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Abstract: Greywater (GW) can be separated in different fractions where the kitchen component
might be included. Constructed wetland (CW) systems are commonly used for the onsite treatment
of GW, and the fraction treated might impact the performance, operation, and maintenance. These
aspects are still poorly explored in the literature and are of importance for a proper design and system
sustainability. In this study, a multi-stage household-scale CW system composed of a horizontal flow
(HF), followed by a vertical flow (VF) unit, was monitored over 1330 days, focusing on different
GW fractions and hydraulic and organic loading rates. The biochemical oxygen demand (BOD)
was ~50% lower without the kitchen sink component (GWL) in the system inlet, while no drop was
observed in the chemical oxygen demand (COD). Treatment with the GWL component caused a
sudden drop in the hydraulic loading rate applied at the HF-CW (~114 to 35 mm per day) and the
VF-CW (~230 to 70 mm per day). Even when the HF-CW received ~90 gCOD m−2 per day (GW),
the multistage system reached a COD removal of 90%. The lower BOD load when treating GWL

avoids clogging and decreases the frequency of maintenance. These variables can be used for the
optimal design and operation of a CW, contributing with empirical data to CW guidelines in Brazil,
and could additionally be expanded for application in other countries with similar climates.

Keywords: nature-based solutions; hybrid system; treatment wetland; hydraulic loading rate

1. Introduction

Constructed wetlands (CWs), also known as treatment wetlands, are considered to be
a highly efficient and low-cost ecotechnology [1,2] that allow for water reuse and create
biodiverse ecosystems, ensuring environmentally friendly wastewater treatment [3,4]. CWs,
as a nature-based solution, have been widely used to treat various types of wastewater [5,6],
such as domestic sewage, agricultural wastewater, industrial effluent, mine drainage,
landfill leachate, storm water, polluted river water, and urban runoff.

Publications of this ecotechnology for the greywater (GW) treatment (e.g., wastewater
from baths, sinks, washing machines, and kitchen appliances) first occurred in 2000,
in particular for decentralized and household applications [7]. Some previous studies
presented design parameters and criteria [8–12], while others focused on hydrodynamics
and modelling [13–15]. Further, pollutant removal studies have also begun to include
micro-pollutants [16–18], mainly surfactants and personal care products [19,20]. Generally,
the performance of CWs is affected by several factors such as climatic and local conditions,
native plant species, and substrate materials. In particular, GW exhibits great variability in
terms of quali-quantitative characteristics. Depending on the type of appliance contributing
to the GW, it might significantly affect parameters such as the organic matter content and
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flow (for instance, with or without a kitchen and/or laundry component). In this view,
long-term studies evaluating real-scale performance, including the characteristic variations
and aspects of operation and maintenance (O&M), are important to subsidize proper design
criteria.

According to a study by Arden and Ma [21], CWs for GW treatment have been
proposed as they are affordable, energy-efficient, and can be used for non-potable reuse
of water, although post-treatment may be required to meet the water quality standards
required for a given purpose. CWs design equations for biochemical oxygen demand (BOD)
removal based on rate constants derived from the North American Treatment Wetland
Database (used for domestic sewage and agricultural effluents) may even be conservative
while showing little ability to predict performance using hydraulic loading rate (HLR).
However, with regard to the hydraulic retention time (HRT), the 3–5 day range allows
the effluent to be within the recommended characteristics concerning the physiochemical
parameters.

In Europe, many studies have been conducted using multistage CWs systems for
GW treatment. These studies have largely focused on local substrates and plant species.
Moreover, these were primarily conducted at a constant flow rate, HRT, HLR, and organic
loading rate (OLR) [16]. Many of these studies opted to focus on nitrogen removal be-
havior [10,22], even though GW generally carries a low nitrogen content. Within Europe,
Germany, where GW treatment by CWs has been in use for over 20 years [23,24], the local
normative was recently revised in the DWA (Deutsche Vereinigung für Wasserwirtschaft,
Abwasser und Abfall e. V.) guidelines [25]. Specific points for GW treatment were pro-
vided, such as: CWs treating GW require 50% of the specific surface area compared to a
conventional system, and the presumed GW generation is 75 L per person (PE−1) per day
(d−1). Additionally, regarding the design, the normative suggests reference values for BOD
(18–31 g PE−1 d−1) and COD (47–57 g PE−1 d−1) [26].

