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Abstract: The implementation of a decentralized blue—-green infrastructure (BGI) is a key
strategy in climate adaptation and stormwater management. However, the integration
of urban trees into the multifunctional infrastructure remains insufficiently addressed,
particularly regarding rooting space in dense urban environments. Addressing this gap,
the BoRSiS project developed the soil-pipe system (SPS), which repurposes the existing
underground pipe trenches and roadway space to provide trees with significantly larger
root zones without competing for additional urban space. This enhances tree-related
ecosystem services, such as cooling, air purification, and runoff reduction. The SPS serves

as a stormwater retention system by capturing excess rainwater during heavy precipitation
check for

updates events of up to 180 min, reducing the pressure on drainage systems. System evaluations
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Revised: 2 May 2025 according to climate data, recur with frequencies of 9 (7-day) and 2 (14-day) events per year.
Accepted: 7 May 2025 Geotechnical and economic assessments confirm the system stability and cost-efficiency.
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10.3390/1and 14051065 The impact of climate change ranges from increased rainfall intensity to prolonged
Copyright: © 2025 by the authors. droughts that are profoundly affecting urban environments, many of which are ill-equipped
Licensee MDPI, Basel, Switzerland. to manage such extreme conditions [1,2]. Increasing rainfall variability leading to flooding
This article is an open access article or water scarcity, extreme temperatures exacerbating the effects of the urban heat island

distributed under the terms and (UHI), and declining air quality are amongst the biggest challenges facing cities today
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licenses /by /4.0/). the rapid conveyance of stormwater through underground drainage systems, has proven

and emphasize the need for innovative infrastructure solutions that integrate stormwater
management and urban greening [1,3]. The traditional grey infrastructure, which prioritizes
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insufficient in addressing these interconnected issues, as it disregards opportunities for
local water retention, urban cooling, and ecosystem restoration [2,4]. In response, the
blue—green infrastructure (BGI) has emerged as a multifunctional alternative, integrating
hydrological and ecological processes within urban planning to enhance climate resilience,
reduce flood risk, and support biodiversity [1,5-7]. BGI leverages nature-based solutions,
such as wetlands, bioswales, rain gardens, and tree-based systems, to mitigate climate
extremes while fostering sustainable urban development [8,9].

Among these solutions, urban trees play a pivotal role by significantly contribut-
ing to temperature regulation, air purification, carbon sequestration, and stormwater
interception [10,11]. Large, mature trees are particularly valuable, as they provide ex-
ponentially greater shade, cooling, and stormwater retention capacities compared with
younger trees [10,12]. The capacity of urban trees to provide optimal ecosystem services
is contingent not only on maturity but also on adequate soil volume, root expansion
potential, and hydrological stability. However, despite their well-documented benefits,
urban trees often fail to reach maturity due to spatial constraints, inadequate rooting
conditions, and conflicts with the underground infrastructure. Soil compaction, lim-
ited rooting space, and poor aeration constrain root growth, reducing trees” access to
nutrients and moisture, and reducing their structural stability [13-16]. Studies have
demonstrated that root expansion is directly correlated with canopy development, mean-
ing that trees with restricted root zones fail to establish expansive crowns, limiting their
ability to regulate urban microclimates [17,18].

A primary limitation of urban tree survival is competition for space. The presence of
subsurface utilities, including water pipes, sewer systems, and gas mains, directly impedes
root expansion, causing mechanical conflicts that increase both maintenance costs and
tree mortality rates [8,19]. Urban environments often feature compacted soils to support
infrastructure loads, which severely restricts root growth and limits access to essential
nutrients and water. This compaction not only stunts tree development but also forces
roots to seek out less compacted areas, often leading to pavement heaving and damage.
As a result, tree growth is frequently stunted, leading to reduced long-term viability
and increased replanting requirements [4,20]. In many urban settings, trees are therefore
confined within shallow, isolated planting pits, further restricting the access to essential soil
volume [16]. Water availability presents another critical challenge. Hydrological instability,
characterized by erratic soil moisture levels, exacerbates drought stress or waterlogging,
both of which impair tree health and resilience [16,21]. Many urban soils are engineered
for rapid water drainage rather than retention, leading to insufficient water availability for
root uptake [22].

