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Abstract: Sewer networks are essential in supporting the sustainable development of rural
settlements. However, many municipalities face difficulties due to inadequate or missing
sanitation systems. Thus, the contamination of municipal water supplies has become
a pressing issue. In the present study, the process of the sewer network establishment
and its impacts on groundwater was assessed in the case of a Hungarian settlement. It
was found that, following the realization of wastewater agglomeration in 2015, 85% of
households in the municipality were connected by 2023. Results indicate that uninsulated
septic tanks used before the sewer system resulted in a high rate of sewage leakage. 3D
models using RockWorks software show a groundwater dome of more than 1 m in the
vicinity of the septic tank. The discharge had a significant impact on groundwater quality;
high NH4

+ concentrations (>90 mg/L) within the vicinity of the tank and above the limit
value (0.5 mg/L) in the total area were detected. Na+ and NO3

− concentrations above
the contamination limit also reflect the severe impact of wastewater discharge. Significant
positive changes in groundwater quality have been detected following sewerage. Our
results highlight the importance of similar investments and draw attention to the positive
changes that can be achieved. However, a very significant decrease in water levels was
detected both in the vicinity of the septic tank and at the municipal level, which, in addition
to precipitation patterns, is mainly attributable to the cessation of sewage outflow. Between
2013 and 2022, the average groundwater level declined by 3.8 m in the settlement. Therefore,
long-term monitoring of the investment is essential.

Keywords: sustainable rural development; sewer network; septic tanks; groundwater
quality; environmental pollution; settlement infrastructure; water level

1. Introduction
Sustainable development of rural settlements requires adequate water resource protec-

tion [1–3]. Groundwater is a crucial resource for rural communities, providing a significant
share of drinking water, irrigation, and industrial activities [4]. However, the degradation
of groundwater quality due to inadequate sanitation, agricultural, and industrial activities
has become a pressing environmental problem, especially in rural communities [5,6]. Kim
et al. (2024) used a numerical model to simulate the transport of N species derived from per-
sonal sewage treatment facilities (PSTF) in Jeju Island, South Korea [7]. Results on elevated
NO3

− and Cl− concentrations indicated anthropogenic influence; moreover, agricultural
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N source greatly contributed to NO3
− pollution. As reported by the WHO in 2024, over

1.5 billion people worldwide do not have access to basic sanitation services [8]. The lack
of adequate sanitation systems in these areas often leads to the uncontrolled discharge of
domestic, agricultural, and industrial wastewater directly into the environment, resulting
in the contamination of groundwater resources with nutrients, pathogens, and hazardous
chemicals [9,10]. Abanyie et al. (2022) assessed sanitation practices in the peri-urban areas
of Doba and Nayagenia in Ghana and stated the presence of total coliform and E. coli,
indicating pollution by human sewage or animal droppings [11].

According to UN Habitat and WHO data (2021), 44% of the household wastewater
generated globally was discharged without safe treatment [12]. A major challenge in
rural areas without centralized sewage systems is the leakage of wastewater from septic
tanks [13]. When septic tanks are poorly constructed or not properly maintained, untreated,
or partially treated wastewater can seep into the surrounding soil. This leakage can
contaminate shallow aquifers resulting in elevated levels of NO3

−, which is linked to
serious health conditions such as methemoglobinemia [14,15]. Sanitation services are
therefore crucial for protecting both public health and the environment, especially in urban
areas. Shaban et al. (2023) carried out a health risk assessment of nitrate contamination
in drinking water and vegetables for infants in the northern Gaza Strip, and found that
methemoglobinemia was present in 32.2% of infant samples in the study area [14].

tions such as methemoglobinemia.esultiInnovative and decentralized wastewater
treatment technologies are emerging as potential solutions to overcoming these chal-
lenges [16,17]. Constructed wetlands, anaerobic digesters, and community-based sewage
systems are among the approaches gaining traction due to their cost-effectiveness, adapt-
ability to local conditions, and minimal environmental footprint [18,19]. Furthermore, these
systems can facilitate the reuse of treated wastewater for irrigation, thereby reducing the
demand on freshwater resources [20,21]. Bui et al. (2024) found that integrated fixed-film
activated sludge (IFAS) technology significantly improves nitrogen removal efficiency,
increasing treatment capacity and nitrification efficiency ranges from 89.2% to 98.8%. Con-
centrations of N-NO3

− after treatment ranged between 27–45 N-NO3
− mg/L, which were

significantly lower than the Vietnamese effluent discharge limit of 60 mg/L [22].
The Sustainable Development Goals (SDGs), particularly Goal 6 on clean water and

sanitation, play a crucial role in the context of wastewater management and sewerage
network construction [23,24]. To achieve the SDGs, it is essential to ensure access to
adequate sanitation facilities, reduce water pollution, and improve water quality through
safe treatment and reuse [25,26]. In rural settlements, implementing these goals requires
developing sanitation infrastructure that prevents groundwater contamination [27,28].

