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Abstract: Risk assessment methods vary and have been applied to areas such as environmental,
technological, and occupational safety, adapting to the complexities of the subjects under study.
The objective of this work is to conduct a risk analysis of a domestic wastewater treatment system
based on constructed wetlands (CW) and to evaluate actions to reduce the operational risk of the
studied installation. The approach used is the three-dimensional risk matrix, which is a simplified
version of the probabilistic risk evaluation method, making it more accessible and allowing for
broader application. To apply the risk matrix method to a wastewater system based on CW, it was
necessary to modify a risk model. This modification involved creating a process map and identifying
accidental scenarios or sequences within each stage, including their initiating events, defenses, and
consequences. The results enabled the identification of the most critical initiating events and defenses.
Notably, human factors emerged as the primary contributors to the risk associated with wetland
operation. The findings from this study can be used to enhance wetland security, including the
prioritization of controls for the most critical defenses identified in this research.

Keywords: constructed wetland; subsurface horizontal flow; risk assessment; three-dimensional risk
matrix; defense

1. Introduction

Risk analysis has become a crucial tool for optimizing hazardous processes in different
fields [1]. Although its use has been mostly deployed in high-risk technologies, such as
nuclear and petrochemicals (technological risk analysis), its use has been generalized to
environmental and occupational safety studies [2,3].

Wastewater treatment systems themselves can pose a significant source of environmen-
tal pollution due to the concentration of waste generated from various sources. Therefore,
the occurrence of technological or operational problems in this type of facility can generate
the uncontrolled dumping of pollutants into the environment with serious consequences
for the area of influence of the treatment plant. This ‘area of influence’ refers to the hydro-
graphic basin downstream of the treatment plant’s location. Examples of these situations
include accidents at the Warsaw city wastewater treatment plant in 2019 and 2020, when
approximately 3.6 and 4.8 million cubic meters of raw wastewater were, respectively, dis-
charged into the Vistula River. Another instance occurred at the wastewater treatment
plant in the city of Fort Lauderdale, Florida, USA, where close to 1 million cubic meters
were spilled [4,5].

Domestic wastewater treatment systems based on constructed wetlands (CW) are
considered a technological process that simulate natural systems, exhibiting high efficiency
in the degradation of organic matter and industrial pollutants. The use of CW has been
extended from domestic to industrial wastewater treatment systems [6–10]. The domestic
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installations based on CW basically consist of three stages: a hydraulic system for collecting
used water, septic tanks in homes before the CW, and the CW itself [6]. There are differ-
ent types of constructed wetlands but the most used are the subsurface horizontal flow
wetlands [11]. Like any treatment system, these systems can experience technological and
operational (human) failures. In these cases, environmental contaminations of different
severities could be produced depending on the spatial extent of the pollutant dispersion
and the duration of the discharge of the pollutants into the environment.

There are different methods for conducting risk assessments of technological facilities.
Notably, these include, in ascending order of complexity, checklists, “What if?” studies, Pre-
liminary Risk Analysis (PRA), Hazard and Operability Analysis (HAZOP), Failure Modes
and Effects Analysis (FMEA), and Probabilistic Safety Analysis (PSA). Among all those
mentioned, the most complete is the PSA; however, it is associated with complex modelling
needs for accidental sequences (use of event trees and fault trees, as well as reliability
databases, as well as other disciplines such as dependent failures and human errors) [12].

The Three-Dimensional Risk Matrix (TDRM) method brings about a significant simpli-
fication of the PSA, particularly in terms of reliability data needs and system modelling by
fault trees. Additionally, it substantially reduces the need for specialized human resources
and study development time. With its origin in the PSAs, the risk matrix developed has
a three-dimensional procedure, which is far superior to its two-dimensional predecessor
based only on the frequency of initiating event and their consequences. This enhancement
empowers the new method with a possibility of deploying the effects of defense measures,
which is essential for its application to decision-making. The methodology has found
successful application in areas such as biosafety practices during haemodialysis, the use of
cytostatics, vaccine production, and studies of pathogen infections in fish farming [13,14].

Some studies have explored risk analysis in conventional plants using the
two-dimensional risk matrix method [2,3,15]. However, a standardized methodology
for addressing risk analysis in CWs using the approach proposed by this research has yet
to be established. Many authors acknowledge the potential of CWs as sources of disease
vectors and sources of unpleasant odors [16], as well as the possibility of direct physical
contact with the surface of the wetland by pets, reckless users, and even children, if ade-
quate measures are not taken to prevent it, including the risk of bacterial contamination
with treated wastewater in densely populated areas [17,18]. This mention of risks has been
more the result of the observation of wetland exploitation problems than the application
of a scientific and systematic method of analysis. These situations constitute the core
consequences within the postulated risk model.

Davila et al. [19] refer to the risks of odors and contact with untreated water due to
problems with the wetland. It should be noted that the cases of very high risks in the current
state of the constructed wetland, as well as the high ones in the event that it is improved
with the proposed measures, coincide with the situations described before [16–18], although
in the scenarios proposed in the risk model, a more explicit description of risky situations
has been considered.

In the bibliography on CWs, there are references to different types of hazards to human
health, mainly in surface flow constructed wetlands and rarely in vertical flow constructed
wetlands, when these are not properly designed, becoming a focus for disease vectors and
the emission of unpleasant odors [16,17]. Constructed wetlands are capable of reducing the
population of faecal bacteria used as indicators of pathogenic microorganisms by 2–4 orders
of magnitude, but these levels are still higher than the limits required by environmental
regulations for reuse [20,21].

The aim of this work was to perform a technological and operational risk assessment
of a domestic wastewater treatment system based on a constructed wetland of subsur-
face horizontal flow. The Three-Dimensional Risk Matrix method was employed for this
purpose, aiming to identify and propose necessary measures for risk management. The
study also encompassed an evaluation of the efficacy of implemented defense measures
in risk mitigation. In this work, the domestic wastewater treatment system “El Dorado”,
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located in the municipality of Jarabacoa, La Vega province, Dominican Republic, was used
as a case study.

2. Theoretical Foundation of the Method

In this study, the environmental damage or undesired consequence is considered to
be the pollution caused to the environment. Accordingly, the following types of damage
will be considered: the emission of unpleasant odors and the discharge of wastewater
containing contaminants surpassing permissible limits for effluent discharge.

