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Abstract: The presence of excess water in centralized sewerage systems is known to have a multitude
of unfavorable effects on the daily operation of the wastewater infrastructure. The additional volume
of I/I-water decreases the hydraulic capacity of wastewater collection networks, reduces the efficiency
of wastewater treatment processes, and increases the costs of transporting and treating the wastewater.
Currently, most I/I studies in Latvia are conducted on the scale of the wastewater treatment plant
service area and determine only the common performance indicators for a given year. However, data
of such resolution are not sufficient to identify problem areas within the networks and to introduce
cost-effective measures. The contribution of private sewer laterals to the overall I/I volume is an
area of particular interest. Although: it is possible to locate and quantify I/I from individual house
connections, in practice, given the financial and time constraints, it is not feasible to apply a case-by-
case approach. Thus, a simple method to predetermine the problematic parts of the system before
conducting on-site inspections is needed. This study investigates the link between groundwater levels
and observed night-time wastewater flows on a sub-catchment scale by performing a linear regression
analysis (940 data points in total). The results show a direct correlation (R > 0.70 in all cases) between
said parameters and highlight the impacts of poorly built and ill-maintained house connections. The
presented approach can be widely adopted by system operators to help identify potential sources of
diluted wastewater and to aid in the development of priority-based renovation plans.

Keywords: infiltration/inflow; excess water; groundwater; house connections; laterals; private
sewers; regression analysis

1. Introduction

The ever-decreasing resilience of centralized sewerage systems has been brought forth
as one of the main challenges in the water services industry [1]. The detrimental effects
of aging infrastructure and its continuous deterioration are known to be amplified by the
impacts of climate change, rapid urbanization, and shifting water demand patterns [2].
One phenomenon that contributes to the impaired resilience of wastewater collection
systems is infiltration and inflow (I/I). I/I (also referred to as extraneous water, parasite
water, etc.) is a common occurrence in sewerage systems and has been extensively reported
in the literature [3].

The unfavorable impacts of excess water have been thoroughly documented by other
authors. In essence, the presence of I/1 within sewerage systems leads to negative financial,
environmental, and social implications. The additional volume of I/I-water decreases
the hydraulic capacity of WCNs [4] and reduces the efficiency of wastewater treatment
processes [5]. In addition, the costs associated with the transportation and treatment of
wastewater have been proven to increase [6,7]. It should be noted that positive aspects of
the phenomenon have been reported as well. Increased wastewater discharge partially
alleviates the risk of degradation of downstream sewer infrastructure caused by blockages,
odor formation, and corrosion processes. Furthermore, WCNs prone to I/1 essentially
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function as drainage systems and provide a means of groundwater level control within
an area [8,9].

In general, I/1 is the sum of groundwater infiltration and surface runoff inflow. The
key difference between these components is that infiltration is usually of a diffuse origin
and occurs through damaged components of the wastewater collection network (WCN).
On the contrary, inflow largely depends on the design of the system and mostly originates
from singular inputs. Possible sources of I/ are summarized in Figure 1.
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Figure 1. Possible sources of infiltration and inflow (modified from [10]).

Methods of investigating 1/I can be classified using different types of criteria. In
general, most of the methods found in the literature serve one of the three purposes:
(1) to identify the presence of I/I within the system, (2) to locate the sources of 1/1, or
(3) to quantify the amount of I/I. A comprehensive description of the available methods
for assessment, including their underlying assumptions and limitations, can be found in
the literature [11,12].

I/I-water expressed in terms of absolute volume (m?3), volume per unit length (m3/km),
or as the portion of total wastewater flow (%) are key performance indicators (KPI) com-
monly used to describe how well the sewerage system serves its intended purpose [13].
Previous research efforts have shown that the share of I/I-water varies between systems
(usually ranging from 10% to 70%) and depends on a multitude of factors such as the
location and the technical state of a given system, weather and hydrogeological condi-
tions during the time of the study, and quantification method used [6,14-20]. In Latvia,
data regarding drinking water and wastewater utilities are annually aggregated by The
Public Utilities Commission (PUC); during the 2016-2020 period, the share of I/I-water
was reported to be between 1% and 74%, with an average of 35% [21]. Albeit useful for
comparison purposes, this data serve little practical use for system operators because of its
limited resolution (a single data point for the whole system per year).

