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As a consequence of the poor implantation of sanitation systems, more than 80% of the wastewater from human
activity is dumped, which poses a threat to public health and generates water stress. In contrast, its depuration
and reuse for irrigation improves the efficiency of the water management cycle and reduces the use of fresh
water. In the context of grey water purification in rural areas of Europe, constructed wetlands are the preferred
option. Furthermore, in developing countries, they are particularly attractive as an alternative to conventional
purification systems. The design of such facilities tends to avoid the complexity of the interactions between
solids, pollutants, microorganisms, and plants. In this work, a more rigorous mathematical model is proposed,
which considers the mass balances of the substrate and the microorganisms, in addition to the degradation ki-
netics typical of biotechnological processes, the life cycles of microorganisms, and their horizontal and vertical
transport processes. This model was tuned based on the responses of already installed systems located in Zapote
(Costa Rica) and San Salvador (El Salvador). The model foresees start-up times close to three months, in addition
to depuration efficiencies reaching above 90%, which corresponds with previously reported values. The devel-
oped simulation tool is also employed to study the response of the model to various disturbances, such as
punctual stops or seasonal variations in the incoming flow.

1. Introduction

The 2030 Sustainable Development Agenda, which was approved by
UN Member States in 2015, aims to explore new ways to improve the
quality of life, ensuring that no-one is left behind. With this aim, the
Agenda establishes 17 objectives, among which the sixth objective seeks
to guarantee the availability of water for all, in addition to its sustain-
able management and sanitation. Although progress has been made in
the coverage of water supplies and sanitation systems, billions of in-
dividuals worldwide still lack such services, especially in rural areas.
More specifically, according to UN data [1], 6 out of 10 individuals lack
access to safely managed sanitation facilities, which is equivalent to
more than 4 billion people worldwide, and implies that over 80% of the
water resulting from human activity is dumped without any kind of
treatment. Among the targets corresponding to this Objective, number
6.3 claims that water quality should be improved by reducing pollution,
eliminating dumping, and minimising the release of hazardous chem-
icals and materials. This could halve the proportion of untreated

wastewater and substantially increase recycling and safe reuse globally.
In addition to protecting public health, wastewater treatment through
recycling, reuse, and recovery can alleviate water stress and provide
social, economic, and environmental benefits [2,3]. Taking into account
that 69% of global water withdrawals correspond to agriculture
(including irrigation, livestock, and aquaculture) [2], wastewater reuse
for irrigation purposes has received attention to improve the efficiency
of the water management cycle, ultimately alleviating the exploitation
of fresh water sources and decreasing their pollution after use and
discharge [4,5].

Grey water is defined as domestic wastewater generated from sinks,
laundry, and showers, but excludes toilet water, or black water [6].
When grey water originates exclusively from personal hygiene, it is
referred to as light grey water. In contrast, the sources of dark grey water
include laundry machines, dishwashers, and kitchen sinks [7,8]. Grey
water represents up to 75% of total domestic wastewater, with
approximately 100-150 L person™' d! being generated in developed
countries, although smaller volumes are generally generated in devel-
oping countries [9]. Grey water presents a lower organic, nutrient, and
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Nomenclature

Az Length of the node, L

€ Gravel bed voidage

n Removal efficiency, %

UFs Us Specific growth rate of the microorganisms in the grease

trap and in the gravel bed, t~!
UF, max> S, max Maximum growth rate of the microorganisms added
to the grease trap and those in the gravel bed, t*

pPo Average density of the oils and fats, M L™>

c Temperature dependence coefficient corresponding to the
growth of microorganisms, dimensionless

T Hydraulic retention time, t

A Required wetland area, L2

a Interface surface of the grease trap, L

c* Background concentration, M L3

C,, ‘C; Pollutant concentrations at the wetland inlet and outlet,
respectively, M L3

E Enzyme concentration at the interface of the grease trap,
M L2

ET Evapotranspiration, L t™!

F Concentration of the enzymatic reaction products in the
aqueous fraction of the grease trap, M L™°

fn Coefficient of proportionality for vertical transport of the
microorganisms, dimensionless

fy Coefficient of proportionality for horizontal transport of
the microorganisms, dimensionless

H Flooded height of the gravel bed, L

h; Height of the sludge layer in the i node of the gravel bed, L

ho Height of the fat and oil layer in the grease trap, L

ka Kinetic constant for pollutant degradation in the model
K-crLt!

Kg Proportionality constant for calculating the concentration

of enzymes at the interface, L1

Kz, Ks Half-velocity constant for the microorganisms added to the
grease trap and those in the gravel bed, M L3

ky Hydraulic conductivity, L2 L2 t 7!

Ko Michaelis-Menten constant for the enzymatic reaction

taking place at the interface of the grease trap, M L2

Kear Kinetic constant of the enzymatic reaction, t1

ks kaw  Constant desorption rate for the microorganisms added to
the grease trap and for those in the gravel bed, t™*

L Length of the constructed wetland, L
Wetland slope, L L™!

mo Mass of the oils and fats in the grease trap, M

M, Concentration of microorganisms in the aqueous fraction
of the grease trap, M L™°

n Number of nodes

(0] Concentration of the oils and fats at the interface of the
grease trap, M L2

P Precipitation, L t !

Q Feed flow rate, L3 t !

ro Enzymatic reaction rate of the oils and fats, M L™2 t7!

' Rate constant of microbial growth to the standard

temperature of 20 °C t~!