In this context, an undesired consequence is postulated to occur with the continuous
emission of unpleasant odors over multiple consecutive days. In relation to the domestic
wastewater discharge, two scenarios were examined: when the values of the parameters
established in the standards for the discharge of effluents of wastewater treatment facilities
in Dominican Republic (based on the analysis of effluent samples analysis) exceed the
accepted limits or when there is an uncontrolled discharge of wastewater due to a failure
in the system.

The estimation of the risk of damage occurrence is conducted in accordance with the
principles of a three-dimensional risk matrix. The advantage of this variant is the ability
to incorporate the effect of defense measures into the risk estimation. The parameters
linked in this three-dimensional variant of the contamination risk matrix are as follows:
the frequency of the initiating event (F), the probability of the barrier failing (Pb), and
the severity of the consequences (C). Each parameter is defined using a qualitative scale,
illustrated in Figure 1.
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H—high, M—medium, L—low, VL—very low).

Since the original TDRM was initially designed for radiological events and has later
been adapted to other applications [13,22], it is necessary to modify it for risk assessment
in domestic wastewater treatment systems based on constructed wetlands. In this context,
while nearly all the approximations assumed in the original method’s design were valid,
it became necessary to distinguish between patterns in order to characterize frequencies
and consequences. To apply the TDRM methodology, it is necessary to define the process
map of the technology under study. The process map is a chronological representation
of the different processes included in the technology. It should be noted that various
sequences of events may occur in each process, influenced by natural events, technological
failures, or human errors, which can result in undesirable consequences. These sequences of
events are referred to as accidental sequences. Each accidental sequence is characterized by
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an initiating event, which serves as the trigger for the hazardous situation, and its defenses,
which are the control measures established to prevent the progression toward unfavorable
consequences [14]. Figure 2 schematically depicts an accidental sequence.
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Figure 2. Accidental sequence in risk assessment.

An initiating event (IE) is any system failure, human error, or external/natural event
that can lead to unintended consequences. To each initiating event is assigned a frequency of
occurrence (F) and a consequence level (C), without considering the function of the barriers.
Malfunctioning of the treatment system can result in damage either in the immediate
vicinity of the wastewater treatment facility for a short or extended period or within the
broader area affected by the installation, also for a short or long duration. The immediate
area to the installation is defined as the space within the perimeter occupied by the entire
domestic wastewater treatment system based on the CW, encompassing the area where the
wastewater is generated. On the other hand, the “area of impact” refers to the basin where
the domestic wastewater treatment system is situated, where contaminants from the residue
might disperse if effective treatment does not occur or if there is a malfunction that leads to
uncontrolled wastewater discharge. Considering the above, undesirable consequences are
categorized into four levels, taking into account two factors: the duration of the impact and
the severity of the damage (see Table 1).

Table 1. Classification of consequences for wastewater system based on constructed wetland.

Consequence Levels Description

Very serious

There is a dispersion of contamination in the area of impact of the domestic wastewater treatment system,
which contaminates surface or groundwater, soil, air (either individually or in combination), over an
extended period. This contamination has the potential to harm human health or result in economic
damage due to the unavailability of water supply sources for the population, agricultural, or industrial
uses. Additionally, it can lead to undesirable odors, causing irritation and discomfort to those affected.

Serious

There is a dispersion of contamination in the area of impact of the domestic wastewater treatment system
for a short period of time within that area or for an extended duration in the immediate vicinity of the
system. This contamination eventually affects surface or groundwater, soil, or the air (either individually
or in combination), resulting in moderate harm to people’s health or limited economic damage due to
temporary shutdown of water supply sources for the population, agricultural, or industrial use.
Additionally, it may lead to tolerable unpleasant odors causing discomfort in those affected.

Moderate

There is contamination in the immediate vicinity of the domestic wastewater treatment system that does
not affect surface or groundwater but does contaminate the soil or air within that area. This contamination
does not result in harm to people’s health or economic damage due to the unavailability of water supply
sources for the population, agricultural, or industrial uses. However, there may be occasional or minor
unpleasant odors that can cause discomfort for those affected.

Low

Slight contamination occurs in the immediate area of the treatment system with domestic wastewater, or it
may not occur. In the latter case, there is a reduction in defense in depth, meaning that the facility’s
security has been compromised but this has not resulted in immediate consequences. It corresponds to
failures in a security system that would not respond if its operation were necessary.
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Frequency corresponds to the number of times that the initiating event is expected to
occur within a specific period, regardless of whether the unintended consequences actually
occur or whether the initiating event is detected and its consequences prevented. Four
levels of initiating events will be considered: high (H), corresponding to more than one
event per year; medium (M), when there are between one event per year and one event
in five years; low (L), between an event every five years and an event every 20 years; and
very low (VL), less than one event every 20 years.

On the other hand, defenses encompass all safety measures designed to avoid, prevent,
detect, control, and mitigate the escalation of errors or failures in the process that could
lead to accidents. Defenses are categorized into three types: barriers, which intervene
once the initiating event has occurred to halt its progression; frequency reducers, which
prevent the occurrence of the initiating event; and consequence reducers, which, once
the consequences have occurred, can reduce their severity. The probability of failure
of a barrier’s failure depends solely on its robustness. However, as they work together
in influencing the progression of the initiating event towards the consequences, their
probabilities are multiplied, considering the redundancy with which they are arranged
within the accidental sequence. The impact of the reducers on the parameters of frequency
and severity of the consequences follows similar rules as described for barriers. Their
effects are, respectively, the reduction in the frequency of the initiating events and the
mitigation of the severity of the consequences.

The classification details of barriers, frequency reducers, and consequence reducers
align with those previously reported [13,14]. Similarly, the rules governing the combination
of barriers to calculate their failure probability and the influence of the respective reducers
on the frequency and consequences are stipulated in the relevant documents associated
with the risk matrix method [13,14].

3. Methodology

The methodology used to carry out the risk analysis of the wastewater system based
on CW is shown in Figure 3.

The risk level was estimated by simulating the scenarios of the accidental sequences
including the new defenses identified in the system’s operation. For the elaboration
of the process map, the chronological representation of the different sub-processes that
are integrated for the work of the domestic wastewater treatment system based on CW
was analyzed.