Egerer et al. [19] highlight the key challenges for urban street trees, including restricted
soil volume, surface sealing, and construction-related root damage, which hinder their
ecological benefits. The study calls for improved management strategies and increased
community engagement to enhance urban tree resilience and functionality. Although the
integration of urban trees into stormwater management systems holds significant poten-
tial, the implementation often remains fragmented and lacks a holistic approach. Many
trees are planted in isolated locations without strategic alignment to urban hydrological
networks, reducing their effectiveness as multifunctional climate adaptation tools [4,23].
Tree pits have been widely implemented as engineered planting environments designed to
enhance soil conditions, increase water retention, and facilitate root expansion in urban
areas, thereby contributing to urban cooling and flood mitigation [19,24]. As part of the BGI
and therefore also of Sustainable Urban Drainage Systems (SUDSs) and Water-Sensitive
Urban Design (WSUD) frameworks, tree pits have been integrated into city planning strate-
gies, for example in Stockholm, New York, Melbourne, Montreal, Hamburg, and Beijing,
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where they serve as decentralized stormwater retention systems while simultaneously sup-
porting tree growth [5,24-30]. One prominent example is Bjorn Embren’s large-scale tree
pit installation in Stockholm [31], which is designed to provide ample rooting space and
enhance stormwater management. These generously sized pits have demonstrated success
in promoting tree vitality by reducing soil compaction and increasing water availability.
Novak et al. [32] conducted a global sensitivity analysis on bioretention tree pit systems
(BC-Ts), identifying the soil water-holding capacity, tree water uptake, and exfiltration as
key factors influencing stormwater retention and runoff management. Richter et al. [3] con-
ducted a global systematic review of tree-based BGlIs, analyzing case studies that integrate
stormwater management with urban forestry. Their findings confirmed that optimized
tree pit designs enhance tree vitality, reduce urban flooding, regulate microclimates, and
improve tree survival rates in dense urban environments. Bell et al. [33] examined how
engineered tree pits optimize the root space beneath sidewalks, enhance structural support,
and integrate stormwater management, enabling resilient designs that support tree growth
while mitigating runoff and infrastructure conflicts.

While engineered tree pits have improved stormwater infiltration and root environ-
ments, they remain constrained by spatial and hydrological limitations [30,34-36]. Previous
studies, such as Embren’s large-scale tree pits in Stockholm [25], have an enhanced and
greater soil volume by utilizing coarse aggregate substrates, which enhance soil aeration,
prevent compaction, and create favorable rooting conditions for urban trees. While widely
adopted for urban forestry, their large spatial footprint limits implementation in dense
cities, where high land-use competition restricts available space [37]. Similarly, BC-Ts
have been designed to enhance stormwater infiltration and runoff management [32], but
studies indicate that their effectiveness in sustaining tree moisture remains uncertain, as
they primarily focus on infiltration rather than long-term water retention [38]. Additionally,
other tree pit designs have exhibited waterlogging risks, where excessive water retention
results in prolonged soil saturation, increasing the likelihood of root rot and overall tree
mortality [30,34,39]. Furthermore, sidewalk-integrated tree pits, such as those analyzed by
Bell et al. [33], attempt to mitigate conflicts with urban infrastructure but remain susceptible
to the spatial constraints imposed by subsurface utility networks, which are predominantly
located beneath sidewalks [40,41]. These persistent deficiencies highlight the need for
an integrated approach that optimally balances rooting space, stormwater retention, and
urban infrastructure compatibility.