Subsequently, it is impossible to identify problem areas within the WCNs and to
develop cost-effective renovation plans, as it is endorsed in several national planning
documents. It is neither feasible to objectively assess the impacts of previous procurements,
such as the installation of pipe liners or the replacement of manholes and pipes. However,
the publicly-owned portions of the sewerage system are only one aspect of the problem.
Poorly constructed and badly maintained private sewer laterals are often cited as being
a significant contributor towards the total I/I volume. Basic volumetric methods for
the quantification of I/I-water originating from house connections have been developed.
However, these approaches are often unpractical due to the sheer amount of on-site work
required (most imply modifying the hydraulic conditions within the pipelines) [3].

The purpose of the presented study is to investigate the link between the groundwater
level (GWL) and the observed night-time wastewater flows on a sub-catchment scale in
order to highlight the impacts of the poorly built private sewer infrastructure. The study
also aims to assess whether the proposed method can be used in other sewerage systems for
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the analysis of I/I processes and can potentially aid in the development of priority-based
renovation plans.

2. Materials and Methods
2.1. Study Area

Data compiled by the PUC indicate that the share of I/I-water in Jurmala, during
the 2016-2020 period, was between 38.4% and 44.7%. Because of the excessive length of
existing gravity sewer mains (371 km in 2020) and new lines being built (an additional
71 km by the end of 2022), it was necessary to narrow down the area of investigation. The
study was conducted in Kemeri WCN, which serves around 1700 PE and is part of the
Sloka wastewater treatment plant (WWTP) catchment area. This region was chosen on
account of its known operational anomalies; during the night-time, sewage reservoirs in all
pumping stations (PSs) continue to fill up, despite potable water usage stopping.

Kemeri is a suburb located within the city of Jurmala, around 40 km west of Latvia’s
capital Riga. It consists mainly of low-rise residential buildings and green areas: parks,
forests, vacant land plots, etc. The location of the study area is shown in Figure 2.
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Figure 2. Location of the study area (basemap taken from [22]).

In general, Jurmala has distinct seasons with wet periods during autumn and spring,
dry summers, and cold winters. The study was carried out from October 2021 until May
2022, during which time the second wettest winter since 1924 was recorded [23]. Periods of
sub-zero temperatures frequently alternated with stretches of warm weather, which resulted
in multiple rapid snowmelt events and a noticeable increase in total wastewater flow.

As a result of being surrounded by swamps and marshy areas, the groundwater level
(GWL) in Kemeri was noticeably higher than in the rest of the city. Data from depth-to-
water maps suggest that the average groundwater depth (GWD) in Kemeri is 0.50 m [24].
The observed changes in GWD during the time of study are depicted in Figure 3.

The total length of the wastewater collection network (WCN) in Kemeri was 14.467 km.
The greater part of it (approx. 86%) was built less than 20 years ago using PP pipes
(hereinafter, new pipes). The rest of the system (approx. 14%) was constructed in the
1960s and 1970s using mainly reinforced concrete pipes, none of the which have been
renovated or replaced (hereinafter, old pipes). During the time of the study, 100% of the
publicly-owned sewer mains were constantly below the groundwater table.
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Figure 3. GWD variation during the study period.

The wastewater collection system was intended to function as a separate system, yet
it operates similar to a combined system, conveying both domestic sewerage and surface
runoff. During the time of the study, the share of I/I-water on the sub-catchment (SC)
level fluctuated between 24.2% and 74.6%. The results were obtained using the water
balance method (WBM) [19]. Data regarding domestic wastewater discharge volumes
were assumed to match potable water meter readings within the SCs. The results of WBM
calculations are summarized in Figure 4.
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Figure 4. Results of WBM during the study period.

