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Abstract

Extreme weather events caused by climate change are becoming more frequent all across the
world, particularly in the Northern Hemisphere, where these events manifest themselves as
more severe or long-lasting rainfalls. Because the typical response, infrastructure
refurbishment, is costly and time consuming, it is necessary to develop and implement
alternative, more resource efficient, stormwater management methods. The methods must
benefit both the urbanites as well as the natural environment, but they must be grounded on
a comparative examination of alternatives.

The purpose of this paper is to evaluate the trade-offs between several stormwater control
strategies in the context of climate change, such as no intervention, water quality-based
intervention, water quantity-based intervention, and a combined approach. Each of the
aforementioned approaches is considered to have intrinsic advantages and disadvantages that
should be examined and quantified. Analysis of these trade-offs is critical because it provides
some insight into the feasibility of implementing various stormwater management strategies
for protecting the environment.

The SWMM software was used to analyse the various scenarios, and the model was built using
data from multiple national databases as well as data sets provided by the Municipality of
Viimsi in Estonia.

This study confirmed that water quality protection can be prioritized even in densely
populated areas without jeopardizing citizens’ well-being or causing unnecessary floods. This
can be accomplished even with simple rule-based control if the necessary hardware, such as
sensors and flow devices for digitalizing and combining inter-linking stormwater
infrastructure are installed on-site. Through the SWMM simulations it was determined that
digitalization of the stormwater solutions allows for a 30-92% reduction in flow, and
consequently a 50-90% reduction in pollution load entering the Baltic Sea.
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1 INTRODUCTION

In recent years various agencies, consultancies, and international organizations have produced a
plethora of reports covering the state of global water infrastructure [1, 2, 3]. Despite the fact that
these documents have been composed by different organizations, they all have come to the same
conclusion: globally there exists a massive infrastructure investment gap (drinking water,
wastewater, and stormwater systems), which according to the Global Infrastructure Outlook (A
G20 Initiative) could be worth up to $700 billion [1]. The bulk of this money is required to replace
outdated pipes, pumps, storage facilities, and ensure the proper operation of sewage and
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stormwater treatment facilities, and thus protect the people and environment from the harmful
effects of floods and pollution. If this growing investment gap is not bridged, then in the future,
the reliability of water infrastructure shall decrease, and the frequency of emergencies caused by
the infrastructure breaks and failures shall increase and the effects of these malfunctions may
cascade and cause wide scale and severe disruptions in the urban environment.

Undoing the effects of years of chronic underfunding in the water sector is a challenging task,
particularly if the goal is to bridge the gap without jeopardizing stakeholders’ long-term financial
stability. Achieving such a goal requires deliberate planning and foresight, as well as a shift in
stakeholder engagement. It is necessary to change the way that we think about, organize, and
manage stormwater, our urban environments and infrastructure [4]. Today’s typical stormwater
management solution is technical, relying on a network of engineered systems, however, such
systems are designed for specific scenarios and modifying or refurbishing such systems in
response to climate change is costly and time-consuming. A good attempt for reconciling these
inherent weaknesses is done through the implementation of nature-based solutions. These
systems, although requiring extensive planning and large initial investments may offer significant
long-term benefits through increasing the resiliency of the urban environments to climatic
fluctuations [5]. A plausible approach for leveraging the strengths and weaknesses of technical
and natural systems is digitalization as it may allow to further reduce the volume of required
infrastructure investments, lower the long-term operating and maintenance costs, and improve
the provision of environmental and climate services. Overall, these hybrid systems are expected
to be superior in every aspect in comparison to the individual systems as they enhance the
strengths of individual systems by mitigating the weaknesses of them. Thus, these systems
provide improved capacity to attenuate, buffer, retain, treat, and route stormwater flow and they
are seemingly an adequate solution for future proofing the urban environment in face of climate
change [6, 7].