However, rural municipalities often face specific challenges in implementing effective
wastewater management strategies. Limited financial resources, inadequate infrastructure,
and lack of technical expertise contribute to the reliance of municipalities on inappro-
priate or non-existent sewerage networks [29]. The problem is further exacerbated by
a lack of regulatory control and a lack of awareness among residents about the proper
maintenance of septic tanks [30]. Studies has also highlighted that homeowners had
difficulty in maintaining their septic systems, leading to overflows and further ground-
water contamination [31,32]. Several studies have examined the attitudes of the popula-
tion; Brzusek et al. (2023) conducted a willingness-to-accept (WTA) and willingness-to-pay
(WTP) survey, with results showing significant level of acceptance and involvement of the
local population of the Zagrody settlement in Poland in sustaining improved sanitation [33].
Leaky sewer systems pose significant risk to the environment as well [34,35]. Addressing
this issue requires not only technical interventions, such as better septic tank design and
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the use of leak detection technologies, but also the education of communities and a strong
regulatory framework to ensure proper maintenance and waste disposal practices [36].

The Urban Wastewater Treatment Directive (UWWTD) plays a crucial role in European
communities, with populations exceeding 2000 population equivalents (PE). It mandates
the collection and treatment of wastewater to prevent environmental pollution. For rural
settlements with more than 2000 inhabitants, the UWWTD has facilitated substantial
infrastructure investments, including the establishment of centralized treatment plants and
the implementation of advanced technologies. These efforts have led to improvements in
water quality and public health [37–39].

In Hungary, the implementation of the UWWTD has led to significant advancements
in wastewater collection and treatment infrastructure. Centralized sewerage systems
have been constructed in many settlements, and ongoing projects aim to extend these
systems to cover even more rural areas [40]. Accordingly, the proportion of households
connected to the sewer system increased to 88.4% by 2023 [41]. These efforts have greatly
improved wastewater management practices, reducing the pollution of natural water
bodies and protecting groundwater resources [42]. However, ensuring full compliance
and maintaining the infrastructure remains a particular challenge, requiring continued
investment and technical support [43].

The aim of the present study is to investigate the impacts of municipal sanitation infras-
tructure development and to explore the effects of septic tank elimination on groundwater.
The novelty of the study lies in the fact that few studies have addressed the long-term
effects of environmental investments in rural municipalities. According to the hypothesis
formulated before the investment, the disappearance of the sewage discharge positively
alters the quality of the municipality’s groundwater resources.

2. Materials and Methods
2.1. Location of the Study Area

The municipality—Báránd—under study is situated in the Nagy–Sárrét microregion,
which is part of the Great Hungarian Plain (Figure 1). The lowland area (altitude 85–89 m)
is part of the alluvial deposit of the Sebes-Körös River, categorized as a flat plain [44]. The
sample area covering 3 km2 is part of the Kaba–Báránd–Tetétlen wastewater agglomeration
and located in a nitrate-sensitive area according to The Nitrate Directive (91/676/EEC) of
the European Union.
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Before the establishment of wastewater agglomeration, municipal wastewater was
transported to a liquid waste landfill located about 1.5 km southeast of the municipality,
which was in operation between 1994 and 2010 (Figure 1). The basins of the disposal site
can be seen on satellite images as shown in Figure 1.

Soil formation in the region is significantly influenced by shallow groundwater, which
fluctuates between 1 and 3 m below the surface leading to the dominance of Vertisol,
Solonetz, Chernozem, and Kastanozem soil types, as classified by the World Reference
Base for Soil Resources (WRB) [45]. Saline soils make up 36% of the microregion, while
meadow Chernozem soils, which are not directly impacted by groundwater, cover 16% of
the area. The prevailing soil texture in the study area consists of loam and clay loam. The
region receives an average annual precipitation of 520–540 mm and is characterized by a
moderately warm and dry climate (Cfb) [44].

