower than in cycle 3, which means that in cycle 2, the
microorganisms have more biodegradable matter available and their consumption rate is
much higher than that of sludge with a longer cell retention time, which is more stabilized
(Table 1). Furthermore, there is more substrate for anaerobic digestion in cycle 2 (Table 1),
which means a higher methane production.

As for cycles 3 and 4, which have the lowest daily production rates and work at
the same HRT, the maximum daily production rate occurs in cycle 3, as well as a higher
total methane production, although cycle 3 has the highest SRT. This higher production
is favoured by a higher concentration of MLSS compared to cycle 4. Comparing cycle 3
and 4 with cycle 1, the biocommunity structure is mainly affected by the SRT value and the
daily maximum occurs in cycle 1. However, the total methane production is lower than
in cycle 3 as a more adapted aerobic biocommunity does not imply that the sludge from
which it originates has a higher biogas potential under anaerobic conditions. This may
be due to the higher HRT of cycle 3, which indicates that the microorganisms are more
adapted to the environment, thus, favouring digestion and, consequently, a higher final
total methane production.

These results are similar to another study conducted at lower temperature, indicating
that the rate of methane production was low for what was expected during digestion [46]. For
another study carried out on a larger pilot scale and with a 24-day cycle at 35 ◦C digestion
temperature, the elimination results were also lower than expected [47]. This low methane
production may be due to the scale up of the anaerobic digester, which may have significantly
influenced the biological digestion process by inhibiting the process to a minimum.

3.4. Turbidity and E.coli Measurements

The results of the influent and effluent turbidity test and the effluent E. coli tests are
shown in Table 6.

Table 6. Turbidity and E. coli measurements.

Cycle Turbidity (NTU)
Influent

Turbidity (NTU)
Effluent

Microbiological Count
(CFU/100 mL)

1 193.36 ± 36.75 4.13 ± 0.33 6.91 ± 0.48
2 205.34 ± 41.42 6.26 ± 0.67 7.13 ± 0.57
3 226.87 ± 47.33 8.12 ± 0.51 7.06 ± 0.53
4 174.37 ± 31.33 10.62 ± 0.78 6.17 ± 0.39
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In all cycles, the results for the detection of intestinal nematodes were negative; no
intestinal nematodes were detected according to Directive 91/271/EEC, Regulation (EU)
2020/741 on minimum requirements for water reuse.

According to Royal Decree 1620/2007, the effluent complies with the quality criteria
for the reuse of water for services (irrigation of green areas, fire-fighting system, . . . ). In
the case of cycles 1, 2 and 3, the water is suitable for crop irrigation (Annex I.A, quality 2.1,
quality 2.2 and quality 2.3), allowing direct contact of the reclaimed water with edible parts
for human consumption. In the case of cycle 4, the turbidity value is very close to the
established limit of 10 NTU, but does not meet the required quality value; however, it is
suitable for agricultural use (Annex I.A, quality 2.2 and quality 2.3) without direct contact
of the reclaimed water with the edible parts of the irrigated food, aquaculture, as well as for
irrigation of pastures for the consumption of milk or meat-producing animals. However,
for the case of European legislation (Directive 91/271/EEC, Regulation (EU) 2020/741 on
minimum requirements for water reuse), this reclaimed water would comply with quality
value A (Annex I, Tables 1 and 2), the most restrictive one that allows direct food irrigation,
in cycle 1, resulting in the rest of the cycles with a quality B because their turbidity values
are higher than 5 NTU, which establishes that it can be used for irrigation without the food
being in direct contact with the water. The membranes used in the present study were
5 years old, which explains the turbidity values above the expected levels as the integrity
of the membranes could be affected by use. These membranes were used in a previous
study with lower turbidity results (<1 NTU) [48].

3.5. Indicators of Circular Economy
3.5.1. Indicators of Circular Economy for Water

Table 7 shows the values of three of the circular economy indicators assessed for water
in the four operating cycles.

Table 7. Indicator of recovery of water in the treatment process (IW,R) and effluent inorganic content
(IEIC(N) and IEIC(P)).

Cycle IW,R (%) IEIC(N) (mg/day) IEIC(P) (mg/day)

1 99.99 4284.0 13,640.5
2 99.98 2485.7 11,952.0
3 99.99 12,948.9 851.9
4 99.99 16,276.1 7694.7

The percentage of water recovered during the treatment process indicated by the
IW,R indicator is very good. Practically all the influent is recovered and suitable for reuse.
This percentage is much higher than that of other authors where they recover 47.0% [45]
and around 85% obtained for industrial waters [40]. With regard to the indicators, the
inorganic content of the effluent is an added value for water reuse in agriculture due to its
nutrient load.