Sins Si Substrate concentration in the incoming stream and at the i
node of the gravel bed, respectively, M L3

T Water temperature, T

Ve Grease trap volume, L3

w Width of the constructed wetland, L

X; Concentration of microorganisms in the i node of the gravel
bed, M L3

X; Distance of the i node from the inlet, L

Xo Volume fraction of the oils and fats in the incoming stream,
3L

X Concentration of microorganisms in the sludge layer,
ML3

Yi Height of the free flow section in the i node of the gravel
bed, L

Yxst, Yxsw Yield rate of the microorganisms added to the grease trap
and of those in the gravel bed, M M~*

BOD Biochemical oxygen demand

BODsg Biochemical oxygen demand after five days

COD Chemical oxygen demand

EC Escherichia coli

N Total nitrogen

TP Total phosphorous
TSS Total suspended solids

pathogen load than black water, and consequently is easier to treat
[7,10], thereby rendering on-site treatment possible [11]. Thus, the
source separation of grey and black water can contribute to reducing
discharge to wastewater treatment plants, and can also help address the
issue of potable water scarcity worldwide [6,12,13]. Moreover, the
reuse of grey water for non-potable uses (e.g., in toilets, washing, and
irrigation) reduces the consumption of high-quality water to promote a
circular economy [14].

Among the wide technological proposals suggested for the treatment
of grey water, ranging from sand filters to sophisticated biological and
chemical treatments [13,15], constructed wetlands have proven to be
nature-based solutions which enable reduction of massive energy con-
sumption [16,17]. In fact these facilities are economically and ener-
getically efficient for reducing the contents of organic species and
biological organisms, which ultimately allows the requirements of non-
potable reuse to be met [7,13]. Constructed wetlands are made up of
shallow lagoons or channels (depths less than 1 m) that are planted with
local species typical of humid areas, and in which decontamination
processes take place through interactions between water, solid sub-
strates, microorganisms, vegetation, and even fauna [18]. Based on the
water circulation characteristics, constructed wetlands can be classified
into surface and subsurface flows [19,20]. In contrast to surface flow
wetlands, their subsurface equivalents admit higher organic loads,

reduce the risk of contact with the population, and prevent the
appearance of insects [21]. Although they are less attractive to envi-
ronmental projects due to the absence of an accessible sheet of water,
subsurface flow constructed wetlands are the preferred option for grey
water purification in rural areas of Europe [18,12]. Subsurface con-
structed wetlands consist of a gravel bed that acts as a substrate for plant
growth, and depending on the configuration employed, the wastewater
flows vertically or horizontally through the bed [6], which acts as a
biofilter. In addition, a large number of physical, chemical, and bio-
logical processes also take place in the bed, including sedimentation,
filtration, precipitation, adsorption, plant uptake, and microbial
decomposition [22,23]. Furthermore, subsurface vertical flow con-
structed wetlands enhance oxygen transfer from the air to the waste-
water flow, improving their nitrification capacity with respect to that of
the horizontal configuration [4,5]. However, the pulsed water circula-
tion is discontinuous, and so the granular medium is not permanently
flooded. In developed countries, vertical systems are combined with
horizontal ones, and although this configuration appears superior, it
requires more sophisticated and expensive installations, not to mention
additional maintenance. Hence, due to the low economic and energetic
costs of horizontal subsurface flow constructed wetlands, in addition to
their particularly low impact on the environment and landscape, the
implementation of such configurations is especially attractive for
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developing countries [24,25], where natural biodegradation processes
can be applied to improve N removal [26]. Among the disadvantages of
this type of natural wastewater treatment system, it should be taken into
account that they require large surface areas, start-up lasts between
three and six months, and once running there are few options for their
control. Thus, at the design stage, the maximum and minimum flow
peaks should be considered. Furthermore, it should be considered that
they require periodic maintenance, consisting of the removal of flocs
from the inlet pipes, the pruning of plants, cleaning of the outer surface
of the bed, and control of the height of the flooded bed. Moreover, in the
case of observing the appearance of water on the surface, the removal,
clearance, and/or replacement of the gravel with a new material of the
same characteristics is required.

When constructed wetlands are used for the purification of dark grey
water, it must be considered that fats and oils prevent contact between
the microorganisms and the water, and could even provoke flow
blockage. To avoid this issue, flotation is commonly employed [27],
wherein a grease trap is employed for pretreatment. Such devices are
effective for the removal of emulsified oil and grease droplets, and so
they are commonly employed in restaurants prior to wastewater
disposal into the sanitation system [28]. These devices require period-
ical maintenance to remove the hydrophobic layer of fats that accu-
mulates on top to avoid overflow and bad odours. An alternative method
to reduce the amount of accumulated fats and avoid its subsequent
treatment is bioactivation by the addition of lipases, which are enzymes
that catalyse the hydrolysis of lipids to glycerol and fatty acids [29,30].
These compounds can pass through the cell walls of microorganisms
[31], and so can be digested with the organic load upon reaching the
sanitation system.