This research addresses the limitations of conventional tree pits, emphasizing the
need for a more integrated approach that effectively balances space constraints, water
management, and urban infrastructure—ultimately to promote healthier urban trees. To
this end, the study addresses the research question: How can multifunctional tree-based
systems be designed and implemented to overcome spatial and hydrological limitations
while remaining compatible with the existing urban infrastructure in order to enhance
the BGI and improve site conditions for urban trees? To answer this question, various
analyses were conducted, including the assessment of drought periods because of their
impact on tree vitality, the evaluation of precipitation patterns prior to these periods, and
investigations into both infiltration and water-retention capabilities to sustain trees during
dry spells. In addition, consideration was given to how these elements could be harmo-
nized with existing road infrastructure, while ensuring sufficient rooting space and proper
water distribution to support the long-term health of urban trees. The outcome of this com-
prehensive evaluation is the soil-pipe system (SPS), a novel, multifunctional solution that
unites hydrological and ecological functions while remaining adaptable to urban contexts.
The SPS was developed as part of the joint research project BoRSiS (Boden-Rohr-System
als innovatives Element der klimaangepassten Stadtentwasserung—Soil-Pipe System as
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an Innovative Element of Climate-Adapted Urban Drainage). It represents a paradigm
shift in the tree pit design by utilizing underground pipe trenches as extended root zones,
significantly increasing the available soil volume while simultaneously functioning as a
water-retention system. Unlike traditional tree pits, the SPS integrates directly into ex-
isting underground utility corridors, repurposing them as functional root zones rather
than requiring additional excavation. This maximizes the rooting space while avoiding
conflicts with infrastructure—a major limitation of previous designs. Additionally, the SPS
introduces a water retention and slow-release mechanism, strategically storing stormwa-
ter within the pipe trench rather than directly at the tree planting site. By utilizing the
expanded root zone for retention and a delayed release, the system prevents excessive
water accumulation at the tree base, thereby mitigating waterlogging risks while ensuring
sustained moisture availability. This approach directly addresses the persistent weaknesses
of different designed tree pits, which often suffer from waterlogging or rapid drainage loss.
Through this multifunctional approach, the SPS enhances tree survival rates while reducing
urban stormwater burdens. This design not only mitigates the competition between trees
and underground utilities but also addresses one of the causes of urban tree mortality:
insufficient rooting space [14,30,34,42,43]. By leveraging the pre-existing subterranean
infrastructure, the SPS facilitates deep and lateral root expansion, overcoming the com-
paction and mechanical barriers that hinder conventional tree pits. Moreover, its industrial
collaboration framework ensures the integration of durable, sustainable materials, such as
ductile cast-iron pipes and stone wool, which support the circular economy principles. The
high absorption capacity of stone wool provides immediate stormwater retention, allevi-
ating pressure on drainage networks, while ductile cast-iron pipes, known for their root
resistance and adaptability, enable long-term structural resilience in urban environments.
This innovative integration of subterranean infrastructure and tree-supporting elements
maximizes the available urban space [44].

To validate the effectiveness of the SPS, this study employs a multi-method ap-
proach. The interdisciplinary consortium of the BoRSiS project includes urban water
management specialists, water hydraulics experts (with a test facility), geotechnical en-
gineers, economists, a botanist, and industry partners from the cast iron and stone wool
industry, as well as a representative from a municipality to support project implementa-
tion. The general structure of the system is shown in Figure 1. Both the structure and, in
particular, the arboricultural considerations are discussed in Section 2. The properties
of the industrial partners” products—cast-iron pipes and stone wool—which played
a crucial role in the implementation, are presented in Section 2.1. In this context, the
load-bearing capacity of the road according to German regulations is briefly addressed
in Section 2.1, demonstrating how the stone wool elements meet this. To demonstrate
the necessity and general performance of the system, climate data on rainfall, air tem-
perature, and drying times were analyzed exemplarily based on the pilot regions, and a
sizing guideline was developed (Sections 2.2, 3.1 and 4). Hydraulic investigations on the
filling process of the SPS, its storage capacity, and the delayed release of rainwater to the
roots were carried out using a laboratory test setup (Sections 2.3, 3.2 and 4). Additionally,
the institutional framework conditions for the implementation of the SPS were investi-
gated, and a cost-benefit analysis (CBA) was caried out (Sections 2.4, 3.3 and 4). Finally,
Section 3.4 presents the successful planning of the SPS through selected pilot projects.
The interconnection of the individual research components leading to a holistically
functioning SPS is illustrated in Figure 2.
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Figure 2. Association chain of the BoRSiS research project to create a holistically functioning SPS.

2. Materials and Methods

The functionality of the SPS can best be explained using a cross-sectional view of the
linear system (Figure 1a,b).

The cross-sectional view of the system illustrates the distinction between the conven-
tional tree pit and the SPS. It is important to note that almost every tree pit, newly built or
even with older and already established trees, can be connected to the SPS. The roots of
the thriving tree will grow into the trench between the tree location and the SPS, following
the infiltrating water, as illustrated by the blue wavy arrows in Figure 1a. The trench is
composed of coarse material, which creates a large pore volume, enabling aeration and
ventilation to ensure essential gas exchange within the trench. This feature is particularly
critical for tree roots, which have a high oxygen demand and release carbon dioxide dur-
ing growth [45]. Furthermore, nutrient-enriched soil amendments, such as biochar, are
incorporated into the trench substrate, to further enhance the growing environment and to
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support the overall effectiveness of the SPS. The system includes several outlets to facilitate
effective ventilation and maintain optimal conditions. The long-term water supply in the
pipe trench is achieved through a layered construction of stone wool elements and sand.