2.2. Sub-Catchment Description

The study area consists of five distinct sub-catchments. SCs 1-3 are situated upstream
of the SC5. Wastewater generated by SC4 and SC5 was pumped further downstream via
parallel force mains. The system layout, as well as the sub-catchment boundaries and
measurement locations, are illustrated in Figure 5.

The characteristics of SCs are summarized in Table 1. During on-site visits, pipes and
sewer appurtenances in SCs 1-3 were assessed to be in good condition; CCTV and visual
inspections did not reveal any substantial damages to any of the WCN components. In
5C4 and SC5, most of the old pipes and manholes were determined to be in bad condition.
During the study, no parts of the system were renovated or replaced.
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Figure 5. Sub-catchment boundaries and WCS layout in Kemeri.
Table 1. Characteristics of the sub-catchments.
— T
SC1 1120.3 0 247 85
SC2 3144.8 0 2.48 60
SC3 2067.1 0 2.72 64
SC4 2486.7 82 2.78 46
SC5 ** 5648.2 31 2.60 58

* Within the context of this publication pipes built before 2000 are called “old”. ** Data do not include
upstream territories.

On average, around 63% of properties are connected to the Kemeri WCN. Because of
the increasing demands of international environmental policies, the local utility is actively
engaged in connecting households to the centralized sewerage system. As a result, the
process of connecting to the WCN has been streamlined and excludes watertightness tests
that are mandatory for sewer mains maintained by the water services provider. According
to data provided by the local utility, the typical depth of the private sewer laterals is
0.70-0.80 m.

2.3. Method to Assess the I/I from Private Sewer Laterals

The impact of private sewer laterals was assessed by grouping the data points based
on groundwater depth. Group I (GWD < 0.75 m) indicates where most of the private sewer
laterals are partially or entirely submerged in groundwater, and group II (GWD > 0.75 m)
indicates where private sewer laterals are above GWL. The results presented in Section 3
regard group 1.

For each sub-catchment, a linear regression analysis was applied between GWL and
wastewater flow. To test the hypothesis that GWL influences wastewater flow, p-values
were calculated. The analysis was carried out using the Descriptive Statistics and Regression
modules of the Data Analysis tool in MS Excel v16.60.

For the regression analysis, minimal wastewater flow data during night-time hours
(from 00:00 a.m. to 06:00 a.m.) and daily GWL values was used. The night-time window
was chosen in accordance with local water supply system data; during the mentioned
hours, potable water usage essentially ceased, hence the sewage discharge is minimal. To
assess the impacts of both seasonal and temporary GWL changes, data were examined
under different weather conditions, including both dry and wet weather events. To record



Water 2022, 14, 2870

6 of 12

rainfall intensity and daily accumulated precipitation, a Kalyx-RG tipping bucket rain
gauge by Campbell Scientific was set up on the PS roof in SC5.

The proposed method acted as the middle ground between system-wide I/1 studies
and in-depth inspections of individual house drains. While it is not possible to quantify
the volume of I/I-water entering the system through faulty house connections using
this approach, a comparison among SCs or system segments can be made. It should be
noted that the results obtained within a certain SC cannot be extrapolated to other areas
without prior consideration of local hydrological conditions and sewerage system attributes.
However, considering that the required data are readily available for most utility operators
(gathered by the SCADA system or published in open access), an extensive analysis can be
carried out relatively quickly. Therefore, the proposed approach has the potential to result
in sizable savings in terms of capital and workforce costs.

2.4. Measuring Equipment

To carry out the regression analysis described in Section 2.3, collection of reliable
wastewater flow and groundwater level data was essential. GWD data was gathered
manually by taking daily measurements in a well within the study area. Wastewater flow
was measured using MACE FloPro XCi flow meter equipped with a combined velocity
and depth sensor designed for use in partially full pipes. The characteristics of the equip-
ment used during the study are outlined in Table 2; measurement locations can be seen
in Figure 5.

Table 2. Characteristics of the measuring equipment used during the study.