A recent study by Boano et al. [27] used the Global Wetland and Technology database
and presented HLR values of 63–174 mm d−1, with areas of 23–230 m2 (1.7 m2 PE−1), for
the horizontal flow (HF) CWs. Generally, it is more common to adopt vertical flow (VF)
or intensified CWs for larger scaled projects, with aeration, for example, as the required
area for HF is not always available; VF-CW are subject to a HLR which varies between
150 and 300 mm d−1 (0.5–2.8 m2 PE−1). Several studies have shown that the hydraulic
and organic loads applied for HF and VF have been below 100 mm d−1 and 200 mm d−1,
respectively [28–31]. Hoffmann et al. [11] suggested values of between 60 and 80 mm d−1

for HF, and ~200 mm d−1 for VF. These values are considered appropriate in hot climate
regions, based both on the literature and on projects developed, and are within the values
currently applied.

Recent publications have reviewed the design parameters, especially with intensified
systems, such as aeration. Both HF- and VF-CWs have demonstrated that HLR and OLR,
among other parameters, should be evaluated with operational and technological advances,
as well as with the consideration of local conditions [32–34]. A recent state-of-the-art CWs
study in Brazil [35] stated that only three previous publications have considered GW, while
a literature review in Latin America [36] stated only two publications. Although progress
has been made in several countries regarding guidelines for CW projects, Brazil is still in
the process of establishing its first standards and guidelines. However, CW guidelines
in Brazil [37] do not include the treatment of GW, only domestic sewage, with sizing
parameters based on the HLR and OLR (BOD).

The aim of this study is to present the performance with both qualitative and quanti-
tative analysis of a multistage constructed wetland for the treatment of GW over a period
of 4 years at the household level. The paper also discusses the O&M aspects of the system
regarding the presence of the kitchen component (GW) and without it (GWL).
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2. Materials and Methods
2.1. Experimental Site

This study was based on the evaluation of a full-scale household level multistage
constructed wetland (CW) to study the performance of an HF wetland followed by a VF
wetland (Figure 1) in the treatment of GW and light GW (GWL), without the kitchen sink
component.
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Figure 1. Set up of the constructed wetland (CW) system representing the pre-treatment and multistage system.

2.2. Set up and Design

The HF-CW was designed based on the required surface area [38] for a 70% BOD
removal and 20% nitrogen removal. The VF-CW was designed based on the O2 balance
required to remove the remaining BOD and nitrogen present in the HF-CW effluent [39],
with five effluent applications (batch) per day on the VF-CW.

The treatment system was composed of a commercial grease trap for the kitchen GW
component, an inspection box, where all GW merged, a sedimentation tank (250 L), the
HF-CW, a siphon-feeding tank, and the VF-CW. The HF-CW was a fiberglass structure
1.6 m × 2.9 m × 0.4 m in size (4.64 m2) filled with fine gravel (diameter up to 4.8 mm;
Ks = 6.0 × 10−3 m s−1; and porosity = 0.44), while the inlet and outlet zones were filled
with coarse gravel (D60 = 7.5 mm; Cu = D60/D10 = 1.5; Ks = 3.6 × 10−3 m s−1; and
porosity = 0.44).
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2.3. Plants

The plants selected for the HF-CW were Heliconia psittacorum (popularly known
as Heliconia or Andromeda), Cyperus isocladus (dwarf type), and Canna sp. (popularly
known as Beri). For the VF-CW, the chosen plants were Arundina bambusifolia (a terrestrial
multi-perennial orchid, known as bamboo orchid) and Alpinia purpurata (red ginger).

2.4. Mode of Operation

The operational conditions are presented in Table 1. There was no control in the
inlet flow to evaluate the system performance under real conditions and eventual OLR
and HLR peaks. Influent flow was registered by means of three water meters (multijet,
Actaris®, Campo Grande, Brazil) installed in the kitchen, bathroom, and laundry room,
which measured the water consumed in each.