The stone wool functions as a soakaway element for stormwater, helping to relieve the
pressure on the sewer system [46]. The water primarily remains in a sand layer situated be-
neath the stone wool above the pipe trench, providing water and moisture to the surrounding
soil. This results in an enhanced water supply for the tree for up to two weeks (Section 4).
As illustrated in Figure 1b, it is important to ensure that the cast-iron pipe (1) (wastewater
pipe) is correctly embedded in the coarse material (2) during installation. Firstly, a bedding
layer (2a) must be created beneath the pipe, followed by the side fill (2b) to stabilize the pipe’s
position. Finally, the pipe is fully encased by the coarse material with a top covering (2c).
A sand layer (3), varying between 15 and 30 cm in thickness, is applied on top. The sand layer
acts as a water reservoir and ensures a levelled foundation for the stone wool elements (6). To
prevent the sand, the soil, and the coarse material from mixing, the coarse material is wrapped
in a geotextile (4). The stone wool elements (6) must be installed with 30 cm of working space
on both sides, which is subsequently backfilled with sand (5). The sand and various layers
are compacted after the installation. The stone wool elements have a preformed cavity for
water transport. To ensure uniform water distribution within the stone wool, an additional
perforated pipe (7) should be installed. A smaller cavity is designed for the ventilation of the
stone wool. Finally, the road construction (8) can be built above the installed elements.

For a holistic assessment of the system, not only is its described functionality crucial,
but also the determination of the water demand (drought periods and the resulting need
for tree irrigation) and water availability (water volume within the system and its gradual
release). Additionally, geotechnical investigations should assess the system’s stability, and
an (economic) evaluation should be conducted to determine the potential benefits of the
system. These aspects can be derived from an association chain (Figure 2).

2.1. Industry Product Description

As part of the research project, the funding agency (BMBF) required a practical ap-
plication component involving industry partners. The following section describes the
essential products for this project—stone wool and ductile cast-iron pipes—along with
their respective properties.

2.1.1. Stone Wool

The SPS concept uses stone wool as a medium to attenuate runoff peaks and to
gradually infiltrate rainwater runoff. The runoff is conveyed via gullies and pipes to the
subterranean stone wool soakaway located at the top half of the SPS. The solution presented
in this paper consists of stone wool elements with a nominal size of 1.2 m x 1.0 m x 0.15 m.
These differ from stone wool insulation products in that they are rigid, load-bearing, and
hydrophilic. Subsequently, the water will slowly percolate into the sand layer and the
extended root zone situated beneath it. Stone wool has been used as a soakaway system in
a number of BGI projects in Europe. In this section, we will discuss its suitability for the
SPS. The following selection criteria were applied in the search for an attenuation medium
for the release of runoff water into the SPS, most of which are presented in Table 1:

The product Rockflow®, manufactured by ROCKWOOL Rain Water Systems
(ROCKWOOL B.V.,, Delfstoffenweg 2, 6045 JH Roermond, The Netherlands) from fully cir-
cular stone wool, was found to meet the above criteria. In comparison with gravel or coarse
material with a void ratio of 30-40%, stone wool displays a significant higher void ratio
of up to 95%. The product is currently employed in over 350 climate adaptation projects,
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predominantly in the Netherlands and Denmark, to facilitate the localized drainage of
runoff and the prevention of pluvial flooding and sewer spills.

Table 1. Criteria for the selection of the soakaway/attenuation medium.

Primary Criteria for Drainage Media SPS Secundary Criteria for Drainage Media
1.  Large available volume to attenuate runoff water 5.  Easy to install in the trench
2. Ability to fill quickly to avoid possible damage 6.  Circular or natural material
from stormwater 7. Possibility of hydraulic and volumetric
3.  Ability to be used under roads and trafficked areas dimensioning according to German regulations
4. A passive drain system where no pumps/energy are 8, Long service life
required to move the attenuated water into the 9.  Possibility of inspection and maintenance

extended root zone

The expected place where the SPS will be used is under trafficked areas, e.g., roads,
squares, parking, and pedestrian areas (loading class 3.2). It was, therefore, required in
this project that the system met the German stiffness and deformation requirements for
road foundations. These findings may also support the potential application of SPS under
the trafficking areas in other countries. According to German regulations, a deformation
modulus of Ev, > 45 MN/m? or 45 MPa is required for the substructure (planum) of the
road [47]. In order to achieve this value, a layer of compacted aggregate was placed on top
of the stone wool as a sub-base for the road construction. The recommended aggregate is a
mixture of larger, sometimes crushed stones with smaller stones or particles.