Measuring Device Parameter Measured Measurement Accuracy Measurement Frequency
MACE FloPro XCi Flow velocity +1%up to 3.0 m/s Every minute
Flow depth 0.2-1.0% of full scale
Campbell Scientific Rainfall depth +0.2mm Every 5 min
Kalyx-RG Rainfall intensity >98% up to 20 mm/h
Measuring Rod Groundwater level £0.01m Daily

The wastewater flow meter uses the velocity—area principle to calculate the flowrate
Q. Calculations are done using Formula (1) by taking into account average flow velocity
and its cross-sectional area:

Q= Vayg X A, 1)

where:

Q is the flowrate, m3/s;

Vavg is the average flow velocity, m/s;

A is the flow cross-section, m2.

The flow cross-sectional area A is determined by continuously measuring the flow
depth and taking into account the geometrical properties (shape and dimensions) of the
conduit. Depth was measured using a single pressure transducer, placed in the bottom part
of the pipe slightly offset from the invert. To fine-tune the flow depth readings, an offset
value was introduced in the software during the setup process.

The flow velocity was measured using a submerged ultrasonic sensor, which operated
based on the Doppler principle. Per the manufacturers recommendations, the sensors
were installed facing upstream. The measurement frequency was set to 1 min, however, to
smoothen the data series and minimize the impact of instantaneous flow fluctuations, a
sliding average with a period of 5 min was used.

It should be noted that continuous data logging was not possible due to various
environmental factors encountered during the study. Interruptions in the data series were
caused by a build-up of sediment on top of the sensors and excessive humidity within
the sewer atmosphere. Therefore, to obtain reliable data for comparative I/1 studies, it
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is crucial to frequently monitor the state of measuring equipment. In total, 13 days with
abnormal and erroneous data were excluded from the analysis.

Direct flow measurements were taken at the inlet of the Puskina street PS wet-well.
As it has been previously pointed out, the operational limitations of flow measuring
equipment make it difficult to obtain accurate data for smaller drainage areas [25]. In
the case of upstream sub-catchments in Kemeri, during night-time hours the flow depth
did not meet the minimal criteria specified by the sensor manufacturer. Thus, a different
approach was used to determine the wastewater flow. Based on data collected by the
SCADA system, the average flowrate during the pumping cycle was calculated using
the operational volume of the wet-well and the time it takes to fill up the reservoir. The
calculations were done using Formula (2):

Qavg = Ares X (lon — Log) / teinn, ()

where:

Qavg is the flowrate, m3/s;

Aves is the cross-sectional area of the PS wet-well, m?2;

lon is the pump start elevation, m;

logf is the pump stop elevation, m;

tgn is the pump cycle duration, s.

Figure 6 illustrates the method used to calculate the average flowrate during
pump operation.

Pumping station wet-well SCADA data

Operational volume V, m3

v N Cycle duration tfill,'s

_____ >

v Ion’ m

Level, m

w loff, m

|

Time, h
Cross-sectional area A, m?

Figure 6. Schematic illustrating the average flowrate calculation process used in the study.

It should be noted that calculations made using Formula (2) do not account for the
sewage that enters the pumping station during the pump operation. However, in this case,
the pump working time greatly exceeds the time it takes to fill up the reservoir, so the
impact on the overall result can be deemed negligible. The applicability of Formula (2) in
other studies should be evaluated.

3. Results

The main characteristics of WCNs (dimensions, installation depth, land use types, etc.)
among selected territories are similar. However, it should be noted that portions of SC3
and SC5 are situated near a small creek with five crossings in total. As a result, these areas
are more susceptible to surface water inflow during rapid snowmelt events.

To gauge the influence of local hydrological conditions on the performance of selected
WCNes, a linear regression model was created for each of the SCs. The results indicate
a distinct negative correlation between GWD and the observed night-time wastewater
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flows, i.e., if GWL rises, baseflow in the sewer systems increases. The regression analysis
results are summarized in Table 3.

Table 3. The results of the regression analysis between wastewater flow and GWL.