Table 1. Operational parameters and quantitative characteristics for the greywater for Phase 1 (290 days), Phase 2 (240 days),
and Phase 3 (800 days—only light greywater).

Batches per Day
(Vertical Flow)

Hydraulic Loading Rate Organic Loading Rate
HF Cross-Sectional Organic

Loading Rate
(gBOD m−2 d−1)

Phase L PE−1 d−1 *
HF VF HF VF HF VF

(mm d−1) (gBOD m−2 d−1) (gCOD m−2 d−1)

1 (39) 57.9 ± 28.8 4 114.1 ± 48.6 233.3 ± 99.3 47.1 ± 35.7 27.5 ± 26.8 79.16 ± 46.6 60.0 ± 45.0 264.0 ± 104.7
2 (18) 61.4 ± 27.6 4 111.6 ± 44.7 228.1 ± 91.4 65.4 ± 25.3 - 97.8 ± 52.0 16.1 ± 48.1 369.7 ± 96.1
3 (12) 39.5 ± 39.2 6 35.4 ± 38.8 72.3 ± 79.3 13.4 ± 5.6 + 2.6 ± 3.2 12.1 ± 15.2 + 9.2 ± 16.8 97.1 ± 40.4

* Per capita (light)greywater production; + significant difference; HF: horizontal flow; VF: vertical flow; number of samples between
parentheses.

Flow regulation was not applied in order to assess the performance under regular
conditions of load and hydraulic peaks. Instead, we calculated quantitative parameters
such as peak-flow, OLR, and HLR, according to the methods presented by von Sperling
et al. [40].

2.5. Monitoring and Analytical Methods

The monitoring period was divided into three phases that were conducted in different
days/years (only one multistage CW system): the first phase of 290 days (March to
December, year 1), the second phase of 240 days (from March to September, year 2), and a
third phase of 800 days (October to August, year 3, 4 and 5) which was GWL only, i.e., no
kitchen sink component. In phase 1, the samples (Figure 1) were collected at three points
(P1: inlet HF; P2: outlet HF and inlet VF; and P3: outlet VF). In phase 2 (until September)
and 3 (until December), the samples were only collected from P1 and P3.

Physico-chemical and bacteriological analyses were performed biweekly according to
the standard method for the examination of water and wastewater from the American Pub-
lic Health Association [41]. The parameters analyzed were: COD, BOD, total phosphorus
(TP), ammonia (NH4

+), temperature, pH, turbidity, and E. coli.

2.6. Operation and Maintenance

The operation and maintenance were performed by the project participants. Pruning,
sedimentation tank desludging, scum formation and accumulation, cleaning around the
system and siphon system cleaning were the monitored aspects. The frequency and
observations were recorded in a worksheet for comparison before and after diverting the
flow of the kitchen component.

2.7. Statistical Analysis

The Shapiro–Wilk test was performed for the conventional wastewater quality pa-
rameters to determine whether the data were normally distributed. Given that the data
followed a normal distribution, and considering its paired structure, both an ANOVA
and a Tukey’s test were performed to compare the concentrations. The multistage system
performance was statistically evaluated by comparing the means of effluent concentrations
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of various parameters under different operating conditions, using a paired sample ‘t’ test
at a 95% confidence level (p < 0.05).

The Pearson correlation coefficient was selected for correlation analysis, according to
de Oliveira et al. [17]. To classify the data in the system into categories, the cluster analysis
results were selected to show homogeneity or heterogeneity between the data in the formed
clusters, according to the study by de Souza Pereira et al. [42]. The multivariate principal
component analysis (PCA) technique was used, which allows for the quantification of
the significance of the variables to aid the explanation of the clusters. In this technique,
orthogonal variables are created, which are explained by a small set of uncorrelated data
called principal components (PCs). The PCA interpretation was carried out by observing
the angular measurement formed between the data, with a smaller angle indicating a higher
correlation, a larger angle indicating a lower correlation, and with opposite variables being
inversely correlated according Atalla et al. [43].