2.2. Wastewater Agglomeration

The Council Directive 91/271/EEC concerning urban wastewater treatment (UWWTD),
has established the framework for the development of wastewater treatment systems across
Europe. The UWWTD requires all agglomerations with a population equivalent (PE) above
2000 people to undergo a secondary (mechanical/physical and biological) wastewater
treatment [37]. According to this, the Kaba–Báránd–Tetétlen wastewater agglomeration
in Hungary was with the development project initiated in 2012 and completed in 2015
(Figure 2). The agglomeration serves the municipalities of Kaba, Báránd, and Tetétlen,
with a total population equivalent (PE) of approximately 13,855. The annual volume of
wastewater generated in the agglomeration is approximated at 151,100 m3. Situated within
a nitrate-sensitive area, this agglomeration is subject to enhanced nutrient management
measures as outlined in Directive 91/676/EEC (Nitrates Directive). The treatment plant
employs advanced biological processes to reduce nitrogen and phosphorus loads, ensuring
compliance with EU water quality standards.
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2.3. Impacts of Uninsulated Septic Tanks on Groundwater

To assess the impact of septic tank effluent on groundwater, 10 monitoring wells were
installed around an uninsulated septic tank at a depth of 3 m (Figure 3). The BA1 and BA6
wells were situated 1 m from the tank, while the BA5 and BA10 wells were located 25 m
away, allowing the assessment of contamination spread over different distances. The wells
were constructed with a filtered section in the lower 1 m part of the PVC pipes (Ø 50 mm).
Water samples were collected between 2012 and 2019, following the extraction of three
times the well volume, in accordance with the MSZ ISO 5667-11:2012. standard.
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Figure 3. Location of the uninsulated septic tank and the monitoring wells around it. The digital
elevation of the area was determined using high precision Trimble S9 GPS device.

In the years following the cessation of sewage outflow, groundwater levels exhibited a
steady decline, gradually decreasing from an initial depth of 1–2 m to below 3 m by 2020,
leading to a lack of data beyond that point. To enable continued long-term monitoring, the
authors intend to install deeper monitoring wells in the near future.

2.4. Field Measurements and Laboratory Analysis

Field measurement data collected using a Trimble S9 dual-frequency, high-precision
GPS device were utilized to generate a digital elevation model of the study area and to
determine the absolute elevation of groundwater levels. Groundwater level measurements
were carried out from 40 monitoring wells in the municipality every summer from 2013
onwards (Figure 1).

Laboratory measurement of NH4
+, NO2

−, NO3
−, and PO4

3− were conducted in
accordance with Hungarian Standards (HS ISO 7150-1:1992; HS 1484-13:2009). The results
were assessed based on the contamination limits specified in Joint Regulation KvVM-EüM-
FVM No 6/2009 (IV. 14) [46].

2.5. Data Processing

The results were visualized using SPSS 26 and ArcGIS 10.4.1 software, the spatial
distribution of the groundwater levels was created by using Kriging interpolation in
Surfer 19 software. A static 3D model of the septic tank area was generated using Kriging
interpolation with RockWorks 2025 software. RockWorks is a powerful geospatial and
geostatistical software designed for modeling subsurface geological and environmental
data. The models were constructed using voxel-based representations and 3D interpolation
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techniques, allowing for a high-resolution spatial analysis of the contaminant distribution
within the saturated zone, while allowing 3D visualization of the groundwater levels as well.
A voxel (volumetric pixel) is the fundamental building block of 3D models, representing
a discrete unit of space within the modeled volume. In this study, voxel modeling was
employed to simulate the spatial distribution of groundwater levels and contamination.
The initial model was calibrated by integrating groundwater level measurements and
contaminant concentration data from 10 monitoring wells. As the soil texture in the study
area is dominantly loam, a pore space of 45% was applied. In order to develop the 3D model
of the spatial distribution of the contamination (M), the following formula was applied:

M (mg) = Vvoxel

n

∑
i=1

n0ici

where: Vvoxel is the volume of the voxel (m3), n0i is the degree of effective porosity, and ci

is the concentration value (mg/L) measured at the given location.

3. Results and Discussion
3.1. Sewer Network Establishment in the Municipality

Considering the number of households connected to the sewerage network in the
municipality, 63% of households were connected in 2016, which represents 710 connections
(Figure 4).
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Figure 4. Number of households of the settlement, and the yearly connection numbers to the
sewer system.