Field tests were carried out to investigate the required thickness of compacted sub-base
gravel to achieve the Ev, > 45 MN/ m? deformation modulus value. To this end, a full-scale
linear system of stone wool with various thicknesses of compacted sub-base aggregate on
top was constructed. The test comprised ten sections on which twenty plate load tests ac-
cording to DIN 18134 and sixty dynamic tests were carried out [48]. The literature describes
the correlation between the modulus of the subgrade deformation and the thickness of the
aggregate required to increase the modulus of subgrade deformation [49]. For example, a
subsoil of 10 MN/m? would require 0.45 m of aggregate to achieve the 45 MN/m? required
for the substructure (Figure 3).

—- WM2005 field test = 10 MN/m2 [Floss; ZTVE-Stb]

20 MN/m2 [Floss; ZTVE-Sth]

0.9
0.8
0.7

0.6
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=] (2] o - N o < wn o ™~ @© 9] (=]
— — B — B — — — — — o~
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Figure 3. Diagram to determine the modulus of deformation Ev, for different aggregate layer thick-
nesses. The orange and grey lines represent a sub-base with a deformation modulus of 10 MN/m?
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and 20 MN/m?, respectively, and the correlation with the compacted aggregate layer required to
meet the requirement of Ev, = 45 MN/ m? for the sub-base (planum) [49]. The blue dashed line
represents the measured correlation between the modulus of deformation and the thickness of the
compacted aggregate on the stone wool (WM2005).

2.1.2. Ductile Cast-Iron Pipes

About 150 years ago, the municipal infrastructure supplying drinking water to the
population was built almost exclusively with cast-iron pipes. A significant proportion of
the networks in operation today still date from this period. Since then, the cast-iron pipe
system has undergone a significant development: ductile cast iron has made it possible to
withstand higher mechanical loads while reducing the weight. Protection against internal
and external chemical attack has been perfected, and pipes, fittings, valves, and accessories
have provided a complete system for all the applications. Today, the system of ductile
cast-iron pipes, fittings, valves, and accessories ensures the trouble-free and economical
transport of mainly liquid media (water and waste water) [50].

In line with the circular economy, the components are largely made from scrap—up
to 95%. Special features are the high contact pressures of the socket joints, which make
the pipe system resistant to root growth, and the cement mortar coatings, which make it
possible to create root zones with coarse gravel.

This and root-resistant pipes are the prerequisite for the paradigm shift proposed in
this paper, as currently, pipe trenches are highly compressed to both ensure secure bedding
for the pipes and to keep the roots from entering the pipe trench. By deviating from this
practice, the pipe trench can be utilized with the benefits illustrated above.

Ductile cast-iron pipe systems are standardized by the European Committee for
Standardization CEN/TC 203 cast-iron pipes, fittings, and their joints. The members of the
committee started early to develop the rules for Sponge City applications. This was also
performed with a view to the Europe-wide implementation of the construction methods
developed in the BoRSiS project using ductile cast-iron pipes. These include:

e  EN 598: Ductile iron pipes and associated components for sewerage applications—
Requirements and test methods, 2009-10 [51];

e  EN 15542: Ductile iron pipes, fittings, and accessories—External cement mortar coat-
ing for pipes—Requirements and test methods; German and English version prEN
15542:2021 [52];

e  EN 17970: Ductile iron pipes—Push-in joints for ductile iron pipe systems—Resistance
against root penetration—Requirements and test methods; German version EN 17970,
design as a linear element 2024-08 [53].

The development of a technical code for Sponge City applications has been included
in the work program of TC 203. Here, too, the results of the BoRSiS project are being
incorporated directly into the work on the technical standards.