3. Results
3.1. GW Qualitative Characteristics

Regarding the evaluated parameters (Table 2), only the BOD obtained a statistical
difference when phase 1 and 2 (GW) were compared with phase 3 (GWL), i.e., with
(~425 mgBOD L−1) and without (~149 mgBOD L−1) the kitchen sink component. Therefore,
the use of different BOD values would be suggested for the design of CW treating different
fractions of GW.

The concentration of BOD effluent from the HF-CW (~13 mgBOD L−1) in phase 3,
without a kitchen sink, was similar to that from the VF-CW (~7 mgBOD L−1) in phase 1
with a kitchen sink. There was also no difference in phase 3, without a kitchen sink, with
the VF constructed effluent (~8 mgBOD L−1), indicating that, to achieve the same effluent
quality, multistage system is required when the kitchen component is present, while the
HF-CW would suffice for GWL.

3.2. GW Quantitative Parameters and CW Treatment Performance

Table 3 shows that when there was only GWL, i.e., no kitchen component, the pro-
duction of GW was ~60 L PE−1 d−1 and that of phase 3 was ~39 L PE−1 d−1. However, it
should be noted that there was less variation in GW generation compared to that in GWL,
according to the standard deviation (~40 L PE−1 d−1) and peak-flow (4.0), which were
higher in phase 3. Burnat and Mahmoud [44] also obtained a peak-flow value of 2.4, with
the kitchen component, which corresponds to the phase 2 value in this study, and is similar
to that stated by Silva et al. [12] in Brazil.

The HLR applied (Table 4) in phases 1 and 2, including the kitchen component, were
~111–114 mm d−1 and 228–233 mm d−1 for the HF-CW and the VF-CW, respectively.
In phase 3, without the kitchen component (GWL), HLR dropped to ~35 mm d−1 and
72 mm d−1 for the HF-CW and VF-CW, respectively.

The applied OLR also showed a significant decrease from phases 1 and 2 to phase 3
(only GWL). The HF-CW received OLRs of 79 and 97 gCOD m−2 d−1 in phases 1 and
2, respectively, which reduced to 12 gCOD m−2 d−1 in phase 3. Higher loads in phase 2
compared to phase 1 promoted higher COD removals, 82% compared to 65%, respectively
(Figure 2), resulting in lower loads applied to the VF-CW. We hypothesize that biofilm
formation and full plants development played a role in the better performance during
phase 2 as compared to phase 1.
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Table 2. Qualitative characteristics for the units (P1: inlet horizontal flow—HF; P2: outlet HF and inlet vertical flow—VF; and P3: outlet VF).

Phase
COD (mg L−1) BOD (mg L−1)

COD:BOD
TP (mg L−1) NH4

+ (mg L−1)

P1 P2 P3 P1 P2 P3 P1 P2 P3 P1 P2 P3

1 (39) 708.5 ± 296.3 246.5 ± 141.7 39.0 ± 42.4 425.5 ± 211.2 110.4 ± 68.3 7.1 ± 11.5 2.10 ± 1.17 5.0 ± 2.2 4.3 ± 1.9 3.0 ± 1.9 2.2 ± 1.5 3.7 ± 1.9 0.5 ± 1.1
2 (18) 888.1 ± 567.4 154.6 ± 161.6 10.3 ± 6.4 542.6 ± 205.4 - - 1.51 ± 0.73 5.4 ± 1.3 - 3.7 ± 2.1 - - -
3 (12) 675.3 ± 344.0 242.1 ± 186.5 66.9 ± 71.8 149.6 ± 64.7 + 13.3 ± 14.7 + 7.8 ± 8.6 7.36 ± 6.36 + 2.5 ± 1.4 2.2 ± 1.3 1.7 ± 1.5 11.5 ± 7.2 5.3 ± 1.3 0.68 ± 1.3

Phase
Temperature (◦C) pH

BOD:N:P
Turbidity (NTU) E. coli(MPN 100 mL−1)

