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Abstract: Unresourceful usage of rainwater continues to be a serious problem as this type of natural
resource is still treated as wastewater that most often ends up directly in the sewer system. The aim of
the article is to present a concept of sustainable rainwater management within a completed housing
estate in Cracow (Poland). Sustainable solutions are proposed, such as rain gardens, soakaways,
permeable surfaces, and infiltration boxes, limiting the surface runoff, feasible for implementation
in an existing development. Their efficacy was shown by estimating the runoff reduction and two
financial assessments: (1) the required investment costs converted to costs per 1 m2 of residential area
and as per 1 household, and (2) the assessment of financial profitability by the rate of return and the
payback period, which are the basic tool for making decisions by potential investors: developers and
residents. On the cost side, investment costs are included, and on the benefit side, savings resulting
from the reduction of national and municipal rainwater fees. The analysis also aims to examine the
incentive nature of these fees. National rainwater drainage fees, which have been introduced to
encourage rainwater retention, have low non-incentive rates and the potential benefits of reducing
them maybe around 1% of investment capital, which gives a payback period of almost 100 years.
Higher rates of municipal fees are more motivating for investors; the proposed concept of rainwater
management can potentially bring savings of around 9% (rate of return), and investment can be
recovered within 12 years.

Keywords: rainwater management; green infrastructure; rainwater fees; rate of return; payback
period; financial feasibility

1. Introduction

Rainwater management poses a great challenge to the urbanized areas in a large number of Polish
cities. The engineering solutions applied to date, based on rainwater collection and drainage via
combined and separate sewer systems, prove to be ineffective with the current rapid urbanization
resulting in the limited green area and the increase of unfavorable weather events—torrential rains
and cloudbursts [1,2]. Modern approaches to rainwater management are based on the restoration or
preservation of the existing green areas capable of rainwater infiltration as well as solutions allowing
runoff retention and/or its delay. Besides the idea of reducing the negative, i.e., rapid and high-volume
runoff, great is attached to the aspect of rainwater quality and emphasize great social and ecological
benefits additionally resulting from this kind of solution [3–5]. Modern rainwater management
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solutions in urbanized areas, e.g., natural and artificial retention, green areas, natural watercourses
and wetlands, green roofs and green walls, swales, green infiltration trenches, and rain gardens,
offer benefits recognized as public welfare in terms of climate change mitigation (reducing the urban
heat island effect and temperature, increasing humidity and infiltration, improving soil properties,
increasing groundwater recharge, reducing runoff and air pollution, etc.). They also contribute to
increased coverage of green and recreational areas, as well as increased biodiversity within urban areas
which, overall, improves both residents’ quality of life and the condition of the urban ecosystems [6–12].

The first ideas and alternative concepts to the typical approaches to rainwater drainage appeared in the
1980s and 1990s. With naming variations, they appeared all over all continents: in the USA—Low Impact
Development (LID), Green Infrastructure (GI), Best Management Practices (BMPs); in Australia—WSUD
Water Sensitive Urban Design; United Kingdom—SUDS/SuDS Sustainable urban drainage systems;
France—Alternative techniques (ATs) [3,13].

The Low Impact Development concept is based around the idea of the hydrological regime
maintenance and restoration through designing landscape and development, which imitate the natural
hydrological processes, such as infiltration, runoff, or evapotranspiration [13–16]. This is implemented
by a wide range of practices in terms of runoff volume and water quality management. The more LID
techniques are integrated with the natural landscape, the better their capability of imitating the natural
processes related to the natural hydrological cycle [3,17–19].

Sustainable Urban Drainage Systems (SUDS) are rainwater management systems allowing the
reduction of the negative impact of urbanization on surface water management. The aim of SUDS
is, similarly to the LID concept, imitating the natural environmental processes to the greatest extent
possible in terms of rainwater retention. SUDS aim to manage rainwater in a similar fashion to the
natural processes in order to control the rainwater flow and volume, preventing or reducing the
unwanted impurities to the groundwater. Natural vegetation, including trees, helps reduce surface
runoff and its contamination, facilitates infiltration, enhances the evapotranspiration, and reduces the
urban heat island effect [20]. The solutions proposed by SUDS take a holistic approach toward the
environment of a human, aiming at maximum economical, ecological, and social gains [3,21–23].

Water-Sensitive Urban Design (WSUD) is a concept focused on appropriate rainwater management
in order to utilize the valuable resources of water and reduce the damage done to the natural environment
through the process of urbanization in the city [24–27]. In a wider sense, WSUD encompasses all
aspects of the integrated management of the urban water cycle, including rainwater storage and
recycling as well as sewage and their utilization as an additional water resource (unfit for human
consumption) [3,24,28]. This concept aims to reduce the urbanization impact on the natural cycle
of water, and its principles can be applied in terms of a single building as well as a whole housing
estate [3,24,28–31].

The above brief summary of the key concepts shows that they share a common vision, namely
a holistic approach to spatial planning and development that interferes with the natural environment to
the least possible extent while reducing the negative impact of building development on the ecosystem
functioning. These concepts consist of solving the problem of rainwater management as well as other
local environmental challenges while promoting applying solutions based on natural environment
processes [13,32–34].

Appropriate selection of LID solutions is an important problem in designing rainwater
management systems because both individual techniques and their combinations have a different
impact on reducing the quantity and quality of runoff [35]. The assessment of their effectiveness is
based on the estimation of runoff reduction or the amount of water that can be harvested [36–38], and
hydraulic modeling [14,35,39,40] or advanced modeling of individual processes such as infiltration [41]
or evapotranspiration [42]. LID techniques have a diverse impact not only on economic costs and
benefits but also on difficult to assess social and ecological costs and benefits. Various approaches
are also proposed that take into account integrated assessments: hydro-modeling coupled with
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an economic analysis, e.g., life cycle analysis [43–46], cost–benefit analysis [47], analytic hierarchy
process (AHP) [19,48–50], or create decision support systems with the optimization algorithm [49,51–54].