The domestic wastewater treatment system under study includes all wastewater col-
lection points within the residential perimeter, as well as the hydraulic networks and
systems designed to ensure its proper operation. There are two subsystems for collecting
wastewater within homes: the gray water subsystem and the sewage subsystem. Grey
water collection points include washbasins, sinks, showers, and drains located around the
perimeter of the houses, all of which drain into the treatment system and are connected to
a grease trap. In contrast, all toilets in the houses are connected to the sewage collection sys-
tem. The gray water collection system, after passing through the grease trap, merges with
the sewage system in cases where there is no gray water reuse system. All this wastewater
is then directed to a sanitary manhole in each house. This facilitates maintenance of the
underground sanitary sewer system without the need for destructive interventions and
prevents any large solids from progressing further, allowing for their removal from the
system. From this manhole, the wastewater passes to the septic tanks of the homes, and
from there, the whole volume of wastewater to be treated in the wetland is collected and
redirected to the septic tank of the wetland. Finally, the supernatant of this septic tank is
treated in the wetland that constitutes the last stage of the treatment system.
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On the other hand, initiating events were identified through a review of the bibliog-
raphy [23], an examination of the constructed wetlands in the Jarabacoa municipality, La
Vega province, Dominican Republic, and interviews with the operators of these treatment
systems. This analysis considered potential causes of components failures within the treat-
ment system and operational or management errors that could lead to initiating events.
One distinctive feature of the initiating events in this analysis is that, in many cases, their
occurrence is not an immediate process of failure and outcome, as is often the case in studies
using these methods. Instead, their development corresponds to a gradual deterioration
of the working conditions of wetland systems. In this study, for each initiating event, the
defenses implemented in the “El Dorado” CW were analyzed. Subsequently, a new group
of measures was introduced to reduce the environmental pollution risk. Following this,
a new risk analysis was conducted to verify the reduction in risk within the studied system.

To estimate the risk level of each accident sequence scenario, considering the imple-
mented defenses, the SECURE-MR-FMEA code version 1.0 was used [24]. This software
facilitated the convolution of all scenario risks, helping identify the most critical accidental
sequences and the most effective defenses.
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4. Results and Discussion
4.1. Modelling of Technological, Natural and Operational Risks in the Domestic Wastewater
Treatment System Based on Constructed Wetland “El Dorado”

The essential stages or sub-processes that were postulated in the process map of the
domestic wastewater treatment system based on the CW are illustrated in Figure 4.
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From the analysis of the operation of each one of the stages, fifty-three initiating events
were identified, two in the first stage, three in the second stage, and forty-eight in the third
stage (Table A1 in Appendix A).

While initiating events associated with the first two stages have been fully explained,
a list of 48 initiating events related to the CW has been summarized for the sake of document
simplicity. Most of these events share similarities, with some specific characteristics setting
them apart. For example, while many are related to plant biomass accumulation causing
reversible obstruction, others relate to irreversible obstruction. Insufficient maintenance,
a crucial aspect affecting the system’s performance, has been extensively examined in
this study.

Insufficient maintenance often leads to anomalies in the waterproofing layer, allowing
groundwater to enter the constructed wetland or allowing polluted water to drain into the
groundwater. Anomalies in water levels and dikes can result from this lack of maintenance.
Similar problems arise when there is insufficient maintenance of the vegetation cover,
causing fluctuations in water levels and issues with the wetland dikes.

The accumulation of debris can attract rodent infestations, leading to damage in the
waterproofing layer and problems with water levels, both high and low, as well as issues
with the dikes. Suspended solids cause both reversible and irreversible obstruction, and
the growth of microorganisms responsible for wastewater treatment can have the same
effect, leading to blockages in the matrix pores.

Similar situations can also occur due to chemical precipitation and pore deposition.
Inadequate maintenance, the improper regulation of the level control mechanism, and the
incorrect use of sharp tools that lead to breaks in the waterproofing layer can result in high
or low water levels, depending on the groundwater table at the wetland’s location. To
develop the accidental sequences, the defenses, including barriers and frequency and con-
sequence reducers, implemented in the current treatment system were identified (Table A2
in Appendix A).

Figure 5 shows one of the accidental sequences for the wetland, depicting the interplay
between initiating event, defenses, and consequences. In the tree of events, once the high
frequency initiator IE-HSC-002 (H) occurs, a decision node emerges. If barrier B-2 (VR-Very
Robust) succeeds (leading upward), no consequences follow. However, if the barrier fails
(leading downward), sequence 2 (@SEC2) concludes with medium-magnitude contamina-
tion (consequences C-CON (M)). Frequency reducers FR-1 and FR-3, characterized by soft
robustness (S), are applicable for this initiator. There are no consequence reducers (CR) in
this sequence.

The initiator IE-HSC-002(H) corresponds to the entry of fats and related substances
(such as soap dish) into the system, leading to solidification and obstruction, resulting in
the reflux of used water to the outside.
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4.2. Evaluation of Technological, Natural, and Operational Risks in the Domestic Wastewater
Treatment System Based on Constructed Wetland “El Dorado” Applying the Proposed Risk Model

Figure 6 displays the risk profile resulting from the application of the TDRM method
to assess the technological, natural, and operational risks of the domestic wastewater
treatment system based on a subsurface horizontal flow CW “El Dorado”.

Out of the fifty-three identified initiating events for accidental sequences, six were
determined to be of very high risk (Table 2), forty were of high risk, six were of moderate
risk, and only one was of low risk. This allows for the classification of the studied system
as a high-risk installation.

Besides the very high risks listed in Table 2, the presence of 40 high risks is also
a concern. To enhance risk control in the wetland, the implementation of new defenses,
including frequency reducers, barriers, and consequence reducers were proposed (Table 3).
It is worth noting that these new proposals necessitate the regular presence of technical
staff to manage the wetlands, a role that currently does not exist.

The simulation of how the implementation of the defenses listed in Table 3 would
affect the variation in risk levels for contamination in the impact area and the immediate
area of the domestic wastewater treatment system based on CW “El Dorado” is depicted
in Figure 7.
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risk); Consequences (VSC—very serious consequences, SC—serious consequences, MC—moderate
consequences, LC—low consequences).

Table 2. Initiating events of accidental sequences identified as of very high risk in “El Dorado”.

No. Initiating Events of Accidental Sequences

1 IE-CW-004: Heavy rain or rain for a prolonged period that causes a rise in the water level, which in turn induces
abnormal vegetation growth during start-up favoring the weeds’ growth in the wetland.

2

IE-CW-019: Insufficiencies in the maintenance of the wetland vegetation cover that enables the growth of trees and/or
shrubs that in turn causes anomalies in the wetland dikes. These anomalies induce a very low water level by allowing
untreated water to drain into the subsoil, and the latter causes a low density or heterogeneous vegetation density and
chlorosis of the plants.