The interest in constructed wetlands as a natural-based solution for
wastewater treatment began in the 1980s, although scientific produc-
tion during the last century has been limited. Despite the fact that, in the
last decade the scientific community has returned to focus on these kinds
of solutions [7], there are very few studies addressing the rigorous
design of these complex systems and their dynamic responses to possible
disturbances [32,33,34]. Grey water treatment in constructed wetlands
is a complex process that includes sedimentation, filtration, sorption,
plant uptake, and microbial decomposition [35], wherein each factor
influences the other factors. Moreover, modelling these interactions is
difficult and complex due to a lack of appropriate models. Until the
beginning of the 21st century, the use of first order k — C* models was
common. These models assume an ideal plug flow and consider that the
various parameters do not depend on the inlet concentration or the
incoming flow. In 2000, Kadlec [36] demonstrated that these models
present serious limitations for the rigorous modelling of constructed
wetlands, and proposed the P — k — C* model, which is based on a
scheme of tanks in series. Indeed, Laaffat et al. [23] used this model to
estimate the profiles of degradation at the simulated gravel bed. More
recently Mohammed and Ismail [37] proposed the use of a multi-layer
artificial neural network model to predict the efficiency of a lab-scale
constructed wetland to treat real food industry wastewater from a
cheese factory. Gomes Ferreira et al. [38] validated the utility of the
model proposed by Chan and Chu for the reaction kinetics of Fenton's
process on the removal of atrazine [39]. Dittrich et al. [40] and Samsé
et al. [41] focused on modelling single physicochemical phenomena
occurring on SSHFCW (transport processes and clogging), while Yuan
et al. [42] reviewed several single models that describe these and other
complex processes occurring in CWs, including biochemical, hydraulic,
reactive-transport, plant and clogging models. These authors conclude
that a single or a composite model coupling a small number of sub-
models cannot fully predict the decontamination processes, while a
comprehensive model including all sub-models involves numerous pa-
rameters, making the model complex and leading to diffuse interaction.
However, the most common design procedure, which is explained in
detail in various technical manuals, such as those published by Garcia
and Serrano [18] and Delgadillo et al. [19], is based on the experience
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accumulated by companies and organisations from the civil engineering
field, and does not address the complexity of the processes and in-
teractions that occur between solids, pollutants, microorganisms, and
plants. These semi-empirical models usually propose simplifications
regarding the flow of wastewater though the bed, the substrate degra-
dation kinetics, the kinetics of the proliferation and death of microor-
ganisms, the effect of pretreatment, the horizontal transport promoted
by dragging, and the vertical sedimentation of microorganisms. Thus,
the current work aims to address this lack of knowledge to develop a
more rigorous mathematical model than those previously published, and
which will describe the dynamic behaviour of a horizontal subsurface
constructed wetland containing a bioactive grease trap. Subsequently,
the model will be tuned based on the response of already installed sys-
tems. In addition, this simulation tool will be used to study the response
of the model to various disturbances, such as punctual stops or seasonal
variations in the incoming flow. Furthermore, our model will consider
the mass balances of the substrate and the microorganisms, in addition
to the degradation kinetics typical of biotechnological processes, the life
cycle of the microorganisms, and their horizontal and vertical transport.

2. Modelling

Fig. 1 shows a diagrammatic scheme of the system proposed for
modelling, consisting of a grease trap followed by a subsurface hori-
zontal flow constructed wetland.

2.1. The bioactive grease trap

Lipases are enzymes belonging to the class of esterases that catalyse
the hydrolysis of lipids. They use water to break the bonds of tri-
glycerides, generating glycerol and fatty acids. The interfacial properties
of such enzymes allow them to activate reactions that occur at the
interface, which is the point at which they are active [43]. These unique
properties render lipases an interesting additive for grease traps. More
specifically, lipases can be added after their isolation or by means of
specialised microorganisms that produce these biocatalysts. Such mi-
croorganisms are very common in nature, where they can be collected
and cultivated; this is common practice in certain communities of El
Salvador. Importantly, the addition of microorganisms instead of iso-
lated enzymes is cheaper, easier, and more effective for the self-
maintenance of constructed wetland. In this case, the enzymatic reac-
tion products, which pass into the aqueous phase, serve as the substrates
for microbial activity, since they can pass through the cell wall. There-
fore, the aqueous phase contains biomass (microorganisms), grey water,
and the enzymatic reaction products, as outlined in Fig. 2. The kinetic
mechanism of enzymatic lipid hydrolysis has been previously described
in the literature [44]. More specifically, the kinetic models of such re-
actions that occur in biphasic organic-aqueous systems consider a re-
action rate based on the interfacial substrate concentration [45,46] that
may be reduced to the Michaelis-Menten form [47]:

_ kewEO
T Ko+ O

@

ro

where Ky is the Michaelis-Menten constant of the enzymatic reaction, ro
is the enzymatic reaction rate of the oils and fats, k.o is the kinetic
constant of the enzymatic reaction, and E and O are the enzyme and oil
+ fat concentrations at the interface, respectively, which are assumed to
be constant. E is proportional to the concentration of microorganisms in
the aqueous fraction.

The evolution of the microbial population in the grease trap has been
modelled assuming Monod-type kinetics:

F

= —_— 2
F ”F,m(uKF_"_F (2)

H

where yr is the specific growth rate of the microorganisms in the grease
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Fig. 2. Schematic representation of the grease trap interface.

trap, {r, max is the maximum growth rate of these microorganisms, F is
the concentration of the enzymatic reaction products in the aqueous

reactor. Therefore, the mass balances can be written as follows:

di

phase, and Kr the Monod constant or half-velocity constant for the % = QXopy —roa 3)
growth rate of the microorganisms in the grease trap, i.e., the value of F
when p / pr, max = 0.5. dM,

Modelling of the grease trap requires solving mass balances for the 7‘/’ = (pp —ka) MV, “)
oils and fats, and also for the microorganisms and enzymatic reaction

. . . . .. . _ dF M

products. Takl.ng into account the high disaffinity of oils and fats to Y, = (— QF + roa) _Hr ty, 5)
wards water, it can be assumed that phase segregation occurs instan- di Yxsi

taneously. On the other hand, due to the turbulence generated by the
incoming stream, the aqueous phase can be modelled as a stirred tank

where V, is the grease trap volume, Q is the feed flow rate, mg is the mass
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of the oils and fats in the grease trap, Xo is the volume fraction of the oils
and fats in the incoming stream, pg is the average density of the oils and
fats, a is the biphasic organic-aqueous interface surface, M, is the con-
centration of microorganisms in the aqueous fraction, k4; is the constant
desorption rate, and Yxg; is the yield rate of the microorganisms.

During ordinary operation, constructed wetlands do not receive a
constant flow rate of grey water, since this flow rate is directly deter-
mined by domestic rhythms. For example kitchen sinks are used most
commonly during mealtime hours, while taps, showers, and washing
machines are used at specific and punctual times. The proposed model
therefore simulates the inflow through pulses of adjustable durations, in
addition to changes in the flow rate and concentration. As a result, it can
be adapted to the constructed wetlands that serve homes, restaurants,
and rural hotels. Likewise, the addition of the biocatalysts (in the form of
cultivated microorganisms) is not constant, but is carried out
periodically.