In 2017, the following year, there was another large increase in connections, with
118 households connected, while in the following years the number of new connections
remained below 50. A major constraint is that households have to connect to the street
pipeline on their own using their own resources, which is a major financial burden for many
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people. It is therefore essential to involve additional state support. It is also important to
raise the environmental awareness of the local population.

Figure 5 shows the sewer network pipelines in the village. This shows that the sewer-
age network has been completed in all streets of the municipality so that all households
have access to the service.
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3.2. Impacts of Uninsulated Septic Tanks on Groundwater and Sewer Network Construction

As a result of high wastewater transport costs, municipal inhabitants have built their
residential septic tanks with impermeable concrete or brick walls (uninsulated septic tanks),
which allow sewage to leach easily into the subsurface, resulting in soil and groundwater
pollution (Figure 6). The issue was exacerbated by the fact that the groundwater level in the
municipality under study fluctuated between 1 and 3 m during the operation of the septic
tanks, resulting in direct mixing of the wastewater with groundwater. Furthermore, the
pollution caused by these modified septic tanks is significantly higher than that caused by
septic tanks, as they emit raw, untreated wastewater into the aquifer, consequently repre-
senting the main source of groundwater contamination in settlements without sanitation.

As shown in Figure 3, monitoring wells were established around one of these wells,
allowing regular groundwater level water quality measurements. After the high-precision
determination of the surface elevation and groundwater levels, a 3D model of the saturated
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zone was created. Figure 6 presents the static level of the saturated zone in spring 2013
with 10× vertical exaggeration for better interpretation. In the area, the groundwater dome
is clearly defined as a result of sewage discharge from the uninsulated septic tank. A
difference of more than 1 m in water level compared to the water level in the more distant
wells was observed throughout the operational phase of the septic tank.
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Figure 6. Schematic illustration of uninsulated septic tanks and 3D model of the saturated zone
down to a depth of 3 m from the surface around the investigated leaky septic tank, based on the
groundwater level data in spring 2013, with 10× vertical exaggeration.

3.3. Groundwater Contamination Around the Septic Tank and Changes After Its Elimination

The average values of the water chemistry parameters of the 10 monitoring wells
around the septic tank for the pre- and post- sewerage periods are shown in Table 1.

Table 1. Average values for the assessed parameters measured in monitoring wells before and after
sewerage.

Prior Sewerage After Sewerage

Well ID Distance from
the Septic Tank NH4

+ NO2− NO3− Na+ NH4
+ NO2− NO3− Na+

(meter) mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

BA1 1 m 107.55 0.12 2.19 414.49 55.06 0.09 9.02 309.34
BA2 5 m 1.85 0.42 72.80 375.63 0.62 0.05 50.45 362.55
BA3 9 m 0.59 0.06 4.45 276.67 3.27 0.14 25.73 271.40
BA4 15 m 0.62 0.06 32.35 261.40 0.74 0.04 8.80 145.39
BA5 15 m 0.56 0.05 15.74 243.55 0.39 0.05 5.80 261.80
BA6 1 m 63.17 1.13 19.56 414.32 36.16 5.88 523.59 433.32
BA7 8 m 0.81 0.10 97.09 361.41 0.34 0.08 96.18 402.47
BA8 13 m 0.69 0.05 81.90 229.81 0.56 0.04 35.97 243.26
BA9 10 m 0.64 0.06 38.49 172.79 0.55 0.13 18.47 127.04
BA10 25 m 0.67 0.10 300.94 161.23 0.78 0.13 78.25 107.33

To reveal the spatial evolution of the pollutants discharged from the septic tank, 3D
kriging interpolation was used to model the pollutants in the saturated zone based on
water quality data from the monitoring wells. All models are framed from the surface to
a depth of 3 m below the bottom of the well (Figures 7–10). This range is represented by
rectangles. For better visibility, the unsaturated zone is not colored above the saturated
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zone. The models were prepared for 2013, 2016, and 2019. The last full year of operation of
the septic tank was 2013.
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Examining the evolution of the elevation of the saturated zone, it can be seen that
the groundwater dome, which initially exhibited a 1.2 m difference between the lowest
and highest groundwater levels measured in the monitoring wells in 2013, was still very
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pronounced in the last year of the septic tank operation, having significantly decreased
to 30 cm by 2016, one and a half years after the cessation (Figure 6). Five years after the
cessation, a significant decrease in groundwater level occurred and the steady water level
typical of lowland areas has been restored, with a water level difference of only 2 cm in the
wells. The decline in water levels continued in the following years and dropped to under
3 m below the bottom of the wells, so no data were available for subsequent years.