3 IE-CW-023: Poor development of the rhizomes which causes the occurrence of chlorosis of the plants and their death.

4 IE-CW-031: Accumulation of suspended solids as a result of the reversible obstruction of the matrix pores and the
clogging of the substrate, which in turn causes a very high water level or surface flow.

5 IE-CW-032: Accumulation of suspended solids as a result of the irreversible obstruction of the matrix pores and the
clogging of the substrate, which in turn causes a very high water level or surface flow.

6 IE-CW-048: Inadequate maintenance of the fence and the gate of the facility which causes them to break and, as
a consequence, the entry of animals that damage the plants and the structural components of the wetland
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Table 3. New defenses (B—barriers; FR—frequency reducers; CR—consequence reducers) to be
included in the domestic wastewater system based on CW “El Dorado” to improve the management
of the risk of contamination of the impact area and the immediate area of the treatment system.

Code Barriers

B-8 Record of periodic inspection of the state of the drain grates (N)

B-9 Checking the periodic inspection plan for the state of the drain grates (N)

B-10 Periodic grease trap maintenance (N)

B-11 Filling in the record of periodic maintenance activities of the grease trap (N)

B-12 Check of the periodic maintenance plan of the grease trap (N)

B-13 Periodic maintenance to the flow meter (N)

B-14 Filling in the periodic maintenance record of the flow meter (N)

B-15 Record of evacuation of sludge from septic tanks (N)

B-16 Periodic monitoring of the flow and pollutant load in the inlet to the wetland. Filling in the corresponding records (N)

B-17 Periodic checking of the facility records to detect deviations from the parameters established for the proper
functioning of the wetland (N)

B-18 Existence of a reserve cell “functional redundancy” (VR)

B-19 Inspect the wetland in an extraordinary way to check the water level until the rains stop (N)

B-20 Periodically measure the concentration of suspended solids in the fluid and the feed flow of the wetland. Fill in the
corresponding records (N)

B-21 Weekly inspection to verify the status and operation of the wetland and filling out the corresponding record (N)

Code Frequency reducers

FR-5 Daily cleaning maintenance of existing washbasins, sinks, showers, and drains to remove solid materials (N)

FR-6 Semi-annual review of the sludge level in the septic tanks of the houses (S)

FR-7 Checking compliance with the program for checking the levels of septic tanks in homes (N)

FR-8 Preventive maintenance of the septic tank and filling of the corresponding record (N)

FR-9 Periodic check of facility’s records to detect breaches of maintenance, training, and inspection plans (N)

FR-10 Perform periodic maintenance on the wetland cover and fill out the corresponding record (N)

FR-11 Training of workers who attend the installation and filling out the corresponding record (S)

FR-12 Plant selected grasses on dikes to prevent the growth of trees and shrubs (N)

FR-13 Maintenance of septic tanks and filling of the corresponding record (N)

FR-14 Maintenance of the wetland through periodic cycles of filling and draining and filling out the corresponding record
(N)

FR-15 Cleaning maintenance of the areas surrounding the wetland and filling out the corresponding record (N)

FR-16 Select a suitable tool to perform wetland maintenance (N)

FR-17 Use only seeds certified “weed-free” to plant in the wetland (N)

FR-18 Maintenance of the residual water distribution system (N)

FR-19 Periodic maintenance of the perimeter fence and the access door to the wastewater treatment facility and fill out the
corresponding record (N)

Code Consequence reducers

CR-6 Advertising of the contact number of specialists or companies that address problems related to sewage in the
community (S)

CR-7 Establishment of a contact number for attention to vulnerable low-income families in the community that allows them
to cover emergency expenses due to the risk of environmental contamination (S)

CR-8 Advertising of the contact number of specialists who deal with problems of damage to the internal hydraulic
networks of drinking water in the community (S)
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Table 3. Cont.

Code Barriers

CR-9 Septic tank emergency maintenance (N)

CR-10 Perform cycles of filling and draining the wetland (N)

CR-11 Operate the level control to regulate the water level if necessary (R)

CR-12 Lower the water level using the level control system (R)

CR-13 Repair the waterproofing layer (N)

CR-14 Repair the damaged dikes (N)

CR-15 Repair the damaged perimeter fence or access gate (N)

CR-16 Consult a plant expert to solve the problem of chlorosis (S)

CR-17 Superficially apply low concentrations of iron-rich compost (for example with iron sulphate (N)

CR-18 Replant the wetland with efficient plants with respect to iron uptake (S)

CR-19 Stimulate root growth by lowering the water level to 20–30 cm below the surface for 15–30 days (S)

CR-20 Repair holes made by rodents in the waterproofing geomembrane (N)

CR-21 Carry out a campaign for the application of rodenticide substances (N)

CR-22 Clean plant residues and/or residues from pre-treatments, treatments, and pruning from the areas surrounding the
wetland (N)

CR-23 Cover up detected caves in the wetland bed (N)

CR-24 Recirculate treated water to dilute inflow (N)

CR-25 Remove solids from the surface if it is detected that this is the cause of the increase in suspended solids (N)

CR-26 If more than 75% of the surface remains flooded and there is an unpleasant odor or proliferation of mosquitoes and
poor quality of the effluent, replace the substrate (N)

CR-27 Clean the water distribution pipe (N)

CR-28 Repair or replace the level control mechanism (N)

CR-29 Correct position of level control mechanism (N)

CR-30 Repair the protective coating from solar radiation (N)

Note: The values in parentheses correspond to the robustness of the barriers (VR—Very robust; R—Robust,
N—Normal; S—Soft).

As observed, the implementation of the proposed defenses reduces the risks to lower
levels. Very high levels initiating events are no longer identified, and high-risk events
decrease from forty to six, with an increase in moderate (from six to thirty-one) and low-
risk events (from one to sixteen). Consequently, the system transitions from a high-risk to
a moderate-risk installation. Figure 8 provides a clearer visualization of this shift towards
less significant risks resulting from the incorporation of defense measures presented in
Table 3. Notably, only six high risks would remain in this scenario, with the others falling
into the moderate and low categories. Additionally, these histograms depict the distribution
of consequences severity for each risk level. For example, in Figure 6, among the six high
risks displayed, three entail very serious consequences and thus demand the most attention.
Table 4 presents the initiating events of the six accidental sequences identified as high risks
in the study after the implementation of new defenses.
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proposed to improve risk management. Bar 1—total number of initiating events; striped bars
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ment system; green bars: estimated magnitude of the risks if the proposed defenses are implemented.
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consequences, MC—moderate consequences, LC—low consequences).
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Table 4. Initiating events of the accidental sequences with high risk in “El Dorado”, considering the
implementation of the new defenses.