2.2. The constructed wetland

Wastewater reaches the constructed wetland after leaving the grease
trap, and so it accesses the gravel bed free of oils and fats, but with an
additional load of organic matter, namely the fatty acids and glycerol
components generated during enzymatic digestion of the grease. Like-
wise, the microorganisms added to the grease trap for enzyme produc-
tion are carried away by the water flow and enter the gravel bed, mixing
with the local microbial population and participating in the removal of
organic matter. As mentioned previously, the evolution of the microbial
population in the gravel bed can been modelled according to the con-
centration of organic matter when assuming Monod-type kinetics:

JZ (6)

s = MS,maxm
where g is the specific growth rate of microorganisms in the gravel bed,
Us, max is the maximum growth rate of this microbial population, S is the
concentration of the substrate (organic matter as BOD), and Kg is the
Monod constant for the growth rate of microorganisms in the wetland.
Us, max increases with temperature according to the modified Arrhenius
equation:

Hs o = 200" )

where ry is the rate constant of microbial growth at a standard tem-
perature of 20 °C, ¢ is the temperature dependence coefficient corre-
sponding to the growth of microorganisms, and T is the water
temperature in °C. Nevertheless it should be noted that several authors
have demonstrated that the efficiency of wetlands in removing organic
matter is not significantly affected by seasonal temperature variations
[35].

Inside the bed, microorganisms are attached to gravel particles and
are also suspended in the stream to form large clusters or flocs. The
model should therefore consider microorganism transport, both hori-
zontally and vertically, wherein the former facilitates colonisation and
extends the microbial activity to the entire bed. Furthermore, vertical
transport is taken into account to consider that the sedimentation of
flocs can generate a layer of sludge that blocks the interparticular voids
and reduces the flow section for the wastewater, thereby rendering the
wetland useless.

The properties of the wastewater depend on both the time and the
longitudinal position along the process, and so for modelling purposes,
the gravel bed is divided longitudinally into n nodes, wherein the cross-
section is WH and the length is Az = L/n. W is the total width of the
constructed wetland, H is the flooded height of the gravel bed, and L is
the total length of the wetland. In each node, this model should resolve
the mass balance of the substrate and the microorganisms, in addition to
the height of the sludge layer, which determines the flow velocity. It has
also been considered that the amount of microorganisms passing from
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one node to the next (horizontal transport) as well as the amount of
sludge accumulated in the bottom of the gravel bed due to settling
(vertical transport) are both proportional to the concentration of mi-
croorganisms in each node. Thus, the quantification coefficients f and f,
are proposed for horizontal and vertical transport, respectively, and the
mass balances in the i node can be written as follows:

Waze @03 _ os, , — s — 5ty waze )
dt XSw
d(yiX; .
WAze (fit ) = O(Xiifi = Xi(fi +13) ) + (s — kaw) Xiy: WAze (C)]
wazex 2 — oxy, 10)

where ¢ is the gravel bed voidage, X; is the concentration of microor-
ganisms in the i node, y; is the height of the free flow section in the i
node, X; is the concentration of microorganisms in the sludge layer, and
h; is the height of the sludge layer, so that y; = H — h;.

As can be deduced from the previous equations, the proposed model
resembles that developed by Kadlec [36,35] and used by Laaffat et al.
[23] with regard to the division of the gravel bed into tanks in series.
However, the P — k — C* model does not consider sludge sedimentation
or colonisation of the subsequent tanks by the entrapment of microor-
ganisms, and does not include grease trap modelling. Furthermore, the
degradation rate is described in terms of first order kinetics instead of
using the kinetic equations of microbiological processes. Although the
effect of evapotranspiration, ET, and precipitation, P, have not been
considered in the proposed development, Eqs. 8 and 9 can be easily
adapted to take into account dilution and an increase in the flow rate at
each node due to meteorological conditions (AQy):

AQ; = Wx;(P — ET) an

where x; = iL/n.

An algorithm written in Scilab was employed for model imple-
mentation, and this algorithm includes the subroutine ode for solving the
set of 3n + 3 ordinary differential equations (Egs. 3-5 and Eqgs. 8-10).

3. Model parameters
3.1. Dimensioning

The use of the model proposed in this paper for simulating real or
projected facilities requires establishing values for all the parameters
defined in Section 2. To date, several studies have been published in the
literature that are useful to determine the flow rate [32,15,48,4,5], the
average grey water production per inhabitant and day, and its compo-
sition in different regions throughout the world [7,49], as well as the
physicochemical and biological properties of different types of waste-
waters (i.e., light, mixed, and dark) [6]. Likewise, several works have
focused on characterisation of the outflow of operating facilities, both in
terms of the composition [50,20,51,13] and the efficiency of the wetland
in removing the usual pollutants [12,52,53,54,55], which usually is
defined as follows:

G -G
n=—=—

c 12

where C, and C; are the pollutant concentration at the wetland inlet and
outlet, respectively. Investigations that gather information regarding the
specifications for possible reuses established in various regulations
[7,10] are also useful since they allow the establishment of design ob-
jectives to size future wetlands.

To date, several configurations have been proposed for the grease
trap; however, its dimensions usually depend on the flow rate and the
oil/fat concentration in the treatment stream [28]. To carry out
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dimensioning of the constructed wetland, the standard procedure
employed is based on the k — C* model, which, as mentioned above, is
based on the assumption that the wetland behaves as a plug flow bio-
logical reactor and that the degradation of pollutants can be described
by first order kinetic equations related to the concentration of each
pollutant. Instead of the degradation kinetic constant, whose dimension
is t 71, it is usual to use the product of this based on the porosity, ¢, and
the flooded height of the gravel beds, H, so that the dimensions of this
kinetic constant, ka, are L £ 1. Table 1 lists several of the values proposed
in the literature.