In Poland, the document that is supposed to have an impact on increasing catchment retention
in urban areas is the new Water Law Act 2017. The premise of the new regulations and the financial
instruments included in the act was to encourage introducing changes to the existing systems of
rainwater and meltwater drainage to such extent that the increased ground retention and the rainwater
usage degree led, in consequence, to decreased pressure on the aquatic ecosystem and contributed to
sustainable management of these waters in the city.

The aim of the calculations presented in the article is to illustrate the concept of sustainable
rainwater management within a selected completed housing estate in Cracow (Poland). The analyzed
housing estate is located in Cracow (southern Poland) and includes 16 multiple-family residential
buildings, with the surface of the analysis of over 2.4 ha. The estate development indicates a high
degree of catchment surface sealing. In relation to the existing and the proposed solutions, a quantity
assessment was done based on estimating a change in the average annual surface runoff. The devices
chosen considered the existing development and relatively inexpensive green infrastructure solutions
were introduced, which are supposed to support the functioning of the current drainage—the sewer
system. The devices were dimensioned in accordance with the applicable Polish regulations by
calculating the design rainfall recommended for designing drainage systems. The proposed concept
will allow for sensible use of rainwater at its location, thus reducing the runoff and, at the same
time, the volume of water reaching the nearby Sudół stream. Additionally, an economic analysis
was done for the adopted green infrastructure solutions, which includes three assessments aiming at
proving their economical profitability as well as determining the effectiveness of incentive-based role
of financial instruments, rainwater drainage fees and rainwater municipal rates.

2. Research Methodology

2.1. An Assessment of the Changes in the Development on the Runoff Volume

In order to assess generally the impact of changes in development on the volume of runoff, it is
necessary to calculate the average annual runoff based on average precipitation in form of:

Qsp = ψ × F × P (1)

where:

Qsp—runoff volume from a given area (m3/year),
ψ—runoff coefficient,
F—surface of the analyzed area (m2),
P—average annual rainfall (mm/year).

Safe dimensioning of rainwater management systems means designing a system with sufficient
volume and capacity for maximum rainwater streams with a frequency equal to the permissible
(socially acceptable) frequency of sewer flooding. Designing of devices is carried out on the basis of real
extreme rainfall or maximum characteristic rainfall developed on the basis of historical precipitation
analysis. The parameters of maximum rainfall for the needs of design are specified in the guidelines for
design. In Poland, the European standard for designing elements of a drainage system, and especially
rainwater drainage (sewer system), was adopted in 2017 [55,56]. In accordance with the standard it is
necessary to establish the following design maximum rainfall parameters [55]:

• occurrence probability p expressed in percentage or return period c expressed in years;
• duration t expressed in minutes;
• intensity expressed in mm/min or in dm3/(ha·s);
• surface areas and runoff coefficients for surfaces covering the analyzed area.
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The probability and frequency parameters of the design rainfall were assumed in accordance with
the Polish norm, whose contents are presented in Table 1.

Table 1. Examples of design sewer flooding criteria and acceptable frequencies of flooding from sewers
according to Reference [55].

Impact Example Locations
Examples of Design Sewer Flooding

Frequency

Return Period c
(years)

Probability of
Exceeding in any

1 Year p (%)

Very low Roads or open spaces away from buildings 1 100
Low Agricultural land 2 50

Low to medium Open spaces used for public amenity 3 33
Medium Roads or open spaces adjacent to buildings 5 20

Medium to high Flooding in occupied buildings excluding
basements 10 10

High Deep flooding in occupied basements or
road underpasses 30 3

Very high Critical infrastructure 50 2

The design maximum rainfall depth was determined by applying the method of Bogdanowicz
and Stachý developed on the basis of nationwide precipitation measurements from 1960 to 1990
at 20 meteorological stations of the Institute of Meteorology and Water Management. Analyses
included an elaboration of regional Depth-Duration-Frequency (DDF) curves in a form of equations
for calculation of the maximum rainfall depth in a given duration and for a chosen probability of
occurrence. The proposed formula allows for calculating the maximum rainfall depth in the territory
of Poland. The method is commonly used in rainwater management analyses and recommended in
guidelines for designers—also by the Kraków Waterworks [57–60]. In Bogdanowicz–Stachy method
design, the rainfall depth Pmax(t, p) (mm) of a duration (t) and an occurrence probability (p) is calculated
by the following formula:

Pmax(t, p) = 1.42× t0.33 + α(R, t)(−lnp) 0.584Q (2)

where:

Pmax(t, p)—maximum rainfall depth (mm),
t—rainfall duration (min),
p—rainfall probability (-),
α(R,t)—coefficient dependent on the region of Poland (R) and the rainfall duration (t).

The coefficient α(R,t) differentiates DDF curves depending on the region and the rainfall duration,
which corresponds to the country’s climate variation. Poland has been divided into three regions,
Cracow belongs to the central region according to this method. For Cracow and rainfall duration
ranging from 5 to 4320 min, the value of coefficient α was calculated using the following ratio [57–60]:

for: t = [5-120): α = 4.693 ln(t + 1) − 1.249

for: t = [120-720): α = 2.223 ln(t + 1) + 10.639

for : t = [720–4320] : α = 9.472 ln(t + 1) − 37.032Q (3)

The results are summarized in the following tables contained in Chapter 3.
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2.2. Financial Analysis of the Investment in View of Rainwater Fees

The financial feasibility analysis of the adopted green infrastructure solutions included three
assessments:

• the share of investment costs in the average price of 1 m2 of property in order to illustrate the
influence of investing in green infrastructure on property prices,

• the profitability of investing in green infrastructure from the perspective of a developer—a comparison
of investment costs and the potential benefits: fee discounts for water services in exchange for
rainwater drainage to surface or underground water over a 10-year period. An assessment of the
incentive-based effectiveness function of these fees,

• the profitability of investing in green infrastructure from the perspective of residents—a comparison
of investment costs and the potential benefits: municipal fees discounts for the discharge of
rainwater into the sewage system over a 10-year period. An assessment of the incentive-based
effectiveness function of municipal fees.