Finding an optimal stormwater management solution requires balancing three objectives: cost
(energy consumption, land use, construction, maintenance, rehabilitation, future proofing related
to climate change), stormwater quantity and stormwater quality. It is necessary to strike a balance
between these objectives while accounting for model-related uncertainties (stochastic or
deterministic models) and the type of infrastructure on site (e.g., combined sewers or separate
sewers) [8]. Many researchers have investigated the digitalization of stormwater systems and the
various control approaches for their management and the control approaches have fallen broadly
into two categories: static and dynamic [8. 9, 10, 11, 12]. Both of these approaches can be
implemented for either the goal of stormwater quantity or stormwater quality management. The
quantity-based approach typically focuses on the prevention of flooding and reduction of
combined sewer overflow events through the control of runoff, and the quality-based approach
typically focuses on pollutant reduction through the manipulation of hydraulic retention time and
limiting the first flush effect. These approaches, however, are not inseparable from one another,
as for example managing water quantity through peak reduction may also improve the water
quality, however, it is typically not the primary goal of such approach.

Dynamic control in hybrid stormwater systems has long been regarded as an appealing
stormwater management approach, however, its viability has so far been limited due to a lack of
appropriate technologies and/or large costs associated with implementing the solutions [8, 9, 13].
The development of increasingly reliable, accurate, and low-cost sensors, along with
advancements in data storage, processing, and transfer technologies has enabled concepts such
as internet of things (IoT) to emerge, which has enabled the development of large-scale,
decentralized solutions. Another catalyst for the widespread application of dynamic systems is
the increase in the availability of off-grid solutions as their costs have dwindled and their energy
production and storage capacities have increased [14, 15]. The primary advantage of a dynamic
system over a static system is its efficiency in responding to a variety of highly stochastic and time
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critical environmental conditions. Although dynamic systems are considered to be more
beneficial, they are not without their shortcomings as they are typically very complex, data
intensive and costly to set up and maintain [11, 16].

The advent IoT solutions, the dwindling sensor and off-grid solution costs, and an annual increase
in the body of knowledge on stormwater quality and quantity aspects gradually prepare us for the
transition from static to dynamic systems. The purpose of this study was to determine the
feasibility of implementing various stormwater management strategies on a small scale at a site
in Viimsi Parish, Estonia. The research used SWMM modelling software and looked at the viability
of three different control strategies: quality-based control, quantity-based control, and a
combined control approach, as well as their viability in various climate scenarios.

2 MATERIAL AND METHODS

2.1 Data and modelling environment

The first step of any modelling task is to define the minimum data accuracy and requirements. The
data requirements for the given study can be divided into three categories:

e Information needed to define the design storm and climate scenarios.
e Information needed for water quantity modelling.
e Information needed for water quality modelling.

Modelling software

SWMM was chosen as the modelling software because it is open source and it has a large user base
in the scientific community, and it can simulate changes in both water quality and quantity. The
input file was generated by utilizing GIStoSWMMS5 [17], this tool required the preparation of 23
input files composed of data on the atmospheric, land surface, sub-surface, and conveyance
compartment, and running them concurrently as a batch file. Although not all data had to be
detailed, it was necessary to provide as much information as possible for at least the following:
physical characteristics of the existing stormwater system, rainfall characteristics, elevation, land
use, and flow directions, in order to create a model with a high level of utility. High utility in the
context of modelling refers to a model that is as accurate as possible in terms of the interactions
between flow routes, sub-catchments, and the stormwater network.

Digital Elevation and Land use data

The majority of the data needed to create the input files was obtained through consultations with
Viimsi Municipality and various open-source databases in Estonia. The Municipality contributed
the stormwater infrastructure data, which included historical geodetic surveys, as-built projects,
and other digitalized data.

The Estonian Land Board website was used to obtain land use and elevation data (5x5 m
resolution) [18]. The land use data was composed of various layers, such as waterbodies,
buildings, green areas, roads and many more, and it was used to define the percentage of
imperviousness of sub catchments. The elevation data was processed with an open-source
toolbox TauDEM [19, 20] in ArcMap, as a result the shape, slope, area, and width of each catchment
was obtained, and this information was used to create the flow direction file (.dir). The direction
file was one of the main files required for running GIStoSWMMS5 tool [17].