P1 P2 P3 P1 P2 P3 P1 P2 P3 P1
×106

P2
×104

P3
×103

1 (39) 23.2 ± 2.2 22.7 ± 2.5 22.4 ± 2.7 5.8 ± 0.5 6.9 ± 0.2 7.1 ± 0.3 100:0.1:1.14 271.6 ± 176.6 78.6 ± 54.5 5.0 ± 5.6 0.6 ± 1.0 7.2 ± 11.0 3.2 ± 4.1
2 (18) 23.5 ± 2.4 22.4 ± 2.5 21.3 ± 3.5 5.5 ± 0.5 6.6 ± 0.3 7.0 ± 0.3 - 377.2 ± 219.4 26.7 ± 17.8 2.5 ± 2.1 1.6 ± 4.4 8.0 ± 8.9 20.0 ± 52.0
3 (12) 25.2 ± 1.5 23.7 ± 2.3 22.9 ± 2.3 7.2 ± 0.4 7.1 ± 0.4 7.7 ± 0.5 100:2.23:3.21 148.7 ± 81.2 34.9 ± 38.1 2.7 ± 1.4 72.0 ± 150 - 4.1 ± 8.1

+ significant difference; number of samples are presented between parenthesis; Phases 1 and 2—greywater; and Phase 3—only light greywater (GWL). P1: HF-CW inlet; P2: HF-CW outlet and VF-CW inlet; and
P3: VF-CW outlet.

Table 3. Qualitative and quantitative characteristics of greywater for the present work and related literature.

Characteristics
Present Work

GWL/GW

References

1 2 3 4 5 6 7 8 9 10 11

GWL GW GWL/GW

L.PE−1 d−1 * 39/60 30 20 50 30 ~80–110 98 72 225 100 60–100 35/60
peak-flow ** 2.4/4.0 2.4 2.0

COD (mg L−1) 675/888 1270 822 177–687 212 300
BOD (mg L−1) 149/425 300–700 590 275–2287 100–250 477 100–400 129 100–500
TP (mg L−1) 1.7/5.4 5–30 4.4 1–15 1–5 2.4 16

* Per capita (light) greywater production; ** maximum flow/average daily flow; HLR: hydraulic loading rate; HF: horizontal flow (subsurface); OLR: organic loading rate; VF: vertical flow; 1 Mali [45]; 2 South
Africa [46]; 3 Palestine [44]; 4 Jordan [47,48]; 5 Vietnam [49]; 6 Israel [50]; 7 Nepal [30]; 8 Malaysia [51]; 9 Costa Rica [52]; 10 Netherlands [53]; and 11 Brazil [12].
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Table 4. Operational parameters for constructed wetland (CW) treating greywater for the present work and the related literature.

Design Parameters Present Work
GWL/GW

References

1 2 3 4 5 6 7 8 9

HF-HLR (mm d−1) 35/114 60–80 62–120 50–90
HF-OLR (g.m−2 d−1) 12/97 (COD) 13/65 (BOD) 16 (BOD) 25 (COD) 5–90 (COD)

HF-cross-sectional OLR (gBOD m−2 d−1) 97/316 250 250
VF-HLR (mm d−1) 72/233 200 83 80

VF-OLR (g.m−2 d−1) 9/60 (COD) 3/30 (BOD) 60 (BOD) 60–70 (COD) 8–12 (BOD)

HF: horizontal flow, VF: vertical flow, HLR: hydraulic loading rate; OLR: organic loading rate, 1 [28]; 2 [29]; 3 [8]; 4 [11]; 5 [30]; 6 [31]; 7 [16], 8 [12] and 9 [2].
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3.3. Correlation Analysis, Principal Component Analysis (PCA), and Cluster Analysis

The correlation analysis (Figure 3) demonstrated that, along the 3 phases, the hydraulic
parameters decreased.
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darker colors correspond to higher intensity correlations.

With regard to the quality parameters, as the flow decreased, the concentration of
ammonia (NH4

+) increased and the pH value became more basic. PCA (Figure 4) revealed
that the hydraulic and quantitative parameters, specifically the HLR and OLR (COD), as
well as the monitoring time in days (days), and the ammonia (NH4

+) concentration, were
the most representative parameters in terms of the performance of the system.

The cluster analysis results are shown in Figure 5, indicating that the optimal number
of clusters is two, grouping GW with kitchen sink (yellow) and GW without kitchen sink
(blue).
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3.4. Operation and Maintenance (O&M) Aspects

There was no change in the pruning routine of the plants or cleaning of the site
around the system, such as weeding and sweeping during phase 3, when the system was
only operated with GWL (Table 5). However, there was a significant difference in the
maintenance routine with regard to cleaning the sedimentation tank and the siphon system,
from a fortnightly pattern to every 18 months.