For the financial feasibility assessment, simple feasibility indicators were used: simple payback
period (PP) and return on investment (ROI). These indicators are used because they are simple,
very understandable, and widely used by investors in early assessments when making investment
decisions [37,61–64]. Return on investment (ROI) is the percentage ratio of average yearly net cash
flow divided by the total initial investment. In this case, payback period will be calculated by dividing
investment costs spent on implementing the green infrastructure elements by obtaining annual financial
benefits due to rainwater fees reduction (respectively national and municipal):

ROI =
B
I
× 100%Q (4)

where:

ROI—rate of return,
B—annual benefits (reduction of rain fees),
I—investment costs.

Payback period is the time required for the sum of annual revenues to be equal to the initial
investment [64,65]. In terms of fixed annual profits, payback period is the inverse of the rate of return:

PP =
1

ROI
=

I
B

(5)

where:

PP—payback period in years,
B—annual benefits (reduction of rain fees),
I—investment costs.

All fees, taxes, or rates related to the usage of environmental resources are introduced not only in
order to cover the ensuing economic costs and environmental losses but also in order to lessen the
impact on the environment. Rainwater drainage and treatment has been defined in many countries as
water service liable to fees and the principle of recovery of the costs of water services. According to
a cross-sectional report by the European Environment Agency [66], these regulations have been
adopted by, among others: England and Wales, the Netherlands, Germany, Slovenia, and Croatia.
The literature additionally mentions other economic instruments encouraging to sustainable rainwater
management, e.g., drainage fee, service charge, and other property-related fees including a system of
discounts depending on the manner of rainwater management, investment subsidies, reducing local
taxes, impact fees (Denmark, Sweden, USA, Australia, New Zealand [67–71]).
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In Poland, rainwater fees function at two levels, on the national scale, there are fees for rainwater
drainage to rivers and, on the municipal scale, there are fees (rates) for rainwater drainage to the
sewer system. The national fees and municipal rates are incentive-based due to the very fact of their
presence, i.e., a customer wanting to reduce their fees may reduce the sealed surface or, in some
municipalities where the fees are charged based on the amount of drained rainwater, the customer
may invest in retention or infiltration devices and thus reduce the rainwater runoff from their property.
Additionally, nation-wide fees for rainwater drainage to rivers have an additional motivational
mechanism. This means that the fee structure provides an option of reducing the rates provided that
rainwater retention devices are implemented. Payment rates depend on the devices’ capacity, further
related to the annual runoff. A significant rate reduction only becomes visible when over 20% or 30%
of annual runoff is retained, which, unfortunately, might be a serious impediment to the functioning of
this incentive [72].

Nationwide fees for rainwater drainage to rivers: the fixed fee rate is € 0.59/day per 1 m3/s for
the maximum amount of rainwater or meltwater drained to surface waters as defined in the legal act
(1€ = 4.2605PLN). Variable fee unit rates for rainwater drainage:

• when no retention devices are used in sealed areas—€ 0.18/1 m3 per 1 year;
• when retention devices of volume up to 10% of annual runoff are used in sealed areas—€ 0.15/1 m3

per 1 year,
• when retention devices of larger volume, above 10%, 20%, or 30% of annual runoff, are used in

sealed areas—respectively, € 0.12, € 0.09, and € 0.02/1 m3 per 1 year [73].

Drainage fees are charged by all providers holding the Water Law Act permits for rainwater
drainage to watercourses through open or closed stormwater sewer systems. The main users, i.e.,
the providers holding these permits allowing rainwater drainage to watercourses and water devices,
are administrators/owners of stormwater systems and they incur the charges.

National water services fees for rainwater drainage to rivers are, in fact, fees for utilizing rivers
as rainwater receivers and are incurred by the administrators/owners of sewers who hold relevant
permits for the rainwater discharge from the sewer system to river.

Another type of fee, municipal fee for rainwater drainage, is charged for rainwater drainage from
a property to municipal stormwater or combined sewer system. In essence, these fees are charged to
residents and other entities utilizing the municipal sewer system. These fees are not clearly stipulated in
regulatory policies. The new Water Act 2017 removed the option to establish rainwater drainage tariffs
based on the Act on collective supply in water and collective discharge of wastewater. According to
the current publications [74,75] and the position of the Ministry of Environment on the matter [76],
municipalities shall abide by the regulations from the Act on the Municipal Services Management,
according to which fees can be charged for any municipal services or the usage of devices intended
for public utility. This type of solution has been implemented in several dozen Polish municipalities
(approximately 3–5% of the total number of Polish municipalities, according to the authors’ best
knowledge), among others in Bydgoszcz, Bytom, Elbląg, Głogów, Końskie, Koszalin, Morąg, Poznań,
Radom, Siedlce, Tarnowskie Góry, Zielonka, and Żory. Fees for rainwater drainage in the above-mentioned
municipalities range between approximately € 0.38 and € 2.31/m3 and are considerably higher than water
services rates (€ 0.18/m3). Żory and Poznań distinguished two compound fees for rainwater drainage:
fee/cost intended for financing the provided service and its other part charged toward the national water
service fee. Cracow has yet to introduce fees for rainwater drainage to the sewer system, therefore,
for the needs of the present analysis, a value of € 1.17/m3 was assumed.

3. Results

3.1. Case Study—Chełmońskiego Street Housing Estate in Cracow

The analyzed area is located in the northwestern part of Cracow, District IV Prądnik Biały, between
Chełmońskiego and Piaskowa Streets. The nearby area is characteristically made up of low-rise
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buildings. villas, terraced, and single-family houses. The northern neighborhood has green areas and
the stream of Sudół. The satellite image below (Figure 1) presents a detailed area of the analysis based
on which it is possible to determine the type and character of its development.