No. Initiating Events of Accidental Sequences

1 IE-ST-001: Entry into the system of disinfectant chemical substances that cause the death of microorganisms responsible
for the degradation of organic substances

2 IE-CW-004: Heavy rain or rain for a prolonged period that causes a rise in the water level, which in turn induces
abnormal vegetation growth during start-up, favoring the weeds’ growth in the wetland.

3

IE-CW-019: Insufficiencies in the maintenance of the wetland vegetation cover that enables the growth of trees and/or
shrubs, which in turn causes anomalies in the wetland dikes. These anomalies induce a very low water level by allowing
untreated water to drain into the subsoil, and the latter causes a low density or heterogeneous vegetation density and
chlorosis of the plants.

4 IE-CW-021: Low organic load in the feed of the wetland which causes the occurrence of chlorosis of plants and their death

5 IE-CW-023: Poor development of the rhizomes which causes the occurrence of chlorosis of the plants and their death.

6 IE-CW-038: Growth of the rhizomes and roots which causes an irreversible obstruction of the matrix pores and clogging
of the substrate, which in turn induces a very high level of water or surface flow.

As part of the analysis, an assessment of the significance of defenses was conducted.
This assessment was conducted on an improved version of the “El Dorado” domestic
wastewater treatment system based on CW. One approach for evaluating the importance of
defenses is to determine their percentage participation in accidental sequences. In this case,
we focused on barriers and identified those with the highest participation in the accidental
sequences, as illustrated in Figure 9.
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Figure 9. Importance of the barriers by their percentage participation in the different
accidental sequences.

The three barriers with the highest percentage participation turned out to be
the following:

1. B-17 Periodic checking of the facility records to detect deviations from the parameters
established for the proper functioning of the wetland.
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2. B-6 Periodic inspection to verify the status and operation of the wetland, the status of
the surrounding areas, and the completion of the corresponding records.

3. B-18 Existence of a reserve cell (functional redundancy).

However, this measure of importance does not account for the impact of additional
redundant barriers within each sequence. A barrier may participate in multiple sequences
but have minimal significance because it is supported by others. To address this, a comple-
mentary study was carried out using the measure of importance called “increased risks
when defenses disappear”.

Figure 10 displays the results of the risk assessment study when removing barriers,
indicating the number of accidental sequences that experience increased risk when a specific
barrier is eliminated. Similarly, Figure 11 pertains to the study involving the removal of
frequency reducers, while Figure 11 addresses the removal of consequence reducers.

The first study confirmed the importance of barriers B-6, B-17, and B-18, as previously
identified by the percentage method. In this case, there were no significant differences,
given the low redundancy of barriers in the analyzed sequences. However, it is worth
noting that the order of importance changed between the percentage participation and
increased risks for subsequent barriers. Therefore, more attention should be given to
barriers B-3 (Parshall channel to monitor the flow rate at the system’s output) and B-21
(weekly inspection to verify the wetland’s status and operation, along with record-keeping),
which are considered insignificant in the percentage representation.

The second study, shown in Figure 11, allowed the identification that the most impor-
tant frequency reducers are as follows:

1. FR-9 Periodic check of the facility’s records to detect breaches of maintenance, training,
and inspection plans.

2. FR-11 Training of workers who attend the installation and filling out the corresponding record.
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Finally, the third study showed that the most important consequence reducers identi-
fied were the following (Figure 12):

1. CR-1 Replant the vegetation coverage and remove dead plants, if they exist.
2. CR-13 Repair the waterproofing layer.
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Through this study, the most crucial defenses that need to be implemented to control
the risk of the “El Dorado” treatment system were identified.

As far as we know, there has not been any study of the risk management of wastewater
treatment plants based on constructed wetlands. Nevertheless, recently, Analouei et al.
have performed a risk assessment of a wastewater treatment and reclamation plant not
fulfilling the effluent requirements by applying the bow-tie method [25] and the dynamic
Bayesian network [26]. However, these proposed methodologies are more complex than
the Three-Dimensional Risk Matrix. On the other hand, they concluded that human errors
were responsible for the most risks in WWTP failure, while in the wastewater treatment
plants based on constructed wetlands with all the new defenses implemented, the high
risks identified were mostly related with natural processes.

4.3. Discussion on the Proposed Model for Risk Management in Domestic Wastewater Treatment
Systems Based on Constructed Wetland

The Federal Roundtable on Remedial Technologies (FRTR) recognizes that the long-
term effectiveness of constructed wetlands in containing or treating certain contaminants
is not well understood [27]. This publication also emphasizes that, like other biological
methods, constructed wetlands are constrained by the biota’s ability to withstand exposure
to its environmental factors, such as weather events, wildlife, and pollutant concentrations.
The challenges in establishing these systems align with the findings in [28]. These situations
were considered in the risk model designed for the wetland in this investigation.

Another issue highlighted in the reference [27] is the limitation of remediation for
metals in constructed wetlands. Wetlands do not destroy metals; instead, they restrict their
mobility through sorption or plant bioaccumulation. In the context of this investigation,
the treatment is specifically designed for domestic wastewater, so the situation described
earlier is not anticipated. It is important to avoid using exotic and invasive species when
developing a CW, and a plan should be in place for their removal if they appear [25]. This
aspect is taken into account in the proposed risk model, which is designed based on defenses
implemented through an appropriate wetland vegetation cover maintenance policy.

Another aspect to consider is the control measures suggested by [27], which must be
implemented in the wetland and that were included as part of the defense measures in
the model [27,29]:

• Maintenance of any water distribution system, including clogging prevention;
• Frequency and type of vegetation monitoring;
• Need for vegetation management, odor control, and pest control;
• Frequency and scope of monitoring of conventional parameters and contaminants.

On the other hand, the US Environmental Protection Agency notes that using con-
structed wetlands as a treatment technology entails certain risk for several reasons [30].
Firstly, constructed wetlands are not uniformly accepted by all state regulators. Some
authorities encourage their use based on misconceptions regarding their proven efficiency,
simultaneous aerobic and anaerobic treatment capacity, and their potential for oxygen
and phosphorus treatment due to insufficient modeling data. In this regard, this research
considers the wetland as a proven treatment technology for the pollutants that require
treatment, as supported by previous experimental research [31]. Secondly, although there
is no evidence of harm to the environment associated with the use of CW, some regulators
have raised significant concerns about these systems attracting wildlife. Unfortunately,
there has been limited research on the potential risks to wildlife when constructed wetlands
are used. Despite their distinct habitat type, there is also a lack of evidence regarding
wildlife risks in treatment pond systems. The risk model developed in this research does
not specifically address harm to wildlife. However, it does recognize that such interactions
can act as initiators affecting the wetland’s operation.