The precipitation data for the period 2009–2019, presented in Figure 7, indicate that no
significant decline in precipitation was observed during this timeframe. This suggests that
the reduction in groundwater levels until 2019 was primarily attributed to the construction
of the sewerage system rather than changes in precipitation patterns.

The effluent from the septic tank contains significant amounts of organic matter,
including organic nitrogen, which in the first step of the decomposition produce NH4

+.
In 2013 and 2016, concentrations above 90 mg/L were found in the vicinity of the septic

tank, which is typical for raw sewage (Figure 8(III)). However, the highly contaminated
area decreased in 2016 (Figure 8(VI)). Five years after closure, concentrations of 90 mg/L
or higher cannot be detected in the saturated zone, indicating that the effluent discharge
has ceased (Figure 8(IX)). Due to the high organic carbon content, the formation of nitrite
(NO2

−) and nitrate (NO3
−) from NH4

+ is limited, as the ammonifying bacteria responsible
for the chemical transformation cannot multiply in this environment. Conditions for
nitrification improve as the organic carbon content decreases away from the septic tank.
Therefore, the concentration of ammonium decreases rapidly, moving away from the tank
(Figure 8(I,II)) to a concentration close to the pollution limit of 0.5 mg/L at a distance of
15–20 m. While in 2013 and 2016, the concentration of ammonium in the saturated zone
was above 0.5 mg/L in the entire area (Figure 8(I,IV)), in 2019, the concentration in the
most remote areas from the mine was reduced to below 0.5 mg/L (Figure 8(VII)).

As continuous discharge inhibits nitrification, NO2
− concentration above 1 mg/L

were not measured in the vicinity of the septic tank during operation (Figure 9(III)). Since
nitrite does not accumulate under natural conditions, no values above 0.5 mg/L were
measured 5 years after cessation (Figure 9(VIII,IX)). In 2016, however, nitrite concentrations
increased significantly over the entire area, due to the cessation of sewage outflow and the
start of nitrification in the effluent, while the oxygen needed for its transformation into
nitrate was no longer available (Figure 9(IV,V,VI)). In 2019, the concentration in the total
sample area was below the contamination limit (0.5 mg/L).

The concentration of nitrate during the period of operation of the mine was the
opposite of ammonium. In the vicinity of the mine, it ranged around only 2–3 mg/L
and exceeded the 50 mg/L contamination limit when moving away (Figure 10(I)). Shortly
after the end of the effluent discharge, large amounts of ammonium were oxidised to
nitrate, resulting in a very significant increase in concentration. High concentrations of
over 500 mg/L were detected over a large area, and concentrations of over 1000 mg/L were
found in the immediate vicinity of the septic tank (Figure 10(VI)). Large parts of the area
are still considered as contaminated 5 years after the closure, which highlights the slow
decontamination process (Figure 10(VII)).

Sodium (Na+) is present at high levels in municipal wastewater and can also be an
indicator of leaking sewage. Concentrations in the vicinity of the mine exceeded 400 mg/L
in both 2013 and 2016 (Figure 11(III,VI)), above the limit value of 200 mg/L. By 2019,
however, values above 400 mg/L were no longer measured (Figure 11(IX)). Although the
proportion of water bodies above 300 mg/L has decreased, concentrations above 200 mg/L
are still prevalent in a significant part of the area. However, this may be attributed to
natural factors, as soils in the area have typically higher salinity.
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3.4. Groundwater Level Changes in the Municipality After the Sewer Network Construction

In 2013, prior to the construction of the sewer network, the absolute height (amsl)
groundwater levels ranged between 88.51 and 86.98 m. The highest levels were observed in
the central area of the municipality, while the lowest were recorded in the southern region.
The local groundwater flow predominantly moved southward (Figure 12).

Following the establishment of the sewer network, marked changes occurred as
wastewater outflow ceased. Groundwater levels significantly declined, dropping from
an average of 87.82 m in 2013 to 86.09 m in 2017 (Figure 11). In 2017, groundwater levels
remained highest in the central parts of the municipality and lowest in the south and
south-western areas.