Integrating the mass balance of the pollutant in the bed and taking
into account that the hydraulic retention time, 7 (i.e., the time that grey
water remains retained in the gravel bed) is defined as:

eWHL
T =

13
0 13)

the required wetland area, A = WL, can be estimated by the following
equation:

o, (G
A= kAIOg(C,) a4

It should be noted that the k — C* model is not valid when horizontal
constructed wetland is integrated in a combined system and when it is
located after a subsurface vertical flow constructed wetland. In this case
it should be considered that the previous system generates a certain
amount of pollutants, which is referred to as the background concen-
tration, C*. For these cases, Kadlec [36] proposed the P — k — C* model.
Accordingly the required wetland area should be estimated by:

0 (C-C
A==l . 15
s\, —c 15)

To calculate the background concentration, Kadlec and Wallace [35]
proposed the following equations. More specifically, for the BODs:

C' =3.5+0.053C, (16)

where 0<C,<200 mg L

for the TSS:
C" =17.8+0.063C, a7
for the TN:
C'=15mgL™! 18)

and for the TP:
C'=0.02mgL™! 19)

Once the wetland area has been defined, its width, W, can be
calculated using the following expression derived from Darcy's Law,
which describes the flow of a fluid through a porous bed:

Q
kymH (20)
Table 1
Previously published values for the kinetic constant of pollutant degradation.
Reference Contaminant ka(md™h
[36] BOD 0.05 — 0.12
[18] BOD 0.08
[18] N 0.03
[56] BODs 0.22 £ 0.04
[56] COD 0.17 + 0.03
[56] TN 0.03 £+ 0.02
[56] TP 0.02 £ 0.01
[56] EC 0.35 +0.14
[4] BOD 0.16
[57] BOD 0.31
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where ky is the hydraulic conductivity of the bed and m is the wetland
slope. As in the case of ¢, ky depends on the particle diameter of the
gravel [58]. On the other hand, m tends to be approximately 1 — 2%
[18], while H<1 m [52,57]. Finally the length of the gravel bed, L, can
be determined by:

L= W 21

3.2. Enzymatic activity in the bioactive grease trap

In addition to the physicochemical parameters of the inlet stream,
the facility requirements (i.e., the removal efficiency of pollutants), and
the geometric dimensioning (which can be carried out based on previ-
ously published literature), the simulation of a wetland using the model
proposed in this work requires the definition of all parameters related to
the biological activity, both in the grease trap and also in the gravel bed
of the wetland.

Thus, microorganisms collected from the soil of forested areas of the
Santa Marta Community in El Salvador were used to obtain reference
values for the kinetic constant of the enzymatic reaction and the cor-
responding Michaelis-Menten constant (Eq. 1), the constant of propor-
tionality to determine the surface concentration of the enzymes at the
interface, the maximum growth rate and the Monod constant corre-
sponding to the growth rate of the microorganisms (Eq. 2), the constant
desorption rate (Eq. 4), and the yield rate of the microorganisms added
to the bioactive grease trap (Eq. 5). The microorganisms were isolated
and grown according to a procedure developed by the ADES Santa Marta
technicians (i.e., an association for community economic and social
development). This procedure was based on the common practices of
local farmers, who use these crops for organic amendment and for soil
decontamination. Indeed, these microorganisms have demonstrated a
remarkable enzymatic activity in regulating the fat and oil levels in the
pretreatment stages of constructed wetlands. Following their cultiva-
tion, which was carried out under anoxic conditions and in the absence
of sunlight, the microorganisms were dispersed in water to obtain the
additive that will be periodically added to the grease trap. In the case of
the additive prepared in our laboratory, several hydrolysis tests were
carried out using sunflower oil and olive oil with constant stirring of the
aqueous phase. Fatty acid production was measured via acid-base ti-
trations using phenolphthalein as the indicator, and it was found that the
microorganisms exhibited a slightly higher degradation capacity in the
case of sunflower oil. Although it would be interesting to carry out the
same experiments using other types of vegetable oils (e.g., rapeseed,
soybean, and palm) and also using animal fats (e.g., chicken, pork, cow,
and lamb), the average values obtained in the tests carried out using
sunflower and olive oil were considered valid (see Table 2).

Based on the values shown in Table 2, the behaviour of the bioactive
grease trap of a typical catering establishment was simulated. The vol-
ume of the simulated trap was 0.62 m® and the radius was 0.38 m. The
inlet flow rate was 600 L h’l, the concentration of fats and oils was 550
g m~3, and po=900 kg m~>. Finally, the grease concentration at the
interface was estimated to be 50 g m~2. To simulate discontinued use of
the kitchen, it was assumed that the service was open from 7:00 AM to

Table 2
Proposed values for kinetic modelling of the enzymatic degradation of fats and
oils.

Parameter Units Proposed value
Keat h?! 2.6

Ko gm 2 0.13

Kg m! 0.062

HE, max h?! 0.010

Kp gm™3 65

ke ht 0.012

Yxse gg ! 0.52
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1:00 PM for breakfast and lunch, and from 7:00 PM to 11:00 PM for the
dinner shift. Microorganisms were added periodically every 15 d, which
is the usual recharge time at the ADES Santa Marta facilities. Fig. 3(a)
shows the evolution over time for the height of the layer of oils and fats,
while Fig. 3(b) reflects the concentrations of fatty acids and glycerol in
the aqueous phase, and Fig. 3(c) shows the evolution of the microor-
ganism concentration. The proposed values for the parameters that
describe the microbiological activity in the bioactive grease trap are
given in Table 2, and allow us to predict the usual behaviour of this type
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Fig. 3. Evolution over time of a) the height of the fat and oil layer, b) the
concentration of fatty acids and glycerol in the aqueous phase, and c) the
microorganism concentration.
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of facility when the appropriate additive (i.e., that prepared following
the ADES Santa Marta procedure) is employed. It can be observed that
during a three month period of operation, the layer of fats and oils was
not expected to exceed 3.5 cm, as shown in Fig. 3(a). Moreover, the
periodic feeding of the additive prepared from the oil microorganisms
significantly reduced its thickness, and following the second addition,
the layer practically disappeared during the 5 days after recharge. The
subsequent exponential increase in the layer thickness was attributed to
a reduction in the microbial population due to its transport by the
influent towards the constructed wetland. The concentration of fatty
acids and glycerol in the aqueous phase, both of which are products from
the enzymatic reaction (Fig. 3(b)), followed an inverse trend, with
maximum values reaching approximately 3000 g m™ after use of the
kitchen and in the initial days following addition of the bioadditive. The
minimum values, which were approximately between 100 and 300 g
m 3, occurred in the hours prior to the use of the kitchen, and partic-
ularly in the days prior to recharging, when the concentration of mi-
croorganisms in the aqueous phase reached its minimum value of
approximately 850 g m3 (Fig. 3(c)).