2.2. Climate Data Analyses and Dimensioning of the SPS

Climate change signals from various pilot municipalities were examined. For this
purpose, the hydrometeorological grid dataset (HYRAS v5.0) for Germany, provided by the
German Weather Service (DWD) as an open-source resource [54], was analyzed using the
R programming language. The precipitation data cover a 92-year period from 1931 to 2022,
while the temperature data (daily minimum, average, and maximum) are available for
70 years from 1951 to 2020. For consistency cross analyses, 3 x 3 grid cells (9 km?) were
selected in each of the evaluated pilot municipalities. Dry days were defined as those with
daily precipitation totals of <1 mm. This analysis enabled the evaluation of drought periods
of varying lengths and their distribution over the year, offering insights into the potential
frequency of drought stress for urban trees. By breaking down the data by month and
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incorporating knowledge of the trees” water requirements throughout the year, the months
in which the system is likely to be most frequently utilized were identified. Additionally,
precipitation events prior to these drought periods were considered. These two factors
provided key insights into how frequently the SPS might be relevant for water storage
annually (during drought periods) and how much water would be available in the system
during those times (precipitation before drought periods). Besides drought periods, heat
stress is another significant factor affecting urban trees and contributing to the intensity of
drought periods [55,56]. Therefore, summer days (>25 °C) and hot days (>30 °C) were also
incorporated into the analysis. This enabled the identification of dry and warm periods,
along with their frequencies. These insights were valuable in helping to dimension the
system appropriately.

For the dimensioning process, the water requirements of the trees are crucial.
A literature review revealed that this aspect is particularly challenging to calculate. Factors
influencing the water demand include the age of the tree, its location, and the prevailing
climate, among others. On average, a tree with roots reaching the pipe trench requires
approximately 50 to 300 L of water per day [57-61].

The system’s dimensioning itself was based on current German regulatory frame-
works [42,62]. The available retention volume was determined ensuring a conservative
approach. The tree pit, the interface between the tree pit and the pipe trench, and the vol-
ume in the pipe trench that is connected to the interface were excluded from this calculation,
because it was assumed that the tree’s roots will spread into the trench, occupying some of
the pores. By excluding these parts of the system, the pore volume occupied by roots could
be calculated for the entire trench. Also, the leveling layer (sand) was not included in this
calculation, as it was regarded as part of the system’s permanent water storage, in contrast
to the retention volume available for rainfall events. The formula used for this calculation
is as follows:

dZ
Vges = VSt(”St X bSt X hSt X L) + VLe (nLe X (bLe X hLe — 7t X Z) X L) [mB]/ (1)

Here, Vg5 represents the total volume, which is composed of the volume of the stone
wool Vs; and the volume of the pipe trench Vj,. These volumes are each calculated based
on the porosity (1), width (b), height (h), and length (L). For the volume of the pipe trench,
the sewer pipe volume is subtracted from the total calculation.

Moreover, the potential surface area that can be connected to the system was deter-
mined. The calculation assumed the cross-section of a traffic-calmed street, including the
sidewalks and adjacent buildings. Finally, local precipitation data (KOSTRA DWD) [63]
were used to determine the annual return periods and duration levels for the dimensioning
of the system. The permissible precipitation amount that the system can accommodate
was determined by calculating the retention volume per meter of pipe trench, adjusted
by subtracting the portion of the trench volume connected to the interface, assuming that
trees are planted every 20 m and that the interface covers a length of 1.5 m. This value was
then divided by the cross-sectional area of the road surface. Based on the available volume
within the trench, the system has a sufficient capacity to retain the water volume required
for the 20-year flood event standard [62] up to this point, even without infiltration. The
formula used for this calculation is as follows:

VH(Vges X LHoBst)
AH (Aggs X LH)

Ny = x 1000, )

Here, Ny, represents the permissible rainfall that can be absorbed by the SPS. This
amount is derived from the volume of a section V, which in turn is calculated using the
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total volume Vo5 determined in Equation (1), multiplied by the system length minus the
tree locations (Ly,pst). This value is then divided by the area to be connected (Ay) and
scaled to the total system length (Ag.s x Ly). Therefore, infiltration was considered only
after a duration of 360 min. The infiltration rate of the system was subsequently calculated
according to the standard formula provided by the German regulator DWA [64].

In all the pilot municipalities, it should be proven that flooding can be prevented in
a 20-year event, so that the system is approved for the German market according to the
enforced regulations [62]. All the ideas and partial results were transferred from theory to
practice through pilot projects. Collaboration with practice partners was a key element in
the successful implementation of the theoretical system. Based on the feedback from these
partners, many valuable insights were incorporated into the methodology.