Water quality model and data requirements

Total suspended solids (TSS) were chosen as a proxy for stormwater quality estimation. TSS was
chosen because it has been found to be frequently associated with several known contaminants,
including metals (Cu, Cd, Zn, Pb, Cr, As, Ni), nutrients, persistent organic pollutants, and petroleum
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hydrocarbons, and thus it is frequently regarded as one of the main routes of contaminant
transmission into urban waterbodies. Thus, TSS may be considered a source of concern for long-
term human and ecological well-being. The risks related to suspended solids bound fraction of
metals/metalloids are primarily related to the potential for phase shift into more bioavailable
forms, resulting in chronic toxicity [12, 21, 22, 23, 24].

Another important factor in selecting TSS as a proxy for water quality status is its frequently
discovered relationship with water turbidity, which is a parameter that can be monitored in situ
in real time [21, 24, 25]. Because the TSS load reaching the waterbody is frequently linked to
hydraulic retention time, time was chosen as a water quality control parameter. The modelling
goal was to keep the water in the system as long as possible in order to limit the amount of TSS
reaching the outfall and thus limit the export of pollutants from the urban environment to the
aquatic environment. According to Gaborit et. al. 20 hours of hydraulic retention time is sufficient
for approximately 50% of TSS removal and 40 hours of hydraulic retention time is sufficient for
about 90% of TSS removal [26].

Another important factor in water quality was the point of occurrence of pollutant transport.
According to the general body of literature, the pollution load is typically limited by the
accumulation of contaminants from the previous dry days, and they are mobilized by the kinetic
energy of rain drops and the turbulence created by stormwater runoff [27]. A common
phenomenon observed in stormwater quality measurements is first flush, which occurred within
the first 30 minutes at a nearby site in Estonia and ended up flushing at least 50% of pollutant
load. A unitless concentration-volume curve represents this relationship (Figure 1).

Figure 1 Pollutant concentration curve (unitless)

The authors anticipate that by retaining stormwater at appropriate times, it will be possible to
reduce the amount of pollutant load entering the Baltic Sea during storm event while also reducing
the number of storage units and thus the amount of money spent on water quality management.

2.2 Design storm and climate scenarios

The design storm is the acceptable hazard threshold for stormwater systems. This rigid,
frequency-based approach (e.g., based on the probability of the occurrence of a 1-in-10-year event
or 1-in-100-year event occurring) assumes that climate is stationary, and it is heavily reliant on
the accuracy of the previously collected rainfall data. However, it is now widely accepted that our
climate is constantly changing, and the intensity and the variability of climate hazards is
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increasing. This means that the past may no longer be representative of the future and a large part
of our previously designed infrastructure may become overwhelmed. To offset the uncertainties
related to the futureproof design of stormwater infrastructure it is necessary to emulate the effect
of various climate scenarios on the stormwater infrastructure [28].

A design rainfall suggested by Estonian Design Standard (EVS848:2021) [29] with a return period
of 10 years was used to build the NULL scenario of the rainfall. This was achieved by utilizing the
following equation (1):

b
aP (1)
tC

qs =

Where qs refers to average rainfall intensity (mm/h), t refers to the duration of the rainfall (in
minutes), P refers to the return period (years) and b, ¢ are empirical factors which depend on the
location of the site (a= 325.7, b = 0.324, c = 0.77). Following the aforementioned formula an
average precipitation intensity of 68.24 mm/h was calculated.

The runoff distribution acquired from outfall flow measurements was utilized to distribute the
calculated average precipitation across a synthetic rainfall event of two hours. Thus, the total
precipitation was assumed to be 136.48 mm over two hours and the distribution time step was 5
minutes. The distribution may be seen under the Null Scenario in Figure 2.

The NULL Scenario was then adjusted to account for climate change related precipitation increase
by implementing the IPCC’s Representative Concentration Pathway (RCP) methodology. Two
alternative scenarios were chosen - RCP4.5 (intermediate scenario) and RCP8.5 (worst case
scenario). In their report [30], the Estonian Environmental Agency translated the RCP
methodology for Estonian climatic conditions and found that RCP4.5 forecasts an increase of
rainfall intensity by 30% from the baseline conditions (approximately 88.72 mm/h) and RCP8.5
forecasts an increase of 80% from the baseline conditions (approximately 122.84 mm/h). The
RCP4.5 and RCP8.5 scenarios are represented on the same hyetograph as the Null scenario (Figure
2).