Parameter SC1 SC2 SC3 SC4 SC5
w/o offset w/offset
Correlation coeff. R 0.8189 0.7471 0.8410 0.7698 0.7746 0.7930
Regression coeff. R? 0.6706 0.5582 0.7071 0.5926 0.5544 0.6288
y-intercept 0.4642 0.8165 0.8326 4.3312 5.3769 5.7402
Slope —0.5197 —0.9385 —0.9558 —5.7009 —7.4775 —8.0501
p-value 1.33 x 104 3.74 x 10732 1.15 x 10746 228 x 107 248 x 10723 5.01 x 10728
Count 171 173 173 174 125 124

Because, in all cases, the correlation coefficient was R > 0.70 and regression coefficient
was R? > 0.50, it was possible to use the fitted regression equations to predict the wastewater
flow values for the new observations of GWD. The calculated p-values (<<0.05) indicate that
the observed results are statistically significant thus null hypothesis can be rejected. Based
on the results, it can be concluded that GWL variations influence wastewater flows within
the study area. Data points, their respective regression lines, and regression equations are
shown in Figures 7-9.
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Figure 7. Scatter plots with trendlines and regression equations for SC5: (a) w/o offset; (b) w/offset.
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Figure 9. Scatter plot with trendline and regression equation for SC4.

In the case of SC5, a delay (approx. 1 day) existed between the rise of GWL and
an observable increase in wastewater baseflow. This could be explained by the time it
takes for sewage to reach the PS from the farthest points of upstream SCs. An alternative
regression model was developed considering the time lag; in this case, a stronger correlation
was observed.

A similar situation was observed in other SCs. In Figures 8 and 9, the observations
form two distinct groups: group I with a definite correlation and group II with no apparent
relationship between GWD and wastewater baseflow. For all of the studied SCs, the line of
separation between the mentioned groups can be drawn at GWD 0.75 m, which corresponds
to the typical installation depth of private sewer laterals.

Data points in group II are relatively stable and can be attributed to damage in the
publicly-owned part of the system. The fluctuations in these values can be explained by
the inevitable use of potable water and the subsequent generation of domestic wastewater
during night-time. Thus, it can be reasonably hypothesized that the main culprit of I/1
within the study area is poorly built private sewer laterals and possible local drainage
system connections.

In the case of SC4, minimum wastewater flow during night-time hours was 2-5 times
greater when compared with SCs with new pipes. This observation can be explained
by the fact that the greater part of the network within the mentioned SC was built more
than 50 years ago using lower quality materials that, in turn, are more susceptible to
corrosion damage.

4. Discussion

Limiting the volume of I/I-water that enters the WCN through defective infrastructure
components and faulty connections is one way of increasing the resilience of existing
sewerage systems. The presence of excess water is a definite problem within the Kemeri
WCN. During the study, the share of I/I-water exceeded 30% in all of the studied SCs.
These alarming figures can be attributed to a combination of factors. Old pipes, overdue
maintenance of various infrastructure elements, subpar upkeep of private sewer networks,
incorrectly routed stormwater sewer appurtenances, and drainage system connections are
all likely contributors towards the total I/I volume.

Data compiled by the PUC indicate that the share of I/I-water in Jurmala, during
the 2016-2020 period, was between 38.4% and 44.7% [21]. However, during the time
of the study, the share of I/I-water on a SC scale fluctuated between 24.2% and 74.6%.
Because the main characteristics of the analyzed SCs (potable water use patterns, land use
types, WCN parameters, etc.) are similar, it can be concluded that the proposed approach
can be used for prioritizing problem areas within the WCN and for narrowing down
areas of further interest. This paper presents a simple method for investigating the link
between GWL and wastewater flow during night-time hours. Linear regression analysis
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between the mentioned variables can be a useful tool to identify the potential sources of
diluted wastewater. Although numerous methods for locating I/1 are available, most of
them require extensive use of on-site work or substantial capital investments. Coupled
with the groundwater infiltration potential (GWIP) method [26], this can be a productive
approach for pinpointing exact problem areas within the WCN. By narrowing down the
scope of further investigations, sizable savings in terms of capital and workforce costs can
be achieved.