Figure 1. The land use and boundaries of the housing estate area included in the analysis [77].

The analysis encompasses an urban area currently residential in nature. Within this development,
16 multi-family buildings of low-rise character (4-story buildings) were completed, with a total of
275 flats. The buildings are situated on both sides of the estate road, which forms the compositional
axis of the analyzed neighborhood. They differ in shape and surface areas depending on the location
in relation to the road. The central part of the estate features a car park dividing the estate into two
symmetrical parts. The remaining on-street parking spaces were designed alongside the road in front
of the buildings. Overall, there were 123 on-street parking spaces and 196 underground garage spaces
allocated for the use of the residents. There are two children’s playgrounds in the northeastern and
southeastern parts, both surrounded by green lawns and low-growing shrubs. However, there is
a lack of green areas for recreation and sports for adults or any form of a green park for the residents.
The area is also flat with no hills or stairs. The surface area of the analysis is over 2.4 ha, the detailed
land use is presented in Table 2 [78].

The estate was fitted out using impermeable materials for the paved surfaces of the vehicle and
pedestrian traffic zones. Cobblestone was used for the estate road, on-street parking spaces, pavements,
and access passages. Permeable areas are only green areas made up of small lawns near the parking
spaces and the fence, as well as backyards of the ground floor flats. There are only a few trees growing
in the whole estate, the dominant greenery is low-growing shrubs and ornamental bushes. The estate
development indicates a high degree of catchment surface sealing. Therefore, rainwater has a limited
capacity of infiltrating the soil where it falls and, in consequence, contributing to the increased intensity
of surface runoff.
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Table 2. The land use of the housing estate area.

Building/Development Type F 1 (m2)

residential buildings 6252
infrastructure buildings 100

roads 2705
pavements 2307

non-green areas in backyards 1135
car park 1566

underground car park entrance 319
playground 166
green area 9836

Total 24,386
1 F—surface area (m2).

3.2. An Assessment of the Changes in the Runoff Volume as a Result of a Housing Development

In order to assess the impact of the housing estate development on the changes to the water
cycle, runoff from the analyzed area was calculated before and after the completion of the estate for
an average annual rainfall, which is 692 mm in Cracow. The results are presented in Table 3.

Table 3. Runoff volume before the completion of the investment.

Surface Type F 1 (m2) Ψ 2 (-) Q 3 (m3/year)

undeveloped green areas 24,386.63 0.1 1688
1 F—surface area (m2); 2 ψ—runoff coefficient (-), (60); 3 Q—average annual runoff (m3/year).

The post-completion runoff value increases nearly five-fold in relation to the area from before the
completion of the estate. As a result of the change in land development and its sealing degree, runoff

increased by 6570 up to 8261 m3/year (Table 4).

Table 4. Runoff volume after the completion of the investment.

Surface Type F 1 (m2) Ψ 2 (-) Q 3 (m3/year)

roofs 6351.80 0.90 3956
cobblestone and clinker brick paving 6578.50 0.80 3642

impermeable paving 319.29 0.85 188
non-paved surfaces 1301.10 0.15 135

parks and green areas 9835.94 0.05 340
Total 24,386.63 - 8261

1 F—surface area (m2); 2 ψ—runoff coefficient (-), (60); 3 Q—average annual runoff (m3/year).

For the needs of dimensioning the green infrastructure elements (rain gardens, soakaways, infiltration
boxes), design rainfall was calculated using Equations (2) and (3) based on the national regulations [55]
and local municipal provisions of Kraków Waterworks [60]. Pursuant to these regulations, presented in
Table 1, for the case study area, a housing estate device would be designed for maximum rainfall (Pmax)
of occurrence probability p = 20% and return period c = 5 years. The results are presented in Table 5.
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Table 5. Design rainfall volume for p = 20%.

t 1 (min) α 2 Pmax
3 (mm/min) Pmax

4 (dm3/s·ha)

15 11.76 1.27 211
1 t—rainfall duration (min); 2 α—coefficient dependent on the region of Poland (R) and the rainfall duration (t);
3 Pmax—maximum average rainfall intensity (mm/min); 4 Pmax—maximum average rainfall intensity for duration t
and return period c (dm3/s·ha).

3.3. Solutions

The selection of LIDs due to the existing buildings, land use, and limited space was made without
optimization algorithms, based on a local vision and pragmatic assessment of the techniques that can
be used. Each building has 4 downspouts, the green areas around the buildings are small and the
3 gutters have their mouths within private small gardens adjacent to the ground floor flats; therefore,
for these gutters, soakaways are planned that do not take up a large area and would be possible
even within these private gardens. At each building, one corner, and thus one downspout, is within
a public green area, not belonging to any apartment. For such an area, a rain garden is planned for one
downspouts from each building.

Among the existing types of impervious areas, changes are proposed in the discharge of rainwater
for pavements, parking spaces, and car parking due to the ease and price of their implementation.
Their surface is made of cobblestones (easy to dismantle) and has thinner sub-base compared to roads.
On pavements and parking spaces, it is planned to replace the pavement and the sub-base layers, for
the parking lot: dismantling of the surface area, installation of infiltration boxes, and rearrangement of
cobblestone surface. No changes are planned for roads because the changes would be too expensive
compared to the abovementioned areas, and there is no free space for retention of water collected
from roads.

3.3.1. Pedestrian Streets of Mineral Surface

Mineral permeable surfaces on pavements allow the phenomenon of infiltration, i.e., the soaking
of rainwater into the soil and groundwater. Implementing this type of solution requires soils of
good and moderate permeability as well as distance of at least 1 m from the level of groundwater
table [79,80]. Surfaces allowing for slow infiltration of rainwater prove to be a good solution in urban
areas. Implementing them into the existing developments or slightly modifying current technical
infrastructure elements does not require a lot of effort [81].