Figure 2 Design rain intensity
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2.3 Pilot site description

The study site is located in Viimsi Parish, northeast of Tallinn, on the Viimsi Peninsula. The climate
in this area is considered to be temperate and mild and characterized by warm summers and cold
winters. The average summer temperature is about 20 °C and in the winter about -8°C and the
average yearly precipitation is about 700 mm [31]. The municipality is regarded as one of the
fastest developing areas, and it is actively seeking opportunities to mitigate the negative effects of
development, such as increased runoff and deterioration of stormwater quality. The deterioration
of stormwater quality is expected to contribute to further deterioration of Baltic Sea water quality
and the emergence of potential health hazards for residents who use the Haabneeme Beach for
recreational purposes. The study site size is approximately 271 ha, and it is composed of large
chunks of green areas, such as Laidoner Park and Haabneeme-Klindiastangu landscape protection
area and some still un-developed land parcels near the urban centre. The Parish also has all of the
typical land use types that are commonly in the city, such as residential areas, as well as
commercial, industrial, and recreational space.

The stormwater infrastructure at the study site is currently a mix of typical structural (pipes,
culverts, and manholes) and non-structural (ditches, detention ponds) infrastructure, and there
is no capacity to control this system. The total length of the system is about 57214 meters, with
non-structural infrastructure accounting for 18% of it and structural infrastructure about 82% of
it. Plans are in place to augment this system with modern technologies such as sensors, weirs, and
actuators in the future to enable control. However, there is currently no preliminary assessment
of the optimal placement and potential catchment scale effects of using these devices. Figure 3
depicts an overview of the site.

© naey Boea Maz
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Figure 3 SWMM model of the study site

2.4 Identifying control locations

The proper placement of inundations is critical for stormwater quality and quantity control
because it can increase the efficiency of the control system while significantly reducing potential
economic, environmental, and health hazards. There are several methodologies for selecting
control sites [e.g., 8, 32], but these are beyond the scope of this paper.
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A typical dynamic stormwater management system is composed of the following hardware:
sensors, actuators, power supply, data storage and transfer technology, and a shut-off device, such
as a weir or an orifice. All of this hardware as well as local conditions, such as the slope, inundation
capacity and regulatory constraints, impose concrete limitations on the placement of control
devices. In this study the most appropriate locations were identified based on the following
criteria: possibility of electrification to avoid data loss, ease of access for the maintenance crew,
and no backflow is caused by the inundation (only controlled floods are allowed). Figure 4 depicts
the final locations chosen based on these criteria.

Figure 4 Points of inundation (red lines)

2.5 Control strategies

The points shown in Figure 4 were chosen for stormwater system control as they matched the
expectations of the Municipality and were relatively important from an engineering perspective.
The control points were relatively spacious (pond around 250 m3 and ditch around 350 m3),
assuming that the water level at both of the waterbodies is at 0,5 meters. If the total depth is to be
considered, then the inundation capacity would increase by about 2-3 times.

SWMM model was used to confirm the suitability of the chosen sites and to determine their actual
maximal retention capacity. The modelling compared the following control strategies:

e Option 1: NULL scenario; no control was imposed, and the catchment behaviour was
simulated during design rainfalls of varying intensities. Capacity of the infrastructure to
withstand intense rainfall events was assessed.

e Option 2: Quantity based scenario; controls were imposed based on water quantity - the
priority was to avoid flooding at all costs. Maximum extent of local flooding was compared
with the capacity of the foreseen inundations.

e Option 3: Quality based scenario; controls were imposed based on water quality and it
was assumed that 40 hours of water retention is sufficient to provide at least 90% of TSS
reduction in the outfall.
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e Option 4: Combined scenario; both water quality and quantity were assessed, the goal was
to retain as much water as possible, while keeping the pollutant load (TSS) as low as
possible. It was assumed that 20 hours of water retention is sufficient to provide at least
50% of TSS reduction in the outfall.

The control logic is shown in Figure 5.