Table 5. Operation and maintenance aspects and frequency before/after diverting the flow of the
kitchen sink component (operation with light greywater only).

Procedures and Activities Phase 1–2 GW Phase 3 GWL

Pruning every two months every two months
Sedimentation tank desludging every week every 18 months

Grease tap cleaning every week -
Scum formation and accumulation every two weeks every three months

Cleaning around the system every six months every six months
Siphon system cleaning every two weeks every 18 months

4. Discussion
4.1. BOD

BOD was the only parameter that showed a significant inlet reduction without the com-
ponent of the kitchen sink. Using BOD as a design parameter allowed for ~50% reduction
in the required area of constructed wetlands, in line with the German guidelines proposed
in the DWA [25], when comparing domestic sewage and GW. Notably, without the compo-
nent of the kitchen sink, the BOD and cross-sectional OLR (HF) were below 110 mg L−1

and 250 gBOD m−2 d−1, respectively, values recommended to avoid clogging in VF- and
HF-CWs [37,54]. Therefore, BOD values of the present study are recommended to design
constructed wetlands when the kitchen sink component is absent.

For the BOD, the input concentrations in HF-CW ranged between 425 (phase 1) and
542 mg L−1 (phase 2), followed by a significant drop in phase 3 (only GWL) to 150 mg L−1.
These values are within the range of Busser [49] in Vietnam, Shrestha et al. [30] in Nepal,
Martin [51] in Malaysia, and Dallas and Ho [52] in Costa Rica. Li and Otterpohl [55]
observed that GW obtained from the washing machine or the laundry tank has BOD
values of 48–472 mg L−1. However, when analyzing the kitchen component, the values
increased to 536–1460 mg L−1, which is similar to the findings of studies by Alderlieste
and Langeveld [45] in Mali, Burnat and Mahmoud [44] in Palestine, Faruqui and Al-
Jayyousi [47] and Al-Jayyousi [48] in Jordan, and Friedler [50] in Israel.

4.2. COD

The COD:BOD ratio was close to 2 in phase 1 and 2, and increased to around 7 dur-
ing phase 3, when kitchen GW was absent. Therefore, the biological treatment capacity
dropped. Although the mean COD concentration was higher in phases 1 (708 mg L−1) and
2 (808 mg L−1), with the kitchen component, there was no statistical difference for phase 3
(GWL), with a mean value of 675 mg L−1, which is in agreement with those found by Mag-
alhães Filho et al. [14] in GWL (minimum of 589 mg L−1 and a mean value of 771 mg L−1)
and are also within the range stated by Shrestha et al. [30], Friedler [50], and Gross [56],
from 411 to 984 mg L−1. These results confirm that the higher organic/biodegradable load
is present in kitchen GW while the other fractions present more chemical substances due to
personal and house care products.

The stable influent COD concentration without the kitchen fraction might lead to
an oversized system if COD is used as design parameter instead of BOD. In this case,
it is of upmost importance to observe the flow reduction, which in our case was quite
representative, being around 50% of the total flow.



Recycling 2021, 6, 63 12 of 16

4.3. pH, E. coli, and Turbidity

The pH and temperature for phases 1, 2, and 3 did not show any significant variation
throughout the monitoring period. The microbiological parameter representing E. coli had
a 3-log reduction from P1 (106) to P3 (103), which allows for reuse considering the WHO
guidelines, mainly with the effluent turbidity achieved in phase 2 and 3, i.e., below 3 NTU,
allowing the application of solar disinfection (SODIS) process [57,58].

4.4. GW Production

A comparison between the L PE−1 d−1 of GWL and GW in this study with the values
in the literature shows that, in general, the values close to 20 and 50 L PE−1 d−1 do not
include all GW components. The values from 60 to those exceeding 100 L PE−1 d−1 include
the effluent from the kitchen sink and laundry. Therefore, if the project focuses on GWL,
the value considered must be lower than what is recommended in the German guidelines
(75 L PE−1 d−1).