3.3. Biological activity in the wetland bed

To establish reference values for the parameters that describe the
biological activity in the wetland bed, the results published by Moncada
[56] and Bolanos and Gonzalez [57] have been particularly useful. More
specifically, the first of these works evaluated the design of a horizontal
constructed wetland installed in Zapote, Costa Rica, while the latter
evaluated the efficiency of a constructed wetland designed to treat dark
grey water from the kitchens of the University of El Salvador. Although
in both cases the facilities included pretreatment systems for fat and oil
elimination, the authors only reported information related to pollutant
concentrations of the inlet and outlet streams. The dimensions of the
Costa Rican wetland were as follows: W=1.0 m, H=0.7 m, and L=5 m,
Q=70 L h7%, S;,=230 g m~3, and ¢=0.5. The organic matter concen-
tration in the outlet stream measured by Moncada was 18.1 g m™~3,
which is equivalent to a removal efficiency of 92%. In contrast, the
wetland built in the Salvadoran university campus was markedly larger,
where W=5.0 m, H=0.8 m, and L=15 m. This larger size was necessary
since it is designed to treat a significantly higher flow rate of Q=14.5 m®
d™!, and has an estimated organic load approximately three times higher
than that of the first facility, i.e., S;;=700 g m . The gravel used in the
construction of this second facility is also finer, and consequently, its
voidage is lower, £=0.35. The organic matter concentration in the outlet

of the gravel bed measured by Bolafios and Gonzélez was 35 g m >,
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Fig. 4. Evolution over time of the removal efficiency in the simulations of
constructed wetlands, as studied by Moncada [56] and Bolanos and
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which is equivalent to a removal efficiency of 95%. Fig. 4 shows the
evolution over time of the removal efficiency estimated based on the
simulation of these two constructed wetlands, and using the parameters
proposed in Table 3. These parameters were determined by establishing
ranges based on the usual values in biological reactions of degradation
of organic matter in wastewater. The optimum values set out in Table 3
were obtained by constrained optimization using the subroutine fmin-
search in Sciag, which is based on the modified Nelder-Mead algorithm.
The Objective Function was defined as the variance associated with the
differences between the results published in the literature and those
predicted by the model.

It can be seen that in both cases, the fitting between the results ob-
tained with the model and those measured experimentally is reasonably
good, since after one year of operation, the estimated efficiencies agree
with the reported values and remain stable over time. The model also
predicts start-up periods of approximately three months for the facilities,
which is a typical time scale in tropical regions. In the smaller wetland,
studied by Moncada, the start-up time was slightly faster, although a few
additional weeks were required to reach a stable operating value,
1n=92%. Furthermore, the model was able to foresee a slight decrease in
efficiency as the operating time increased; this will be discussed in the
following section. In the larger facility, the start-up was initially slower,
but after the first month, the microbial activity increased and quickly
reached values above 90%. The model also foresees slightly higher ef-
ficiency values during the first weeks after reaching optimal operation
levels, in addition to a slight decrease from the fifth month to stabilise at
the value reported by the authors, i.e., 7=95%. These slight differences
in the behaviours of the two wetlands can be attributed to the differ-
ences in their dimensions, the influent flow, and the organic load in the
treated water. Thus, when treating wastewater with a significantly
higher organic load, it is expected that the Salvadoran wetland is more
efficient. The values proposed in Table 3 have been also used to simulate
the facility studied by Laaffat et al. [23] and built at a primary school in
Marrakech (Morocco). In this case, the model was able to foresee an
efficiency of approximately 94%, which agrees with the data reported by
the authors. It would be interesting to simulate additional facilities to
confirm these values or to extend the ranges proposed in Table 3, since it
is foreseeable that these will be affected by the type of organic load (i.e.,
light or dark grey water), by the average annual temperature, by the
rainfall regime, and even by the plant species present on the surface.
Nevertheless, the results obtained in the simulations show that the
model is able to accurately simulate the operation of three facilities
installed in two different regions with widely different nominal di-
mensions and capacities. It can therefore be expected that it will be well
suited for the modelling and simulation of any subsurface horizontal
flow constructed wetland.

4. Simulations

Although future works will produce additional experimental data to
consolidate the tuning of the model, the developed simulation tool has
demonstrated its ability to simulate real systems, and it can also be used
to analyse the evolution of non-measurable parameters in operating
facilities and to study the effect of modifying the operating parameters.
As a result, our simulation tool can be used to anticipate the response of

Table 3
Proposed values for the modelling of organic matter degradation in the gravel
bed.

Parameter Units Proposed value
T20 h! 0.20/24

¢ 1.00

Ks gm™3 100

fu 0.004 — 0.005
Kaw h! (0.02 — 0.08)/24
Yxsw gg ! 0.08 — 0.10
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the system, to establish stabilisation measures in case of occasional
disturbances, and to predict the future behaviours of projected facilities.
To demonstrate some of these possibilities, the results obtained in
several simulations that aim to address these situations are discussed
below.