Finally, the absence of a substantial body of scientifically validated data makes the
design process complex. It relies primarily on empirical observations rather than scientific
theories. Because many factors in CW, such as climatic effects, influent wastewater charac-
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teristics, design configurations, construction techniques, and operation and maintenance
practices, exhibit variability, disagreements may persist regarding certain design issues
and performance over time. Coincidentally, this research aims to comprehensively address
various aspects of risk that remain to be investigated. It employs a multidimensional model
that incorporates multiple variables related to risk and the factors listed. This provides the
model with a unique characteristic, allowing us to examine risks from a simulation perspec-
tive. Through this approach, we can execute tests involving changes in the configuration of
inputs, simulating alterations in risk-related variables.

The US Environmental Protection Agency’s reference document, “EPA, Risk Assess-
ment, 2000” [32], outlines a sequence of activities for conducting risk assessments related
to human health from environmental effects. The stages considered are as follows:

- Harm identification: to identify the types of adverse health effects that may be caused
by exposure to any agent(s) in question, and to characterize the quality and weight of
evidence supporting this identification.

- Dose response to document the relationship between dose and toxic effect. A dose-
response relationship describes how the probability and severity of adverse health
effects (responses) are related to the amount and conditions of exposure to an agent.

- Exposure assessment: the process of measuring or estimating the magnitude, fre-
quency, and duration of human exposure to an agent in the environment.

- Risk characterization: to summarize and integrate the information from the previous
steps of the risk assessment to synthesize an overall conclusion about the risk.

It should be clarified that the previous analysis combines deterministic and probabilis-
tic approaches, to which experimental results are added. While there are similarities, it’s
important to emphasize that the developed risk model primarily follows a probabilistic
approach. In the EPA methodology, the identification of harm involves explicit studies
of toxicokinetics and toxicodynamics, which analyze how damages occur in interaction
with humans. All of this research is incorporated into the risk model developed for the
domestic wastewater treatment system based on a constructed wetland, particularly in the
determination of consequences.

The questions related to dose response are implicit in the descriptive definition of
the model concerning accidental consequences. The results are reflected in the varying
magnitudes of modeled consequences, with probabilities of harm established based on
the magnitude of the doses received. To define these consequences, the corresponding
step as described in the EPA methodology must have been completed. It is worth noting
that the relationship between dose and the probability of harm may require experimental
data, possibly involving animal studies, in the absence of human data. All of these aspects
are implicitly incorporated into the definition of consequences within the designed risk
framework in this research. Exposure assessment is achieved by modeling various scenarios
(accidental sequences), which illustrate different risk exposure situations. This modeling
allows us to determine the magnitude and duration of exposure (grouped as consequences)
as well as frequency (captured by the parameter of the same name associated with the
initiating event). Notably, the method employed in this research incorporates management
capabilities through the inclusion of defenses within the model.

The convolution of the results of the three previous stages makes it possible to calculate
the individual risk, as well as the collective risk. The manner in which results are presented
here differs from the approach taken in the probabilistic risk model of this research. These
are two distinct risk assessment methodologies, each with its unique perspective on risk.
It’s worth noting that once the probabilistic risk pattern of the wetland has been established,
obtaining its results is a relatively quick process, which underscores the model’s practicality.

Wu, Gao, Wu, Zhu, Xiong, and Ye [33] argue that the risk of groundwater contamina-
tion increases in areas where constructed wetlands are utilized. They suggest considering
the use of waterproofing layers to protect groundwater and strengthening management.
These issues are considered among the defenses suggested by the risk model developed.
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Finally, many of the references consulted deal with cases of wetlands built for the
treatment of pollutants other than domestic ones [34,35]. It should be clarified that these
wetlands necessitate specific risk models tailored to their required treatment capacities.
These scenarios are beyond the scope of the risk model for the treatment system based on
a constructed wetland presented in this research.

Current environmental regulations in the US demand a level of detail that has not been
applied to the studied wetland. However, if it becomes necessary to seek authorization
using a method similar to the one discussed in this work, it is advisable to establish strict
controls for very high risks as a guideline regarding risk levels. These risk levels can
be achieved through the additional defense measures proposed in the previous section
(refer to the improved case). This approach is optimistic and draws inspiration from the
field of radiation safety [13], where prolonged exposure to high risks is not permitted.
Considering the challenges associated with achieving such a goal for facilities of this
nature, it is recommended to focus solely on prohibiting very high risks within the scope of
this issue.

While matrix methods for estimating risk have been used in water treatment facilities
(see references [2,3,15]), they have not been widely applied to treatment facilities using
constructed wetlands. One limitation of the two-dimensional approach in the risk matrix,
as seen in these references, is its lack of systematicity in studying the impact of defenses.
This study employs a three-dimensional risk matrix, addressing this limitation and distin-
guishing it from the approach found in the international standard ISO-31000 [34], explicitly
dedicated to risk management but similarly limited when considering defenses.

The use of TDRM in this investigation implicitly integrates defenses into the prior-
itization of the most critical sequences, enhancing the objectivity of the analysis, which
has not been achieved in similar studies [2,3,15,36]. Moreover, this method identifies the
most effective defense measures for controlling technological risks in the wetland. The
application of this approach to the results reveals that specialized defense measures should
be prioritized for very high-risk accident sequences. These sequences, as indicated by
the results, primarily result from inadequate maintenance and surveillance (IE-CW-04, IE-
CW-019, IE-CW-048), along with insufficient operational policies (IE-CW-023, IE-CW-031,
IE-CW-032).

The measures recommended in Table 3 effectively reduce the risk to lower levels,
demonstrating their efficacy. Among these measures, those depicted in Figures 9–11 should
be highlighted. These measures primarily address operational issues (B-17: Periodic
checking of the facility records to detect deviations from the parameters established for
the proper functioning of the wetland, B-6: Periodic inspection to verify the status and
operation of the wetland, the status of the surrounding areas, and the completion of the
corresponding records, FR-9: Periodic check of the facility’s records to detect breaches of
maintenance, training, and inspection plans, CR-1: Replant the vegetation coverage and
remove dead plants, if they exist), maintenance (CR-1: Replant the vegetation coverage and
remove dead plants, if they exist), installation design (B-18: Existence of a reserve cell), and
personnel training (FR-11: Training of workers who attend the installation and filling out
the corresponding record).