In the entire estate, it is proposed to replace the surfaces of existing pedestrian routes made of
cobblestones with naturally stabilized, environmentally friendly mineral surfaces.

As a result of the implementation of the aforementioned solution, rainwater infiltration deep into
the ground will increase while alleviating the burden on the rainwater sewer system. This will lead to
a decreased impermeable surface within the estate. Table 6 presents, for comparison, values of average
annual runoff from paved areas before and after the surface change.

Table 6. Data summary for cobblestoned and mineral surface pedestrian streets.

Pedestrian Streets F 1 (m2) Ψ 2 (-) Q 3 (m3/year) Effect

cobblestone
2307.39

0.80 1277
three-fold runoff decreasemineral surface 0.25 399

1 F—surface area (m2); 2 ψ—runoff coefficient (-), (60); 3 Q—average annual runoff (m3/year).

3.3.2. Parking Spaces of Permeable Surface

In order to increase surface infiltration in urban areas, applied are surfaces made of materials
or arranged in a way enabling water soaking in. The proposed solutions require soils of good and
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moderate permeability as well as a distance of at least 1 m from the level of groundwater table [80].
It is proposed to use porous pavers, made up of specially designed chamber structures of high load
resistance (even up to 350 t/m2). They also have expansion gaps thanks to which the surface can “work”
and the material does not deform or bulge even at extreme temperatures (−40 to +85 ◦C). High volume
of chambers allows for plant growth as they optimize nutrient management, as well as air and water
supply. Currently, on the market, there can be found pavers made of recycled synthetic materials.

By introducing the abovementioned solution, the area of impermeable surface will decrease
eight-fold within the analyzed section (Table 7). Implementing the pavers system in place of parking
spaces will contribute to increasing infiltration deep into the ground and, consequently, decreasing
runoff from the estate.

Table 7. Data summary for parking spaces of impermeable and permeable surfaces.

Pedestrian Streets F 1 (m2) Ψ 2 (-) Q 3

(m3/year)
Effect

cobblestone
784.28

0.80 434 eight-fold runoff
decreasepermeable surface 0.10 54

1 F—surface area (m2); 2 ψ—runoff coefficient (-), (60); 3 Q—average annual runoff (m3/year).

3.3.3. Rain Gardens

A solution combining rainwater management and the aesthetics is rainwater gardens. In terms of
the visual, they should complement the landscape, however, their main aim is to reduce the surface
runoff and increase infiltration excessive impurities removal (washed off from roofs, streets, car parks,
and other impermeable surfaces) [39,82–84]. Following the subdivision mentioned earlier, rain gardens
are an infiltration with retention type of solution [85,86]. The type of soil and the drainage area are key
to determining the size and design of a rain garden. The depression can start at 1 m wide, 2–7 m long,
and should be filled up with garden soil. It is necessary to leave around 15–30 cm of lowered space,
which will store the runoff after for several hours.

Due to the close proximity of the residential buildings and the limited development area,
1 in-ground garden (so-called “wet garden”) is designed next to each house. It is located next to the
outlet of one out of four drainpipes receiving water from the building’s roof. It is additionally equipped
in an emergency overflow. Excess of water retained in the tank will be removed gravitationally by
drainage to the designed soakaway, and in case of high volumes of water, to the rainwater sewer system.

This solution will enhance the biodiversity within the estate and improve the quality of life of its
residents. Rain gardens will contribute to improving the quality of the drained rainwater by reducing
surface runoff and, at the same time, reducing flood risk. An economic aspect of utilizing this solution
is reducing the fees for non-managed rainwater and water services. Moreover, locating the rain gardens
at the entrance to the buildings will enhance the neighborhood esthetics [87].

It is proposed to design 16 rain gardens embedded in the ground, with a sealed bottom, each of
6.25 m2 and in a shape of a rectangular measuring 2.5 × 2.5 m. They will be located at a 30 cm distance
from the building’s façade directly under a gutter channeling rainwater from the roof to the garden.
Lowering the ground level by approximately 30 cm, with the infiltration area of 6.25 m2 offers a retention
volume capacity of approximately 30 m3. Each garden will receive water from approximately 1

4 of the
building’s roof, i.e., around 100 m2. Design rainfall volume of intensity Pmax (t, p) = 211 (dm3/s·ha) and
duration 15 min for 1

4 of surface area of 16 buildings is approximately 29 m3 (Table 8). Rain gardens
are, therefore, able to harvest the design rainfall in full, and in case of higher volume, the excess will be
drained to the sewer system.
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Table 8. Data summary for rain gardens.

Quantity (pcs.) Gardens’ Surface
Area (m2)

Gardens’ Volume
Capacity (m3)

Excluded Roof
Surface Area (m2)

Design Rainfall
Volume (m3)

16 100 30 1600 29

3.3.4. Soakaways

One of the infiltration devices with underground retention is soakaways, the construction of which
is similar to a simple concrete ring well. It has a permeable bottom made of a gravel layer through
which the rainwater drains to the ground [88]. Soakaways are used for local rainwater drainage to the
soil that should be characterized by permeability coefficient above 10–6 m/s. Soakaways are introduced
in places where there is not enough space for surface devices [89].

In order to drain the rainwater from the buildings’ roofs, it was proposed to implement
48 soakaways, concrete ring wells intended for surface water retention and draining it into the ground.

Height is assumed at 3 m, and diameter at approximately 1.5 m. A soakaway needs to reach from
the ground surface to the permeable layer, and the distance between the lower ring and the groundwater
level needs to be at least 1.5 m. The distance of the soakaway from the building should be at least 2 m.
In order to improve infiltration, outlets of approximately 1–2 cm are applied to the walls of the lower ring.