Capacity of
low-lying
nodes Shut all Shut all Shut all
Empty valves valves valves
[—
Capacity of Full
low-lying Retain as
pipes Retain water Observe much water
for40h water levels as is needed
at the nodes to avoiding
Status of S flooding
orifices
Closed Retain as
much water Observe
z as is needed water levels
m to avoiding at the nodes
rain flooding
Release
water after Open valves
the end of as needed to
rain event retain as
much water
|las possible in|
the system
for20h

Figure 5 Control Scheme
3 RESULTS AND DISCUSSION

Several rainfall scenarios were simulated to assess their impact on the performance of Viimsi’s
stormwater system, and controls were designed to implement various stormwater management
scenarios, including water quality-based, water quantity-based, and combined. These scenarios
were compared using a 2-hour rain event as a baseline, without considering the effect of
consecutive rainfalls.

Because the stormwater system is not a hypothetical one, the emphasis was on utilizing the
existing space within the system and the environment as a means to increase the hydraulic
retention time of the system. It was assumed that increasing retention time would help to restore
the natural hydrological cycle (through increasing infiltration, evaporation, groundwater
recharge) and improve water quality (through increasing sedimentation, biotic degradation, and
physico-chemical transformations). The stormwater system as a whole was found to be quite well
designed, as the 2-year rainfalls did not cause any flooding within the catchment area, even when
accounting for climate change scenarios RCP4.5 and RCP8.5, which predict 30% and 80% increase
in rainfall intensity. As a result, the resiliency of the stormwater system had to be further tested
with rainfalls of various return periods, such as 5-years and 10-years, which were also adjusted
in accordance with the aforementioned climate scenarios.

2022, Universitat Politécnica de Valéncia

2nd WDSA/CCWI Joint Conference 76



Suits et al. (2022)

The 10-year return period scenario (RCP8.5) was chosen as the scenario for further modelling
because it had the greatest impact on the stormwater system performance. The model was
initially run without any interventions to determine the behaviour of the system at the critical
nodes and links, as well as the total volume of water leaving the catchment via the outfall. The
baseline scenario, in which no control was implemented, predicted that a 2-hour storm event with
a rainfall intensity of 122 mm/h would result in 3652 m3 of stormwater reaching the Baltic Sea.
Because such a scenario lacks controls, it was assumed that significant improvements could be
made with minor adjustments.

The first approach aimed to reduce the volume of water reaching the Baltic Sea while avoiding
flooding in the urban areas. Similarly, to water quality-based management, orifices were added at
critical nodes and links of the system. During the simulation it was monitored that the capacity of
the system’s nodes was not exceeded. The exceedance of capacity of the nodes refers to avoidance
of floods of the manholes and maintaining the fill of pipes below 0.8. The quantity-based control
demonstrated that by controlling the water level at a few key nodes, the volume of water reaching
the Baltic Sea could be reduced by about 30%. Overflows were used in this approach to avoid
flooding while still utilizing the system’s full capacity. In this case, approximately 2563 m3 of
stormwater was discovered to make its way to the outfall. Because the purpose of this scenario
was not water quality control, the system was emptied as soon as the rainfall event ended.

The second scenario tested on the system was centred on water quality, with the goal of reducing
the pollutantload reaching the Baltic Sea by increasing the volume of water retained in the system.
It was assumed that at least 40 hours hydraulic retention time would suffice to reduce total
suspended solids (TSS) load by approximately 90%. It was determined that by simply maximizing
the utilization of capacity of the existing stormwater pond, pipelines, and ditches within the
catchment by installing orifices in key locations and implementing a simple rule-based control
that focused on retention time and ignored the occurrence of floods in the urban environment, the
volume of water reaching the Baltic Sea could be reduced by about 92%. Only 279 m3 of
stormwater reaches the Baltic Sea in this case. This method ignored the effect of multiple
sequential rainfall events, and the authors acknowledge that significant flooding may occur if a
rainfall even of sufficient intensity and/or total volume occurs.

The third scenario (Figure 6) was a hybrid scenario that aimed to reduce both the volume of water
reaching the Baltic Sea and improve the runoff water quality. The results were obtained by
implementing both time-based control for capturing first flush, observing water level at key nodes
and links, and attempting to keep the stormwater within the system for approximately 20 hours
in total to achieve a 50% reduction in TSS load. Overflows were extensively used in this approach,
resulting in 43% reduction in stormwater volume reaching the Baltic Sea. The estimated total
volume reaching the outlet was about 2092 m3.
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Figure 6 Snip of the model (combined scenario)

An overview of the results may be seen in Table 2 and the dynamics of the outfall are presented
in Figures 7, 8, 9, 10.