Figure 2 shows the temporal evolution of the circular economy indicator IRECOD
(organic matter removal efficiency indicator).

This circular economy indicator is linked to legislation, as it indirectly represents the
COD evolution parameter. As can be seen in Figure 2, the disposal percentages, although
they vary, are always within the percentages accepted by legislation. The elimination of
organic matter in kg O2 per day represented in the columns shows the temporal evolu-
tion during the operation of the cycle. For cycles 3 and 4 it is less than 0.10, while for
cycles 1 and 2 it is above 0.10. This difference in relation to the organic matter removal
efficiency is mainly due to the higher HRT used in cycles 3 and 4. A higher HRT results in
lower volumetric feed rate, therefore less organic matter is removed, i.e., the performance
is higher but the removal rate of kg BOD5/day is lower. The efficiencies are similar in
all cycles and this indicator allows to discern the behaviour of the system in the different
operating cycles.



Agronomy 2022, 12, 1877 12 of 16

Agronomy 2022, 12, x FOR PEER REVIEW 12 of 17 
 

 

3.5. Indicators of Circular Economy 
3.5.1. Indicators of Circular Economy for Water 

Table 7 shows the values of three of the circular economy indicators assessed for wa-
ter in the four operating cycles. 

Table 7. Indicator of recovery of water in the treatment process (IW,R) and effluent inorganic content 
(IEIC(N) and IEIC(P)). 

Cycle IW,R (%) IEIC(N) (mg/day)  IEIC(P) (mg/day) 
1 99.99 4284.0 13,640.5 
2 99.98 2485.7 11,952.0 
3 99.99 12,948.9 851.9 
4 99.99 16,276.1 7694.7 

The percentage of water recovered during the treatment process indicated by the IW,R 
indicator is very good. Practically all the influent is recovered and suitable for reuse. This 
percentage is much higher than that of other authors where they recover 47.0% [45] and 
around 85% obtained for industrial waters [40]. With regard to the indicators, the inor-
ganic content of the effluent is an added value for water reuse in agriculture due to its 
nutrient load. 

Figure 2 shows the temporal evolution of the circular economy indicator IRECOD (or-
ganic matter removal efficiency indicator). 

  

0.00

0.10

0.20

0.30

70%

75%

80%

85%

90%

95%

100%

I R
EC

O
D

(k
gO

2
da

y−1
)

C
O

D
 re

m
ov

al
 (%

)

Cycle days

Cycle 1

I RECOD (kg O2/day) Removal COD (%)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

70%

75%

80%

85%

90%

95%

100%

I R
EC

O
D

(k
gO

2
da

y−1
)

C
O

D
 re

m
ov

al
 (%

)

Cycle days

Cycle 2

I RECOD (kg O2/day) Removal COD (%)IRECOD (Kg O2/day)IRECOD (Kg O2/day) 

Agronomy 2022, 12, x FOR PEER REVIEW 13 of 17 
 

 

  

Figure 2. Organic matter removal efficiency indicator (IRECOD) for operational cycles. 

This circular economy indicator is linked to legislation, as it indirectly represents the 
COD evolution parameter. As can be seen in Figure 2, the disposal percentages, although 
they vary, are always within the percentages accepted by legislation. The elimination of 
organic matter in kg O2 per day represented in the columns shows the temporal evolution 
during the operation of the cycle. For cycles 3 and 4 it is less than 0.10, while for cycles 1 
and 2 it is above 0.10. This difference in relation to the organic matter removal efficiency 
is mainly due to the higher HRT used in cycles 3 and 4. A higher HRT results in lower 
volumetric feed rate, therefore less organic matter is removed, i.e., the performance is 
higher but the removal rate of kg BOD5/day is lower. The efficiencies are similar in all 
cycles and this indicator allows to discern the behaviour of the system in the different 
operating cycles. 

3.5.2. Indicators of Circular Economy for Sludge 
The amount of recovered sludge concentrate has been estimated as a function of the 

sludge produced in the pilot plant. For the four operating cycles, the value of the ISG,%R 
indicator was 0.68%. Table 8 shows the amount of sludge produced and the amount re-
covered. 

Table 8. Accumulated circular economy parameters mSG,R, msg,T and the indicator ISG,CE,r. 

Cycle mSG,R (kg/day) mSG,T (kg/day) ISG,%R (%) 
1 0.026 3.800 0.682 
2 0.054 7.980 0.682 
3 0.015 2.210 0.682 
4 0.016 2.330 0.682 

The sludge recovery percentage, regardless of the quantity produced in the different 
cycles, was similar. This is due to the fact that the sludge line operates discontinuously, 
so that the amount of sludge recovered per litre of sludge produced is always similar. 