More specifically, Fig. 5 shows the evolution of the amount of
organic matter (as BOD) and microorganism concentrations over time at
the outlet of a system consisting of a 250 L bioactive grease trap and a
constructed wetland with a 1 m width, a 5 m length and a 0.7 m height.
This wetland is assumed to be fed with a flow rate of 70 L h™! and a
substrate load of 230 g m™ in the same hourly intervals previously
defined for the simulation of the grease trap in Fig. 3. The other model
parameters are comparable to those presented in Tables 2 and 3. In Fig. 5
(a), it can be seen that the model foresees a period close to two months
until the substrate concentration in the outlet reaches values that allow
the reuse of water for agriculture applications, and one additional month
until it is stabilised at values that correspond to an efficiency close to
94%, which is typical for this type of facility. Fig. 5(b), where the evo-
lution of the outlet microorganism concentration over time can be
observed, shows that using the proposed values, this parameter reaches
a maximum slightly higher than 45 g m~2 during the start-up phase,
which rapidly reduces to negligible values once the steady state is
reached. This maximum, which occurs after approximately 50 d, can be
attributed to the poor performance of the constructed wetland during
the initial weeks, which results in higher substrate and microorganism
concentrations throughout the entire gravel bed. Once the bacterial
population grows and stabilises in the section close to the wastewater
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Fig. 5. Evolution of the a) substrate and b) microorganism concentrations at
the end of the gravel bed over time.
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inlet, the microbiological activity is sufficient to significantly reduce the
substrate concentration as the wastewater flows towards the outlet,
thereby limiting the growth of microorganisms in this section of the bed.

This hypothesis was confirmed by analysing the evolution of the
substrate and microorganism concentrations over time, in addition to
their analysing longitudinal positions, as shown in Figs. 6 and 7.
Accordingly, in Fig. 6 it can be seen that although the substrate con-
centration profile along the gravel bed is always descending, during the
initial weeks after start-up of the facility, the achieved reduction in the
organic load is moderate, but it increases during the subsequent weeks
of operation, reaching pronounced levels after two months of operation.
In Fig. 7, it can be seen that bacterial population in the bed (which
initially does not contain microorganisms), grows rapidly during the
first weeks, and in particular in the section closest to the inlet, where it
reaches values above 600 g m ™ after the first two months of operation.
As a consequence of this increase of the bacterial population close to the
entrance, the supply of substrate to the subsequent sections is notably
reduced, and the microorganism colony becomes unable to find
adequate conditions to continue proliferating. As a result, its growth is
contained. This reduction in the digestion capacity of the bed explains
the slight decrease in efficiency after the maximum is reached during the
third month of operation. This correlates with the observations made for
the simulated installation based on the study by Bolanos and Gonzélez
[57] (Fig. 4).

Complementing this information, Fig. 8 shows the evolution over
time and the longitudinal position of the thickness of the sludge layer in
the gravel bed. This sludge layer is formed by the sedimentation of flocs
suspended in the wastewater. It can be seen that the increase in the
bacterial population in the section closest to the entrance leads to a
linear increase in the amount of sludge deposited, although after one
year of operation, the sludge does not block any more than 6 cm of the
bed, and this only occurs in specific longitudinal positions, since the
thickness of the settled layer is significantly lower in the latter sections
of the wetland. Consequently the reduction in the hydraulic retention
time is moderate, i.e., less than 0.2%, with values slightly higher than 1
d being achieved during the entire period of time simulated.

Using this model, it should also be possible to study the response of
the system to a variation in the operating conditions. As an example, the
effect of a six-week shutdown was studied in a facility containing a
grease trap similar to that simulated in Fig. 3 (volume 0.62 m®, radius
0.38 m), in addition to a constructed wetland similar to the one analysed
by Bolanos and Gonzalez [57] (W=5.0 m, H=0.8 m, L=15 m), which is
fed with a flow of 14.5 m® d~! and an organic load of 700 g m~ in the
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same hourly intervals previously defined for the simulation above. This
facility is located on a university campus, and so the simulation of this
shutdown allows anticipation of the system response to the holiday
period, during which time the coffee shops are closed. For this simula-
tion, it was considered that the shutdown begins after 200 d, when the
steady state has been reached and the concentration profiles of the
substrate and the microorganisms along the bed are stable. It was
assumed that during the shutdown period, no wastewater is fed into the
system, although maintenance of the grease trap is continued. Fig. 9
shows the evolution over time of the microorganism concentration, in
addition to its longitudinal position. From this figure, it can be observed
that as a consequence of the shutdown, when no substrate is fed into the
system, the microbial population is unable to proliferate and is greatly
affected by the death rate. Consequently the microorganisms concen-
tration decreases rapidly below 200 g m—>. Accordingly, it should be
pointed out that the model proposed does not include the death rate of
microorganisms. Thus the results of the simulations showed that, under
the usual operating conditions in the constructed wetland, the residence
times are rather short, and therefore the decrease in the microbial
population is much more affected by the horizontal and vertical trans-
port than by the death rate. Nevertheless, this parameter should be
considered when the set-up does not receive inlet flow, given that in this
case the residence time increases considerably, and therefore the hori-
zontal transport of microorganisms is cancelled. When campus activity
is resumed and wastewater is fed once again into the constructed
wetland, the microbiological growth is quickly reactivated, and over a
period of two or three weeks, high microbial concentrations are reached,
although these concentrations are slightly lower than those predicted by
the simulation during the period prior to the shutdown. It is remarkable
that this new start-up of the facility is faster than that foreseen by the
model at the beginning of the simulation, and it is also noteworthy that
concentration of microorganisms at the outlet does not increase, as is
observed in the initial weeks after commissioning. This phenomenon
was also observed when studying the behaviour of the other simulated
facility (see Fig. 7).