Finally, we want to express how our research contributes to sustainability. Constructed
wetlands represent a nature-based solution for water treatment, and this paper’s risk as-
sessment methodology, particularly the three-dimensional risk matrix approach, offers
a novel and practical means to enhance the sustainability of such systems. By identifying
the most critical initiating events and defenses, with a focus on human factors, the research
highlights the vulnerabilities within constructed wetland operation. The suggested defense
measures and the transition from a high-risk to a moderate-risk facility demonstrate a path
towards improving the reliability and effectiveness of wastewater treatment. This, in turn,
contributes to environmental sustainability by reducing the potential risks and impacts
associated with the discharge of inadequately treated wastewater, ultimately safeguard-
ing water quality and ecosystem health. Moreover, this paper introduces the concept of



Sustainability 2023, 15, 15850 19 of 24

using risk analysis as a tool for optimizing the operation of wastewater treatment technol-
ogy based on constructed wetlands. This innovative approach can lead to more efficient
and cost-effective water treatment processes, contributing to the sustainability of water
resources and the preservation of natural ecosystems. In conclusion, the research offers
a valuable framework for enhancing the sustainability of wastewater treatment systems
based on constructed wetlands, addressing an urgent problem of humanity while em-
phasizing the role of nature-based solutions in environmental stewardship and open new
directions for further research on the risk analysis of constructed wetlands for wastewater
treatment and water purification.

5. Conclusions

The results of the risk analysis have identified the most critical initiating events and
defenses within the domestic wastewater treatment system based on a constructed wetland
of subsurface horizontal flow, “El Dorado”, located in Jarabacoa, Dominican Republic.
Notably, human factors emerge as the primary contributors to the risks associated with the
operation of this constructed wetland. The benefits of implementing the newly suggested
defense measures have been determined. With these measures in place, the constructed
wetland would achieve an acceptable technical state of operation, transitioning from
a high-risk to a moderate-risk facility. From a methodological perspective, the use of
a three-dimensional risk matrix for this type of study proves valuable due to its ability
to incorporate the effectiveness of defense measures into risk quantification. Having risk
models for a domestic wastewater treatment system based on a constructed wetland, along
with the use of specialized computer code, enables sensitivity analysis. This analysis
considers the gradual or partial incorporation of defense measures, turning the tool into
a risk monitor for the studied system. In these conditions, there is potential to optimize
the operation of wastewater treatment technology based on constructed wetland using
risk analysis. The developed models and available tools illustrate the generalization
possibilities created through this research. The application presented in the research is
novel, as there are no precedents for using it to manage the risk associated with domestic
wastewater treatment systems based on constructed wetlands as point pollution sources
for the environment.
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Appendix A

Table A1. Initiating events of the accidental sequences in the “El Dorado” treatment system
(IE—initiating event; HSC—hydraulic system for domestic wastewater collection; ST—Septic tank;
CW—constructed wetland).

Code Initiating Events

Initiating events associated with the hydraulic system for collecting domestic wastewater

IE-HSC-001 The entry of large solids, such as pieces of cloth, into the system can cause hydraulic clogs and result in the used
water overflowing to the outside

IE-HSC-002 The entry into the system of fats and related substances (e.g., soap, etc.) that solidify causing clogs, resulting in used
water overflowing to the outside.

Initiating events associated with septic tanks

IE-ST-001 The entry into the system of disinfectant chemical substances that cause the death of microorganisms responsible for
the degradation of organic substances.

IE-ST-002 A continuous and excessive water supply into the system, beyond its design parameters, can wash out the
microorganisms responsible for organic substance degradation.

IE-ST-003 The overflow of sludge from the septic tanks of the houses towards the collection pipe that goes to the septic tank of
the wetland

Initiating events associated with the constructed wetland

IE-CW-001 The overload of organic matter in the wetland inlet that causes a low density or heterogeneous vegetation density,
which in turn favors the weeds’ growth in the wetland.

IE-CW-002 The overload of organic matter in the wetland inlet that causes the reversible obstruction of the matrix pores and
clogging of the substrate that in turn induces a very high water level or surface flow.

IE-CW-004 Heavy rain or rain for a prolonged period that causes a rise in the water level, which in turn induces abnormal
vegetation growth during start-up, favoring the weeds’ growth in the wetland.

IE-CW-005 The accumulation of plant biomass that falls naturally on the vegetation cover and decomposes.

IE-CW-006 The accumulation of plant biomass that falls naturally on the vegetation cover causing reversible obstruction of the
matrix pores and clogging of the substrate, which in turn induces a very high water level or surface flow.

IE-CW-008 Inadequacies in the maintenance of the area surrounding the wetland which favors the weeds’ growth in the
wetland, which in turn induces abnormal vegetation growth during start-up.

IE-CW-009

Insufficiencies in the maintenance of the areas surrounding the wetland that allows the growth of trees and/or
shrubs in them, which in turn cause anomalies in the waterproofing layer that allows the entry of water from the
groundwater table and the occurrence of a very high water level or superficial flow. This favors a low density or
heterogeneous vegetation density and the chlorosis of the plants.

IE-CW-010

Inadequacies in the maintenance of the areas surrounding the wetland that allows the growth of trees and/or
shrubs in them, which in turn causes anomalies in the waterproofing layer. These anomalies induce a very low
water level by allowing untreated water to drain into the subsoil, and the latter causes a low density or
heterogeneous vegetation density and chlorosis of the plants.

IE-CW-011

Insufficiencies in the maintenance of the areas surrounding the wetland that enables the growth of trees and/or
shrubs in them, which in turn causes anomalies in the wetland dikes. These anomalies induce a very high water
level or surface flow when water enters from outside, and the latter causes a low density or heterogeneous
vegetation density and chlorosis of the plants.

IE-CW-013
Insufficiencies in the maintenance of the area surrounding the wetland that allows the growth of trees and/or
shrubs in them, which in turn causes anomalies in the perimeter fence and/or the access gate and allows the entry
of animals that damage the wetland plants.

IE-CW-014 Insufficiencies in the maintenance of the wetland vegetation cover which enables the growth of trees and/or shrubs,
which in turn causes a heterogeneous distribution of water in the wetland and a reduction in retention time.

IE-CW-015 Insufficiencies in the maintenance of the wetland vegetation cover that enables the growth of trees and/or shrubs
whose shade causes a low density or heterogeneous vegetation density.
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Table A1. Cont.