Water will be channeled to the soakaway by drainpipes (positioned horizontally underground,
below the frost depth) of full walls at 150 cm diameter. The outlet will be positioned 20 cm above
the filtration layer. The soakaway will be filled with permeable material of washed sand (50 cm)
and sandy gravel (100 cm). Each soakaway, similarly to the rain gardens, will receive water from
approximately 1

4 of the building’s roof, i.e., around 100 m2. Design rainfall volume of intensity
Pmax (t, p) = 211 (dm3/s·ha) and duration 15 min for 3

4 of surface area of 16 buildings is approximately
90 m3 (Table 9). The soakaways of the assumed measurements are able to harvest the design rainfall in
full, and in case of higher volume, the excess will be drained to the sewer system.

Table 9. Data summary for soakaways.

Quantity (pcs.) Soakaways’
Surface Area (m2)

Soakaways’
Active Volume
Capacity (m3)

Excluded Roof
Surface Area (m2)

Harvested Design
Rainfall Volume

(m3)

48 85 95 4800 90

3.3.5. Infiltration Boxes System

Infiltration boxes are devices made of polyolefin truss plates. They are recognized as infiltration
devices with underground retention. Draining can only be done in permeable soil. The minimum
depth of application should be 0.4 m for green areas. In case of higher intensity caused by vehicle
traffic, the infiltration boxes should be arranged deeper by 0.8 m [44]. Infiltration boxes can also be
used in soils of permeability greater than 10−6 m/s. In order to avoid the infiltration box’s capacity
decrease due to sedimentation, it is necessary to carry out initial water treatment (removing suspended
sediment). Thanks to the modular construction, it is possible to design objects of any size and adjust
their spatial arrangement to fit in with the local conditions [46].

On the car park’s surface (the central part of the analysis), a system of infiltration boxes was
designed, aiming to manage rainwater from the car park’s surface by retention and non-pressure
distribution and infiltration in the soil. Rainwater harvested from a hard surface will be drained off via
linear drains, rain grooves, and cleaning devices for infiltration boxes. In order to design an infiltration
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box system adequately, the length L (m) was calculated based on the recommendations provided by
one of the manufacturers in a formula [90]:

L =
An × 10−7

× rd ×D× 60(
b× h× sr +

(
b + h

2

)
×D× 60×

(
k f
2

)) (6)

where:

An—reduced surface area (m2), An =
∑

(A·ψ), ψ—runoff coefficient,
rd—rainfall intensity (dm3/s·ha);
D—rainfall duration (min);
b—infiltration box’s width (m);
h—infiltration box’s height (m);
sr—infiltration box’s accumulation coefficient;
kf—ground filtration coefficient (m/s)

Based on formula 6 and data presented in Table 10, the length of infiltration boxes was calculated
at 43 m. The set will be made up of 36 infiltration boxes measuring: 1.2 × 0.6 × 0.3 m. Their volume
will be 7.6 m3, which is enough to harvest the design rainfall volume from the car park (Table 11).

Table 10. Data used for calculating the length of the infiltration boxes.

An (m2)
rd

(dm3/s·ha) D (min) b (m) h (m) sr (-) kf (m/s)

470.64 211 15 0.6 0.3 0.955 0.0001

Table 11. Data summary for infiltration boxes (stormboxes).

Quantity (pcs.) Stormboxes’
Surface Area (m2)

Stormboxes’ Volume
Capacity (m3)

Car Park’s Surface
Area (m2)

Harvested Design
Rainfall Volume (m3)

36 15 7.6 471 7.5

3.4. The Effect of the Proposed Solutions on Rainwater Management

The key aim was to propose solutions to rainwater management at the existing housing estate.
The proposed concept was intended to complement traditional rainwater drainage methods with
alternatives facilitating the reduction of discharge to the rainwater sewer system and slowing down
the runoff. The selected solutions can be implemented into the existing land developments where no
space had been previously left for green areas. Within an estate, green areas occur mostly in form
lawns around buildings with low-growing plants, ornamental bushes, while the remaining spaces are
pavements, roads, parking spaces, and car parks, all hard-paved. It was proposed to resurface these
areas and their profiles, on pavements and parking spaces, which would be cheaper than resurfacing
roads. For the runoff from buildings’ roofs and the communal car park’s area, it was proposed to
implement infiltration devices in forms possible to be adopted in the existing development. Within
the estate of total surface area 24,400 m2, the sealed surfaces (roofs and paving) take up 13,250 m2,
while the proposed green solutions are designed to take up nearly 3

4 of this surface area, i.e., 9800 m2

(Figure 2), including:

1. resurfacing areas and their profiles:

• pavements (2300 m2)
• parking spaces (780 m2)

2. management of the rainwater from the roofs of residential buildings through introducing:



Water 2020, 12, 151 13 of 22

• rain gardens (1600 m2)
• soakaways (4800 m2)

3. infiltration of rainwater from the car park (470 m2) through implementing infiltration boxes
(stormboxes).

Figure 2. The area of the analyzed housing estate with the implemented “green solutions” [77].

For the proposed solutions’ effectiveness assessment runoff from particular areas was calculated.
Subsequently, the surface runoff values from before and after the estate completion and after any
potential implementation of “green” solutions were summarized. Cumulative results are presented in
Tables 12 and 13.
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Table 12. Surface runoff after introducing the solutions.

Surface Type F 1 (m2) Ψ2 (-) Q 3 (m3/year)

roofs (residential buildings) 6252.04 - 0
roofs (infrastructure buildings) 99.76 0.90 62

cobblestone (roads) 3016.19 0.80 1670
impermeable paving 319.29 0.85 188

gravel surfaces (pavements) 2307.39 0.25 399
car park/stormboxes 470.64 - 0

car parks/permeable surfaces 784.28 0.10 54
non-paved surfaces 1301.10 0.15 135

parks and green areas 9835.94 0.05 340
Total 24,386.63 2849

1 F—surface area (m2); 2 Ψ—runoff coefficient (-), (60); 3 Q—surface runoff after introducing the solutions (m3/year).

Table 13. Data summary of surface runoff value before and after the estate development, and after
introducing green solutions.

Surface Runoff Q (m3/year).