The decrease in the bacterial population has a very significant effect
on the efficiency of the constructed wetland in the purification of
wastewater. As can be observed in Fig. 10, at the end of the holiday
shutdown, activity returns to the coffee shops, and consequently, sub-
strate is fed back into the system. However, since the microorganism
concentration in the bed decreased during the shutdown, the substrate
concentration in the outlet increases rapidly during the initial weeks to
reach high values close to 650 g m™~3, thereby affecting the efficiency of
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the facility. The presence of substrate nutrients then activates bacterial
proliferation, as can be seen in Fig. 9, and consequently, the purification
capacity of the bed recovers over a period of six to eight weeks, to give
contamination levels in the outlet comparable to those observed prior to
shutdown, and the efficiency is raised above 96%. It is noteworthy that
according to the results foreseen by the model, the slight reduction in the
concentration of microorganisms in the section closest to the inlet of the
wastewater after the shutdown foreseen by the model (Fig. 9) does not
affect the good performance of the constructed wetland, since following
stabilisation, the substrate concentration at the outlet returns to the
same values reached prior to the shutdown.

In tropical countries, the rainy season leads to a considerable alter-
ation of the wetland operating conditions, not only due to the increase in
flow, but also due to dilution of the organic load. Although the effect of
climatic events on the performance of water disinfection system [59]
and wastewater treatment plants [60] has been previously discussed in
the literature, there is a lack of knowledge regarding their effect on the
performance of constructed wetland. Thus, to anticipate the effect of this
meteorological phenomenon on the wetland performance, the entry of
an additional flow of rainwater (i.e., without an organic load) from the
surface of the constructed wetland was simulated, and as a result, the
flow through the bed was found to increase longitudinally. In this
simulation, it must be considered that the additional contribution of
diluted wastewater directly accesses the gravel bed without passing
through the bioactive grease trap. It should be noted here that this
simulated system is the same as that proposed for the previous

simulation, which is based on that studied by Bolanos and Gonzalez
[57], and is located on a Salvadoran university campus. The average
daily precipitation in this region in the rainy season (i.e., from May to
October) is close to 240 mm, which is equivalent to an incoming flow of
10 Lm~2h™!. For the simulation, it was considered that the rainy season
begins after 200 d, when the steady state has been reached and the
concentration profiles of the substrate and the microorganisms in the
bed are stable. In Fig. 11, it can be seen that the beginning of the rainy
season initially causes a moderate decrease in the concentration of mi-
croorganisms in the bed (likely due to dilution), and that in the
following weeks, the bed adapts the bacterial population to the new flow
conditions and the available substrate. As a result, in the following rainy
months, a slight but continued decrease in this parameter is foreseen.
When the dry season returns after 180 d, the concentration of micro-
organisms increases rapidly in the section closest to the wastewater
entrance as a consequence of an increase in the substrate concentration,
although as can be seen from Fig. 9, the maximum level was slightly
lower than the value foreseen by the model for the period before the
start of the rainy season.

As previously mentioned, the entry of rainwater into the constructed
wetland causes dilution of the nutrient concentration in the bed
(Fig. 12). However, contrary to our observations at the restart following
the holiday shutdown, the arrival of the dry season does not substan-
tially alter the good performance of the installation, and although a
slight increase in the substrate concentration is observed, the values are
very similar to those foreseen by the model before the beginning of the
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rainy season. These results agree with those obtained by Masi et al. [32],
who carried out a two-year performance evaluation of the performances
of four different constructed wetland treatment systems established to
treat wastewater effluent from tourist activities, i.e., with a high vari-
ability in the water consumption and the wastewater flow depending on
the season and the weather. They concluded that constructed wetlands
are robust and relatively resistant to peak flows and loads.

Finally, the differences in the behaviour of the wetland in the two
simulations was attributed to the fact that in this second case, the pre-
cipitation dilutes but does not substantially reduce the bacterial popu-
lation of the bed. As a result, when recovering the conditions prior to the
alteration, the bed exhibits a sufficient biological activity to rapidly
adapt to the slight increase in the substrate concentration. Dilution of
the substrate due to rainfall, which is foreseen throughout the bed, in
fact involves a reduction in the substrate concentration at the outlet,
which causes a slight increase in the efficiency of the wetland during the
rainy months (Fig. 13).

5. Conclusions

A rigorous mathematical model has been proposed to describe the
dynamic behaviour of horizontal subsurface constructed wetlands con-
taining a bioactive grease trap. This model considers the mass balances
of the substrate and the microorganisms, in addition to the degradation
kinetics of the biological processes, the life cycle of the microorganisms,
and their horizontal and vertical transport processes. The former (i.e.,
horizontal transport) guarantees the propagation and maintenance of
the microbial colony in all sections of the bed, while the latter (i.e.,
vertical transport) causes the collapse of the facility by sedimentation.
The tuning of this model was completed by setting values for all pa-
rameters to ensure that the developed simulation tool allows the simu-
lation of real or projected facilities. The model foresees start-up times
close to three months and depuration efficiencies above 90%. These
values are in accordance with those measured in operating facilities and
published in the literature. This new simulation tool can also be used to
analyse the evolution of unmeasurable parameters in operating facilities
and to study the effects of modifying operating parameters. It is there-
fore able to anticipate the response of the system, to establish stabili-
sation measures in case of occasional disturbances, and also to predict
the future behaviour of projected facilities. Thus, during the ordinary
start-up, the model foresees an increase in the bacterial population in the
entrance section, which reduces the supply of substrate to the subse-
quent sections and slightly decreases the efficiency after the maximum
reached during the third month of operation. Furthermore, the simula-
tion of a six-week shutdown allowed anticipation of the system response
to the holiday period. More specifically, the model foresees that under
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rainy season.

these conditions, the microbial population cannot proliferate and is
greatly affected by the death microbial rate, which significantly affects
the efficiency of the wetland. In contrast, the arrival of the rainy season
does not significantly affect the wetland performance, since the sub-
strate concentration in the outlet is reduced slightly due to dilution, and
as a result, the efficiency increases.
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