The results show a distinct correlation between GWL and observed sewer system
baseflow during periods of high groundwater levels. Similar conclusions on a system-wide
scale have been made by other authors [27]. Based on the distribution of the analyzed data
points, it can be hypothesized that the source of the problem is located within the privately-
owned parts of the sewerage system. GWL during winter and early spring corresponds
to the typical installation depth of said components. Private sewer laterals, which are
situated above GWL for most of the year but become partially or fully submerged during
prolonged periods of wet weather, are susceptible to groundwater infiltration through
damaged manholes and pipes.

The volume of infiltrate that originates from house connections is unknown and should,
therefore, be the subject of further investigations. The potential use of other quantification
techniques, such as distributed temperature sensing (DTS), should be considered. The
mentioned approach has previously been successfully applied in catchment areas similar
to Kemeri [28,29]. Factors such as pipe age, piping material, number of manholes were not
considered during the current research project; therefore, further studies should implement
principal component analysis (PCA) as a means of ranking the influence of these factors.

The results obtained during the study represent the situation in Kemeri WCN and
must not be extrapolated to other areas without prior consideration of local hydrological
conditions and sewerage system attributes. Uncertainty in the obtained results can be
caused by the use of SCADA data for average flowrate calculations. However, the choice
regarding the data acquisition method is not critical, considering the objective of the study
is to determine the dominant source of I/I rather than to work out the exact volume of
I/I-water. A similar notion has been previously expressed by other authors [11]. Another
point to consider when evaluating the results is the spatial relation of the GWL monitoring
point and the studied SCs. Based on the relatively flat terrain and the available information
regarding soil composition within the study area, the hydrological properties (consequently
GWL) were assumed to remain constant throughout the SCs. To gain an outlook on
I/1 processes within other SCs in Jurmala, expansion of the GWL monitoring network
is necessary.

Considering that sewer system overflows did not occur during the study period, it
can be said that the presence of excess water in Kemeri WCN has financial implications.
The problem could be partially solved by implementing water tightness requirements for
private sewer laterals into national legislation, and enforcing them on a municipal level
through comprehensive testing of home connections before acceptance into operation. The
amount of excess water that can be eliminated through comprehensive testing of new
connections should be examined for each SC separately. Another point of contention is the
current state of existing house connections, which are outside the maintenance boundaries
set by the local utility and are thus not included in the WCN renovation plans.

In the case of Kemeri, the potential remediation strategies for minimizing I/I should
include upgrades to the existing drainage systems. As it has been previously pointed
out [8], the elimination of I/I will inevitably elevate the groundwater table, which in turn
will result in flooding of depressed territories. The positive impacts of 1/1 (additional
flushing, decrease in odors, and corrosion), as well as cost of procurements, should be
taken into account when setting I/1 reduction goals.
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5. Conclusions

In the presented study, the use of linear regression analysis between GWL and wastew-
ater baseflow to predict the likely sources of excess water was considered and analyzed in
multiple SCs in Jurmala, Latvia. For this purpose, continuous logging of wastewater flow
and daily measurements of GWL were carried out.

The results show a distinct correlation between GWD and observed night-time wastew-
ater flows during periods of high groundwater tables. Based on the observation that the
increase of wastewater baseflow occurred when private sewer laterals were partially or
entirely underwater, it is reasonable to hypothesize that the main sources of I/I were
located within the privately-owned parts of the sewerage system. However, to accurately
quantify the volume of excess water originating from house connections, the use of more
sophisticated methods (such as DTS) should be considered.

This method has shown robustness even in relatively small drainage areas. Coupled
with the groundwater infiltration potential (GWIP) method, this can be a productive
approach for pinpointing exact problem areas within the WCN and narrowing down the
scope of further investigations.

The results of this study highlight the impact of poorly built private sewer laterals on
the overall resilience of a centralized sewerage system. I/l investigation is a demanding and
time-consuming endeavor, but can provide invaluable insights into the current state of the
system. The results obtained during such activities can aid system operators and decision-
makers in setting the order of renovations. The development of cost-effective procurements
is a crucial part of sewer infrastructure asset management, as well as sustainable urban
water management.
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