The mean value of 39 L PE−1 d−1 (GWL) is similar to those from studies in Mali [45],
South Africa [46], Palestine [44], and Jordan [47,48] which ranged between 20 and
50 L PE−1 d−1. The mean value of 60 L PE−1 d−1 (GW) is similar to those from stud-
ies in Vietnam [49], Israel [50], Nepal [30], Malaysia [51], and Costa Rica [52], which ranged
from 72 to 225 L PE−1 d−1. However, the values determined by Hernandez Leal et al. [53]
in the Netherlands ranged from 60 to 100 L PE−1 d−1, which were within the range of
this study. These differing results are due to consumption habits. For example, in homes
with solar heating, the shower runs until the water is heated [59]. Although the climatic
condition is a factor that affects the performance of a CW, the GW production also depends
on other factors, such as habits and social and economic issues.

In Brazil, Silva et al. [12] obtained similar values in a house with three residents;
60 and 35 L PE−1 d−1, with and without the kitchen component, respectively. Thus, for
projects treating GW in CW, values of ~60 and ~35 L PE−1 d−1 for GW with and without
the kitchen component, respectively, seem to be adequate and, therefore, is suggested for
the design of CWs when data on water flows are not available.

4.5. Hydraulic and Organic Loadings

For the effective design and delivery of more compact and efficient treatment systems,
the quantification of per capita generation is of upmost importance considering its direct
influence on HLRs. A comparison between the operational parameters from the different
phases in this study and those in the literature (Table 4) indicates that applying HLR up
to 114–120 mm d−1 (for horizontal flow) and up to 200–233 and mm d−1 (for vertical
flow); and OLR up to 97 gCOD m−2 d−1 (for horizontal flow, using fine gravel) and up to
60 gCOD m−2 d−1 (for vertical flow, using coarse sand) result in a better performance for
the removal of COD, BOD, NTU, and NH4

+ (Figure 2). These operational parameters can
be used to scale CW, according to the Brazilian guidelines [37].

Several studies recommend that for HF-CW, the HLR for GW should be 60–80 mm d−1

[8,28,29]. An improved performance for the HF-CW was achieved with an HLR of
~100 mm d−1. It can therefore be suggested that, for CW projects with GW, HF-CW can re-
ceive 100 mm d−1 or 0.8–1.0 m2 PE−1 [29,52,60–63], while VF-CW can receive 200 mm d−1

or 0.4–0.6 m2 PE−1 [29,54,63]. For VF-CWs in warm climates, Hoffmann et al. [11] reported
that an HLR of up to 200 mm d−1 in the pre-treated effluent could be applied without any
negative impacts, with a short-term HLR of up to 500 mm d−1 applied during precipitation
events. Shrestha et al. [30] and Jenssen [31] used an HLR of ~80 mm d−1, similar to phase 3
of this study, without the kitchen component.

Hoffman et al. [11] suggested an OLR of 16 gCOD m−2 d−1 for HF-CW in cold
climates. In phases 1 and 2, the HF-CW operated with loads four to six times higher than
those in an average temperature of ~20 ◦C. In warm climates, Ramprasad et al. [16] used
25 gCOD m−2 d−1, while Silva et al. [12] used 5–9 gCOD m−2 d−1 (only GWL), both with a
HF-CW and a removal efficiency of ~80%. Therefore, we suggest that long term experiments
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should be conducted by applying an OLR of 70–90 gCOD m−2 d−1 to assess the process
of clogging. In phase 1 and 2, the cross-sectional OLR was above 250 gBOD m−2 d−1,
which is the maximum value recommended by Dotro et al. [2]. However, Paulo et al. [10]
highlighted that using fine gravel instead of coarse sand with GW in warm climates
prevents clogging problems, if pre-treatment is provided.

The organic loading rate for the VF-CW decreased from 60 gCOD m−2 d−1 (phase
1), to 16 gCOD m−2 d−1 (phase 2), to 9 gCOD m−2 d−1 (phase 3). In [11] a value of
60–70 gCOD m−2 d−1 is suggested for VF-CW in warm climates. In our study, the VF-
CW obtained a COD removal of 90% and 85% with an OLR of 16 gCOD m−2 d−1 and
60 gCOD m−2 d−1, respectively. Therefore, an OLR up to 60–70 gCOD m−2 d−1 can be
recommended, mainly for VF-CW as post-treatment of HF-CW in a multistage system.