Code Initiating Events

IE-CW-016

Insufficiencies in the maintenance of the wetland vegetation cover that enables the growth of trees and/or shrubs
that in turn causes anomalies in the waterproofing layer. These anomalies allow the entry of water from the
groundwater table and the occurrence of a very high water level or surface flow. This favors a low density or
heterogeneous vegetation density and the chlorosis of the plants.

IE-CW-018

Insufficiencies in the maintenance of the wetland vegetation cover that enables the growth of trees and/or shrubs
that in turn causes anomalies in the wetland dikes. These anomalies induce a very high water level or surface flow
when water enters from outside causing a low density or heterogeneous vegetation density and chlorosis of
the plants.

IE-CW-020 Insufficiencies in the maintenance of the wetland vegetation cover that allows the weeds growth, which in turn
induces an abnormal growth of the vegetation during the start-up.

IE-CW-021 Low organic load in the feed of the wetland which causes the occurrence of chlorosis of plants and their death.

IE-CW-022 A lack of nutrients in the wetland’s feed (mainly iron but also other nutrients, such as nitrogen and sulfur, can lead
to chlorosis and plant death). This scarcity may result from low concentrations or non-assimilable forms.

IE-CW-023 The poor development of the rhizomes which causes the occurrence of chlorosis of the plants and their death.

IE-CW-024
Waste accumulation in the areas surrounding the wetland that favors the occurrence of rodent pests, which in turn
causes anomalies in the perimeter fence and/or the gate. These anomalies allow the entry of animals that damage
the wetland plants.

IE-CW-025

Waste accumulation in the areas surrounding the wetland that favors the occurrence of rodent pests, which in turn
causes damage to the waterproofing layer allowing the entry of water from the groundwater table and the
occurrence of a very high water level or surface flow that provokes a low density or heterogeneous vegetation
density and the chlorosis of the plants.

IE-CW-027
Waste accumulation in the areas surrounding the wetland that favors the occurrence of rodent pests, which in turn
causes damage to the wetland dikes, inducing a very high-water level or surface flow when water enters from
outside. This causes a low density or heterogeneous vegetation density and chlorosis of the plants.

IE-CW-029
Waste accumulation in the areas surrounding the wetland that favors the occurrence of rodent pests, which in turn
causes damage to the vegetation cover during start-up, causing its abnormal growth, which favors the
weeds’ growth.

IE-CW-030
Waste accumulation in the areas surrounding the wetland that favors the occurrence of rodent pests, which in turn
causes damage to the vegetation cover during operation, causing abnormal growth of the latter, which favors the
weeds’ growth.

IE-CW-031 The accumulation of suspended solids as a result of the reversible obstruction of the matrix pores and the clogging
of the substrate, which in turn causes a very high-water level or surface flow.

IE-CW-033 The accumulation of plant debris around the wetland in a state of putrefaction.

IE-CW-034 The growth of the microorganisms responsible for the treatment of residuals, which causes a reversible obstruction
of the matrix pores and clogging of the substrate, which in turn induces a very high level of water or surface flow.

IE-CW-036 Chemical precipitation and deposition in the pores which causes a reversible obstruction of the matrix pores and
clogging of the substrate which induces a very high level of water or surface flow.

IE-CW-038 Growth of the rhizomes and roots which causes an irreversible obstruction of the matrix pores and clogging of the
substrate which in turn induces a very high level of water or surface flow.

IE-CW-039
The accumulation of solids transported by wastewater that has not been eliminated in the pretreatment, causing
anomalies in the distribution or collection system, which in turn induces a low density or heterogeneous vegetation
density and the obstruction of the matrix pores and clogging of the substrate.

IE-CW-040 The inadequate maintenance of the level control mechanism that induces a very high water level or superficial flow
causing the low density or heterogeneous vegetation density and their chlorosis.

IE-CW-042 The inadequate regulation of the level control mechanism that induces a very high water level or superficial flow
causing the low density or heterogeneous vegetation density and their chlorosis.

IE-CW-044 Breaks in the protective layer against solar radiation that causes anomalies in the waterproofing layer on the edge of
the dikes, which in turn allows residual water to drain into the subsoil.
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Table A1. Cont.

Code Initiating Events

IE-CW-045
The incorrect use of cutting tools that causes anomalies in the waterproofing layer which allow the entry of water
from the groundwater table and the occurrence of a very high-water level or surface flow. This favors a low density
or heterogeneous density of the vegetation and the chlorosis of the plants.

IE-CW-047 The use of seeds without certification of being free of weeds, which causes abnormal vegetation growth during the
start-up of the wetland.

IE-CW-048 The inadequate maintenance of the fence and the gate of the facility, which causes them to break and, as a
consequence, the entry of animals that damage the plants and the structural components of the wetland.

Table A2. Defenses implemented (B—barriers; FR—frequency reducers; CR—consequence reducers)
in the wastewater system based on constructed wetland “El Dorado”.

Code Barriers

B-1 Grids at the inlets of the grey water collectors (VR)

B-2 Grease trap in the grey water hydraulic system (VR)

B-3 Parshall channel to monitor the flow rate located at the output of the system (R)

B-4 Evacuation of the sludge from the septic tanks of the houses once levels above the permissible levels are detected (N)

B-5 Presence of the septic tank of the wetland (redundancy of functions) (VR)

B-6 Periodic inspection to verify the status and operation of the wetland, the status of the surrounding areas, and the
completion of the corresponding records (N)

B-7 Periodic characterization of the wetland effluent and notification of its ineffectiveness if it exists. Filling in the
corresponding records (N)

No. Frequency reducers

FR-1 Awareness of the inhabitants of the houses of the negative behaviors of the people that cause a malfunction of the
residual treatment system (S)

FR-2 Training of the inhabitants of the houses in the safe ways to evacuate the used oils (S)

FR-3 Elimination of weeds as soon as they are detected (N)

FR-4 Cleaning debris from the ground cover after pruning (N)

No. Consequence reducers

CR-1 Replant the vegetation cover and remove dead plants, if they exist (N)

CR-2 Eliminate weeds present in the wetland (N)

CR-3 Replace substrate (N)

CR-4 Remove dead plant debris from the surface of the wetland (N)

CR-5 Remove trees and shrubs present in the wetland (N)

Note: The values in parentheses correspond to the robustness of the barriers (VR—Very robust; R—Robust,
N—Normal; S—Soft).
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