Table 9 shows the amount of sludge per day that is recovered as a function of the 
influent that is treated in the plant. 

  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

70%

75%

80%

85%

90%

95%

100%

I R
EC

O
D

(k
gO

2
da

y−1
)

C
O

D
 re

m
ov

al
 (%

)

Cycle days

Cycle 3

I RECOD (kg O2/day) Removal COD (%)IRECOD (Kg O2/day)

0.00

0.10

0.20

0.30

70%

75%

80%

85%

90%

95%

100%

I RE
CO

D
(k

gO
2

da
y−1

)

C
O

D
 re

m
ov

al
 (%

)

Cycle days

Cycle 4

I RECOD (kg O2/day) Removal COD (%)IRECOD (Kg O2/day) 

Figure 2. Organic matter removal efficiency indicator (IRECOD) for operational cycles.

3.5.2. Indicators of Circular Economy for Sludge

The amount of recovered sludge concentrate has been estimated as a function of the
sludge produced in the pilot plant. For the four operating cycles, the value of the ISG,%R indi-
cator was 0.68%. Table 8 shows the amount of sludge produced and the amount recovered.

Table 8. Accumulated circular economy parameters mSG,R, msg,T and the indicator ISG,CE,r.

Cycle mSG,R (kg/day) mSG,T (kg/day) ISG,%R (%)

1 0.026 3.800 0.682
2 0.054 7.980 0.682
3 0.015 2.210 0.682
4 0.016 2.330 0.682

The sludge recovery percentage, regardless of the quantity produced in the different
cycles, was similar. This is due to the fact that the sludge line operates discontinuously, so
that the amount of sludge recovered per litre of sludge produced is always similar.

Table 9 shows the amount of sludge per day that is recovered as a function of the
influent that is treated in the plant.
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Table 9. Indicator of technological nutrient performance for the recovered sludge.

Cycle mSG,R (kg/day) Qeff (L/day) ISG,R

1 0.026 343.80 7.55 × 10−5

2 0.054 347.98 1.56 × 10−4

3 0.015 172.21 8.75 × 10−5

4 0.016 172.33 9.22 × 10−5

Due to the fact that this is a pilot plant, the amount of sludge recovered per day as
a function of the treated water flow is a small amount. However, on an industrial scale,
this could result in a significant flow of biostabilised sludge, which is potentially reusable
in agriculture. Other authors obtain better results in this indicator, obtaining results of
production of biostabilised sludge in percentages higher than 4%, although they recover a
lower percentage of treated water [40,45].

3.5.3. Indicator of Circular Economy for Biogas

Figure 3 below, shows the total energy production from the biogas produced per kg of
sludge in the digestion process:
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Figure 3. Energy produced by a kg of sludge during digestion.

During the 28-day digestion process, the cycle with the highest potential energy
production per litre of digested sludge is cycle 2. This corresponds to the cycle with the
highest biogas production (Section 3.3) and is due to the fact that cycle 2 has the highest
concentration of MLSS and the lowest HRT. During the digestion cycle, the maximum
daily kWh/kg produced in the different cycles was 0.58 kWh/kg (cycle 1), 1.80 kWh/kg
(cycle 2), 0.45 kWh/kg (cycle 3) and 0.27 kWh/kg (cycle 4). This value is obtained from the
maximum methane produced in one day of the 28 days of sludge digestion.

4. Conclusions

The membrane bioreactor technology used in this pilot-scale study, operating under
real environmental conditions and with real urban wastewater, seems to be promising
for this purpose. The pilot plant with its high percentages of contamination removal in
the water in the four operating cycles studied (BOD5 higher than 96%, COD higher than
87% and TSS higher than 96%), as well as turbidity parameters (lower than 8.12 in cycle 1,
2 and 3 and lower than 10.6 in cycle 4) in the effluent and E. coli measurements (lower
than 7.13 CFU/100 mL), lower than those established in the regulations, make the plant
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effluent suitable for use in agriculture, complying with the quality standards specified in
the European regulations.

Different circular economy indicators were estimated for the different stages of wastew-
ater treatment, such as water quality indicators, biogas production indicators and circular
economy indicators for sludge. The results show promising data on the reuse of treated
wastewater, energy production and sludge reuse. This waste, such as the effluent and
the water treated in the sludge line, can be reused in agriculture in more than 99.9% of
the quantity treated, which means the total integration of this waste as a resource, thus,
fulfilling the objective of circular economy. In addition, the biostabilised sludge can be
reused and electricity can be obtained from the biogas produced. This is a pilot-scale
study, but it can serve as a basis for future full-scale studies to use the entire effluent from
wastewater treatment plants for agricultural irrigation.
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