4.6. Multivariate Analysis

The results obtained by multivariate analysis, including correlation analysis, PCA,
and cluster analysis, supported the observations of basic and descriptive statistics.

The values of the hydraulic parameters decreased as the component of the kitchen sink
was removed (phase 3) and the number of people in the house decreased (from phase 1 to
phase 2). The removal of COD based on the applied OLR followed this drop, demonstrating
the capacity of the multistage system to cope with high loads. Evaluating the effect of
removing the component from the kitchen sink (GWL) over time indicates that HLR, OLR
(COD), and the ammonia concentration, were the most representative for the performance
of the studied system.

Although the only parameter that showed a difference between GW with and without
the kitchen sink component in the ANOVA and Tukey’s test was the BOD, there was a sig-
nificant difference between GW with (GW) or without (GWL) the kitchen sink components
in the cluster analysis, when all the grouped characteristics were evaluated, indicating that
there is a significant difference in quali-quantitative characteristics among them. Therefore,
it is appropriate to consider these aspects in the design and O&M of future projects to
improve the technological performance and to increase the chance of acceptance by the
user.

4.7. O&M Considerations

Avoiding the kitchen GW component can be advantageous, as this decreases O&M,
making the process more manageable by the householders. Few studies have detailed the
aspects of O&M in warm climates. In a study by Alderlieste and Langeveld [45], the grease
trap needed to be cleaned frequently and, thus, adaptations were required. Although
Werner et al. [63] treated only bath GW, it was necessary to ensure periodic maintenance as
they used a grease trap instead of a sedimentation tank, and opted for a VF-CW before a HF-
CW system. This kind of information is essential for designing and operating constructed
wetlands treating GW, being essential to be presented in the studies when available. The
German CW standard [25], which also covers GW and small systems, suggests that it
is necessary to self-manage operational requirements such as malfunctions (hydraulic,
mechanical, and electrical), which must be indicated acoustically and/or visually with an
alarm system and be independent of the power network. Maintenance checks must also be
conducted regularly (monthly) to ensure proper functioning of the pre-treatment, pump
shaft, influent structure, air pumps, and effluent structure. Measurements of the sludge
level in the pre-treatment and sufficient re-aeration of the filter should be carried out to
prevent clogging. Moreover, measurement or records of the flow should be obtained, the
water on/in the filter should be evenly distributed, and invasive plant species and weeds
should be removed. At the household level, where the user is usually an operator, it is
beneficial to separate the fraction of the kitchen sink such that less maintenance is required.

For the successful implementation of a full-scale project, it is important to ensure that
users take the responsibility of periodic (ideally monthly) maintenance of the grease trap
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and sedimentation tank on the household scale to avoid clogging, especially if the kitchen
component is included. Otherwise, the use of a CW is not feasible at this scale [64].

5. Conclusions

In this study, a real scale multistage constructed wetland system was applied for the
household treatment of greywater. The four years monitoring period showed relevant dif-
ference when treating all fractions of greywater (GW) as compared to light greywater, when
excluding the kitchen fraction (GWL). There is a significant difference in characteristics
(quali-quantitative) when there is no kitchen sink (GWL) component. The only advantage
observed with GW was that the COD:BOD ratio is more adequate to biological treatment,
showing a better performance regarding organic loading removal. Nevertheless, it requires
the multistage system (both horizontal and vertical flow units) to achieve the same quality
the horizontal flow unit achieve alone when treating GWL. Further advantages for separat-
ing the kitchen fraction are the requirement of smaller area and substantial reduction in
maintenance that can improve the likelihood of system acceptance by the householders.

Our findings suggest that, to achieve better performance, an HF-CW can be loaded
up to 114 mm per day (0.8 m2 per person) and the VF-CW up to 233 mm per day (0.5 m2

per person). When the kitchen sink component is included, these values increase by up to
4-fold at certain times of the day and week (peak-flow).
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