This decline has been further intensified by global climate change. The summer of
2022, which was the driest in the last century, led to an additional decrease in groundwater
levels, substantially dropping to an average of 84.63 m (Figure 11). This sharp decline of
approx. 3.8 m has resulted in several groundwater wells drying up, causing widespread
public concern.
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4. Discussion
In the present study, the transition from uninsulated septic tanks to central sewer

systems was assessed from an environmental perspective. The results concluded that simi-
lar investments in rural municipalities have significant environmental benefits. Leaking
septic tanks have been shown to significantly contaminate groundwater supplies, which
is in line with other similar international studies. Several studies emphasize that poorly
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managed septic tanks are a major source of nutrient pollution of groundwater, especially
in areas with high groundwater levels [46,47]. The observed reductions in groundwater
contamination, especially in ammonium (NH4

+) and nitrate (NO3
−) levels, are in accor-

dance with the results of international studies [48]. Other studies reported that advanced
wastewater treatment systems effectively reduced nutrient and microplastic leaching into
aquifers [49,50].

A significant reduction in groundwater levels has been detected in the post-sewerage
period, indicating reduced wastewater discharges. The restoration of groundwater levels to
natural conditions aligns with observations of other studies [48]. Similar trends have been
reported internationally, where the reduction in groundwater recharge due to improved
wastewater management led to lower water tables, albeit with significant environmental
benefits in water quality. Additionally, studies highlighted that the decommissioning of
septic tanks in favor of centralized sewer systems reduced aquifer recharge but led to
improved water quality and compliance with environmental regulations [51].

While improved wastewater management enhances water quality, reduced infiltration
from leaking systems contributes to a decline in groundwater levels, potentially affecting
local wells and ecosystems. Therefore, the development of mitigation strategies becomes
necessary, which, based on the natural characteristics of the settlement, can alleviate the de-
cline in groundwater levels and contribute to sustainable water management. These should
include managed aquifer recharge (MAR) through controlled infiltration basins, promoting
water-efficient agricultural practices, and rethinking urban drainage strategies [52]. Instead
of canalizing precipitation as in previous decades, efforts should focus on collecting and
storing rainwater in the soil through permeable surfaces, retention basins, and infiltration
trenches. However, several studies also identified challenges in achieving full connectivity
to the sewer network due to financial constraints, a common issue highlighted in global
rural sanitation projects. Alam et al. (2020) found in Bangladesh similar difficulties, where
high connection costs and lack of governmental subsidies limit household participation in
centralized systems [53]. Sachet and Bilotta (2020) analyzed the connection rates of munic-
ipalities in Paraná, and found that no projects achieved 100% of household connections;
total connections were less than 80% in 40% of the projects [54].

5. Conclusions
The study investigated the effects of leaking septic tanks and the construction of a

sewer network in a Hungarian lowland municipality in light of the baseline situation.
To achieve this, 10 monitoring wells were installed around a leaking septic tank and
groundwater levels and quality were measured from 2013 onwards, following the closure
of the septic tank in 2014. The 3D interpolated models created using RockWorks software
provided a detailed overview of the spatial evolution of pollution. The effluent discharged
has polluted the local environment to a very high degree; the concentration of NH4

+ near
the tank exceeded 90 mg/L and was above the contamination limit (0.5 mg/L) of the
total investigated area. Na+ and NO3

− concentrations above the contamination limit also
reflected the impact of wastewater discharge. A reduction in pollution levels was found
after the elimination of the septic tank, but the results also highlight the slow rate of
decontamination processes.

The seepage had formed a pronounced groundwater dome of over 1 m in height
25 m from the septic tank. This was significantly decreased by 2016, and 5 years after the
remediation, the difference in water levels in the area was reduced to 2 cm. The annual
discharge of tens of millions of liters of wastewater also had an impact at the municipal level,
and water level data from the 40 groundwater wells examined in the municipality have
also shown a significant water level reduction. The average groundwater level dropped by
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3.8 m between 2013 and 2022, with further declines exacerbated by climatic factors, such as
the extreme drought of 2022.

Due to recurrent inland flooding issues in previous decades, an extensive network
of drainage canals was constructed across the municipality’s inner areas to drain excess
water. However, a paradigm shift from drainage-focused infrastructure to water retention
strategies is crucial to enhance local water balance and mitigate groundwater depletion.

The study also revealed challenges associated with incomplete household connections
to sewer infrastructure in rural areas due to high costs and low environmental awareness
among the population. In order to ensure high connection rates, it is crucial to provide
continued governmental subsidies, enhance community awareness, and implement stricter
regulatory measures. The results confirm that sanitation investments contribute signifi-
cantly to achieving the Sustainable Development Goals (SDGs), particularly those related to
clean water and sanitation, and support the sustainable development of rural communities.
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