Nondeveloped Area After estate
Development After Introducing Green Solutions

1688 8261 2849

From the summary in Table 12 transpires that the proposed solutions can considerably reduce
surface runoff from the estate. This is thanks to the reduced sealing as a result of implementing
permeable surfaces and solutions enhancing water infiltration deep into the ground.

3.5. Financial Effectiveness Assessment of the Proposed Solutions

A calculation of approximate investment costs that would need to be incurred in order to
implement the proposed solutions. Cost estimation is based on local process available in catalogs
by manufacturers providing the abovementioned materials and products. Additionally, prices from
recently concluded tenders, which involved works within the same project scope, have been researched.
All amounts were converted into the 2018 prices using the Consumer Price Index (CPI). The estimated
investment costs are calculated as a unit cost multiplied by a quantity. They are summarized in Table 14.

Table 14. The construction costs.

Surface Type/Green Solution Quantity Unit Price Cost (€)

Pavements of mineral surface 2310 m2 € 23/m2 53,130
Parking spaces of permeable surface 785 m2 € 47/m2 36,895

Roofs/rain garden 16 pc. € 2347/pc. 37,552
Roofs/soakways 48 pc. € 821/pc 39,408

Car park/stormboxes 7.6 m3 € 352/m3 2675
total 169,660

The cost of implementing the above-given solutions was estimated at € 169,600. It is worth noting
that the cost of traditionally executed pavements and parking spaces is similar to the one proposed
here; therefore, the only additional cost for the developer is made up of rain gardens, soakaways, and
infiltration boxes at the total cost of € 79,635.

In relation to the prices of the properties, whose total surface area within the estate is 20,000 m2 it
can be calculated that the cost of the proposed solutions (rain gardens, soakaways, and infiltration
boxes) per 1 m2 is merely €4/m2, and per household, with the total of 275 flats, is € 290/flat. This cost
is low and does not enhance the developer’s profitability as it only makes up 0.2% of the average
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price, which was € 1643/m2 in Cracow in 2018 [91]. Despite the costs being so low, the developer
did not plan or execute any similar rainwater retention solutions within the estate. This might have
come as a result of the lack of such recommendations in terms of spatial development, a local spatial
development plan was introduced merely a year after the estate had been completed. Currently,
this plan includes a recommendation on local rainwater drainage through retention or drainage via
rainwater sewer system, including solutions which facilitate rainwater drainage to soils, slow down
discharge to receiver, and improve retention.

Additional incentive toward changing the investors’ attitudes may also be water services fees—fees
for rainwater drainage, introduced in 2017 by the Water Act. Below is a calculation of an annual fee for
rainwater drainage from a sealed surface to the rainwater sewer system to be incurred by the estate’s
administrator. Fees were estimated for three calculation variants (Table 15):

• variant A—current development status, sealed surfaces, lack of rainwater retention solutions,
• variant B—permeable paving and parking surfaces, lack of rainwater retention solutions,
• variant C—permeable paving and parking surfaces, rain gardens, soakaways, and infiltration boxes.

Table 15. Water services fees—fees for rainwater drainage.

Variant Description Q (m3/year) Fee Rate (€/m3) Fee (€/year)

A estate—current state of development 8261 0.18 1487
B estate—pavements and permeable parking spaces 6923 0.18 1246
C estate—all proposed solutions 2769 0.15 415

Q—surface runoff

As illustrated in Table 15, if the developer or, rather, the later administrator of the estate, decided
on rainwater drainage directly to a watercourse, they would pay on average € 1246 to € 1487 per year.
The fees would be lower by € 241 if they made the paving and parking spaces using permeable surfaces
(variant B), which would reduce annual surface runoff by approximately 1300 m3. It needs to be noted
here again that this would not increase the total cost of this estate’s development.

If the developer or administrator additionally introduced the proposed “green” solutions, the fee
could even be reduced to € 415. A large reduction of € 831 results from two things, the surface runoff

reduction (reducing discharge from roofs and car parks) as well as lower fee rate eligibility. The Water
Act stipulates that the fee rates are reduced when retention devices are implemented; the reduction
depends on the devices’ volume capacity that is related to the average annual runoff volume. In the
proposed concept, the combined retention capacity of devices (gardens, soakaways, and infiltration
boxes) is approximately 133 m3 that makes up for 2% of runoff from sealed surfaces, therefore, it is
possible to apply a lower rate of € 0.15/m2.

In order to assess the financial profitability of investing in rainwater retention devices, a calculation
was done to extract a simple investment capital payback period (Table 16).

Table 16. Payback period and rate of return as a benefit of reducing national rainwater
fees—rainwater drainage.

I 1 (€) B 2 (€) PP = I/B 3 (years) ROI = B/I 4 (%)

79,635 831 96 1%
1 I—investment capital (€); 2 B—benefits (fee reduction) (€); 3 PP—payback period (years); 4 ROI—rate of return (%).

The estimated payback period, surely calculated and taken into account by investors and estate
administrators, is unfavorable—return on investment would come after a period of nearly 100 years.
Undoubtedly, one can expect that such a result will not be motivating enough to decide on expenditure
of € 79,635 if the benefits in terms of the rate of return will be at 1% annually.
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As mentioned in Chapter 2, many countries have a functioning system of municipal fees related to
the particular way of land development and rainwater management, being a strong incentive toward
investing in rainwater retention. Cracow has yet to introduce such fees, however, several Polish cities
have introduced them already. Below is a calculation of a fee for rainwater drainage to the rainwater
sewer system. Fees were estimated for three variants (Table 17), assumed rates were € 1.17 and
€ 1.00/m3, 15% lower rate for the implementation of retention devices (similarly to the national fees):

• variant A—current development status, sealed surfaces, lack of rainwater retention solutions,
• variant B—permeable paving and parking surfaces, lack of rainwater retention solutions,
• variant C—permeable paving and parking surfaces, rain gardens, soakaways, and infiltration

boxes, rate of € 1.00/m3.