Table 1 Control results

Baseline Water quantity Water quality Combined
scenario

Total volume | 3652 2563 279 2092

of runoff (m3)

Reduction (%) | - 30 92 43

Max flow (1/s) | 285.72 455.58 28.83 202.97

Min flow (1/s) | 58.54 202.97 3.79 32.73

£

}

Erepsed Tima (o)

Figure 7 Baseline scenario (no control)
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Figure 10 Combined control scenario

This simulation demonstrated that even small-scale interventions can reduce the total volume of
polluted water reaching the Baltic Sea, as well as optimize the use of the existing stormwater
system and the urban environment, avoiding costly investments in various stormwater
infrastructure such as tanks, pipes, and pumping stations, and limiting the energy spent on water
pumping. In our case, system digitalization enable us to create 1089 to 3373 m3 of relatively low-
cost storage space. The capacity of the entire stormwater network is even greater, so further
system adjustments in appropriate locations promise to increase utilization of the system'’s free

capacity even further.

This work was only a preliminary assessment of the potential for digitalization of stormwater
systems in Viimsi, Estonia. Further steps will be taken in the future to assess the feasibility and
practicability of this approach. Simple rule-based control could be expanded by increasing the
number of control nodes and links to which various terms are assigned, as well as water quality
measurements and modelling could be undertaken to confirm the TSS reduction. The water
quality-based control could aim to keep the TSS load at the outfall below 35 mg/1 by regulating
and slowing the flow and allowing enough time for sedimentation to occur. A criterion of keeping
the node and link capacity below a certain threshold value (e.g., 0.8) could be tested in the case of
the links. These tests could begin with rule-based control and then be expanded to include
proportional-integral-derivative (PID) and even model-predictive controls (MPC). Furthermore,
a concept of traffic data-based stormwater management could be explored, in which a rule is
added to the control algorithm, that some sites within the urban environment can be used as extra
storage space if the data indicates a low volume of movement through the area at certain times of

the day.

4 CONCLUSIONS

The study case based on the Viimsi Parish urban drainage system (UDS) successfully
demonstrated how, by installing sensors and orifices and implementing RTC (even simple rule
based), it is possible to significantly improve the operation of a stormwater system. The
investigation revealed that all types of control strategies allow for a closer relationship to the
natural hydrological cycle by retaining water in the system and reducing the volume of water
released into the Baltic Sea. It also revealed that stormwater management focused on water
quality is feasible; however, caution must be exercised in terms of observing rainfall events -
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various scenarios should be preliminarily investigated, and proper overflows should be installed
to avoid extreme flooding events in the system. An optimal solution appeared to be a combined
solution that seeks to extend the retention period while avoiding floods; this is also the approach
that was deemed to have the most potential for optimization, but this is a matter future research.
In any case, there are trade-offs between various scenarios, and the suitability of a control solution
is heavily dependent on the characteristics of the site - such as the availability of space, the size
and goodness of design of the existing stormwater system, the topography of the area, and the
percentage of impervious area on site.

Replicating this assessment of the stormwater system with rainfalls of different return periods
and for different climate conditions is a promising first step toward further developing a more
complex control logic for a stormwater system of a particular catchment. So far, the results
indicate that realizing RTC may help to create a triple bottom line, this is accomplished through i)
reducing the need for additional infrastructure investments by better utilizing the existing
system'’s capacity, ii) reducing the risk of urban flooding, and iii) significantly improving water
quality.

This research confirmed that even a densely populated catchment may be improved so that water
quality protection is prioritized without jeopardizing citizens’ well-being or causing unnecessary
floods. In order to achieve this water levels at the most critical nodes must be monitored and the
most low-impact sites for inundation must be identified. It was also observed that RTC has the
potential to realize the benefits even in future conditions, where rainfall intensity may increase
by 30% (RCP4.5) or by 80% (RCP8.5).
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