Table 17. Water services fees—fees for rainwater drainage.

Variant Description Q (m3/year) Fee Rate (€/m3) Fee (€/year)

A estate—current state of development 8261 1.17 9665
B estate—permeable pavements and parking spaces 6923 1.17 8100
C estate—all proposed solutions 2769 1.00 2769

Q—surface runoff (m3/year).

Depending on land development and rainwater management, the administrator would pay on
average between € 2769 and 9665 per year. Introducing permeable surfaces to pavements and parking
spaces allows for a reduction of € 1565. Utilizing retention devices offers a saving of further € 5331,
at the lower fee rate. The saving may go up to € 6896 at the lower rate, compared to the fees in variant A.
Such benefits may prove to be a considerable incentive for deciding on an investment, the financial
profitability indicators are summarized in Table 18.

Table 18. Payback period and rate of return as a benefit of reducing municipal rainwater fees.

I 1 (€) B 2 (€) PP = I/B 3 (years) ROI = B/I 4 (%)

79 635 6 896 12 9%
1 I—investment capital (€); 2 B—benefits (fee reduction) (€); 3 PP—payback period (years); 4 ROI—rate of return (%).

The estimated values of the financial profitability indicators are positive, the investment is paid
back to the investor within a period of 12 years, and the average annual fee reduction is nearly 10% of
investment costs. It seems that given an adequate information campaign, administrators and residents
would be willing to participate in individual investments in terms of rainwater retention. Contrary to
the financial effectiveness indicators calculated above and based on the benefits from reducing the
water services fees (96 years and 1%), the calculated indicators resulting from the benefits offered by
reducing urban fees (12 years and 9%) show values which prompt to making investment decisions.
For example, “My electric current” program implemented by the government in 2019 was calculated
based on a 10-year payback period and has attracted a lot of social attention (within two months, there
were approximately 4000 applications submitted; the program involves a system of tax exemptions
and subsidies to fund photovoltaic microinstallations). The stronger incentive of urban fees proven
here, as compared to the water services fees, is a result of the rates taken for the analysis of the rates
figures. In terms of other rates and their reductions given the usage of retention devices, their efficacy
will naturally change.

4. Discussion and Conclusions

The article presents solutions to rainwater management at the existing housing estate. The selected
solutions involved, to a large extent, increasing rainwater infiltration to soil. The proposed conception
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reduced three-fold surface runoff in comparison to the state from before implementing them. This proves
high effectiveness of the selected devices and the applied materials. Deciding on investments in
green infrastructure is still not common practice in Poland. This results mostly from several factors,
where the most crucial ones are the lack of relevant national and local policies and financial aspects,
required investment costs. As it is shown high investment expenditure calculated per 1 m2 of flat or per
1 household/flat (respectively € 4/m2 and € 290/flat) is not significant for the price of the flats, as it only
makes up 0.2% of the average price, which was € 1643/m2 in Cracow in 2018.

The common impact of urbanization and the increasing degree of surface sealing was not taken
into consideration when creating strategic documents, such as the National Spatial Development
Concept 2030 [92], the Flood Risk Management Plans (PRZPs) [93–95]. The new approach is slowly
implemented, among others, by the EU norm EN 752:2017, which has tightened up the requirements
for designing drainage systems. This, in consequence, results in higher expectations toward rainwater
retention in urbanized areas. Designing standards and other legal management instruments is a way of
affecting new investments while, unfortunately, they do not affect the changes in rainwater management
within the existing property developments. An effective incentive tool that can also impact the existing
developments are economic instruments, rainwater fees.

This approach was introduced by the Water Act 2017 that established national water services
fees—fees for rainwater drainage, which are intended as an economic incentive for rainwater retention.
However, as this analysis shows, the motivational efficiency is low. The rates and the potential reductions
due to the usage of retention devices translate into low fees, which means small benefits when reduced.
These benefits pay back the investors only after several decades, and the payback period for the concept
presented in this article is nearly 100 years, while the return on investment (ROI) is 1%.

Several dozen Polish municipalities have introduced municipal fees for rainwater drainage to
the sewer system (approximately 3–5% of the total number of Polish municipalities, according to the
authors’ best knowledge). These fees may be highly effective and motivational for residents to invest
due to higher rates, and consequently due to higher potential benefits resulting from reducing fees by
rainwater harvesting, retention, or infiltration. For an exemplary concept, it has been calculated that
with a rate of € 1.00/m3 the proposed investment will pay back in 12 years. Unfortunately, municipal
fees are not widespread yet, and there is a lack of clear regulations in terms of urban fees for rainwater
drainage to the rainwater and combined sewer systems. This results in many municipalities lacking in
such tariffs, and property owners can drain rainwater from their properties to the sewer system free of
charge. The rainwater sewer systems are usually financed by the municipality budget, and rainwater
drainage via a combined sewer system, by the fees charged to the residents for sanitary sewage.

To sum up, the example concept of rainwater management at the given housing estate shows that
implementing this type of solution does not have a significant impact on property prices. Implementing
sustainable rainwater management in planning and design practice through relevant legal regulations
could lead to changes in the development of new areas. However, in case of the existing development,
this mechanism will not be effective. In order to encourage residents to changes in the existing
infrastructure and investing in rainwater retention devices, it is worth using economic evidence.
Prospective investors will make their own investment decisions if they are to generate benefits, e.g.,
in the form of savings, fee reductions. Rainwater fees could contribute to a change in developers’ and
residents’ attitudes toward rainwater management within their properties. This idea was at the core of
the national implementation of water services fees, fees for rainwater drainage. Unfortunately, these
fees do not act as a sufficient economic incentive. In order to achieve a higher degree of dispersed
retention, reduce surface sealing in urbanized areas, as well as increase the amount of rainwater
harvesting, it is necessary to introduce the generally applied urban fees that could encourage the
residents more.
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