2.3. Hydraulic Analyses

As part of the project, hydraulic analyses focusing on the filling and emptying pro-
cesses of the SPS were carried out. The practical implementation of the system was
investigated using a laboratory test facility. The system must be able to fill quickly during
a rainfall event, but the emptying must be delayed in order to maximize the retention
effect. A key objective of the system is to store a high proportion of the rainfall to make it
available to plants and trees. From the abovementioned requirements, questions could be
derived regarding the flow processes, which are of crucial importance for the filling and
emptying processes.

A 1:1 scale test was set up in the Hydraulic Engineering Laboratory at the Bochum
University of Applied Sciences, in which different materials, layer structures, and heights
were tested (Figure 4a,b). In coordination with the project consortium, potentially suitable
materials were identified and analyzed in the test setup (sand, geotextile, gravel). The test
facility was equipped with a variety of measuring instruments that allow for the detailed
analysis of the tests. The instrumentation included a magnetic inductive flow meter to measure
the inflow volume and several water level sensors to measure the fill level. The test setup was
designed as a steel tank with a width of 1.25 m, a length of 10.0 m, and a height of 2.50 m.
Figure 4 shows the test tank and an example of an experimental setup of the pipe system.

:
]
X
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-
-
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»
T
L)

(a) (b)

Figure 4. (a) Side view of the tank with the feed pump and return channel and (b) exemplary
illustration of the experimental setup in the 1:1 large-scale experiment.
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Additional small containers measuring 0.90 m x 1.20m x 1.20 m were also used for the
preliminary tests. In these, different materials and layer structures could be experimentally
evaluated without much effort.

The experiments were carried out with different quantities of water. The reactions in
the system were analyzed on the basis of the data recorded. In particular, the tests were
designed to answer the following questions:

1.  How long do the filling and emptying processes take?
2. How much water can be stored in which layers?
3. How long can this water be stored or made available to the tree?

2.4. Institutional Framework and Cost—Benefit Analyses

The economic evaluation encompasses two key areas of analysis. First, the institu-
tional framework conditions necessary for the implementation of the SPS were examined.
Second, a cost-benefit analysis (CBA) was conducted to evaluate the economic viability of
the system.

These two subtopics are interrelated. Assuming that the benefits of the SPS outweigh
its costs, the CBA serves as a critical tool to provide stakeholders with the economic justifi-
cation required to support its implementation. The analysis is grounded in the principles
of New Institutional Economics, particularly emphasizing the distinction between formal
and informal institutions and the application of principal-agent theory. This framework fa-
cilitates a deeper understanding of the institutional and economic dynamics underpinning
the feasibility and adoption of the SPS.

2.4.1. Institutions and Actor Analysis

Institutions represent the social rules and enforcement mechanisms under which
action is taken [65]. Institutions can be divided into formal (laws and regulations) and
informal institutions (morals, values, attitudes, tradition). They limit the actors’ room for
maneuver, reduce uncertainties, and lower transaction costs for obtaining information [66].
Even if formal institutions have an important function, informal institutions are at least
as important.

According to the rational choice approach, posts within an organization like a munici-
pality have to be regarded as shells for the individual interests of the people working in
these organizations [66]. This makes the analysis of what shapes their decision-making
behavior relevant [67].

The asymmetrical distribution of information is an additional complicating factor here.
According to the principal-agent theory, one of the negotiating partners has less information
(principal; here, for example, the department responsible for water in a municipality) than
the other negotiating partner (agent; here, for example, the person responsible in the
road construction department). The aim of the study was to identify the conditions and
best practices that prevent or at least minimize the agent from taking advantage vis-a-vis
the principal [68].

To this end, an analysis of the organizations or players involved was carried out
first. Such a, so-called, stakeholder analysis is used by politicians and organizations to
improve the planning and implementation of projects [69-71]. It helps to better understand
the problems affecting the project, to better coordinate interactions between the groups
involved [69], and to minimize any advantage that the agent may have over the principal.
Stakeholder or actor analysis is one of the most frequently used methods for identifying
the parties involved and their interests [72].

The planning and implementation of the BGI involves a large number of different
stakeholders with different participation rights and interests [69]. An actor analysis is
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particularly useful here due to the prevailing overlapping systems and stakeholder interests,
the special market conditions under which wastewater is disposed of [69], and the fact that
only a few political and economic actors are responsible for the management of stormwater.
The interests and institutional perspectives [73] identified with the circle of stakeholders
outlined in this way help to identify and eliminate conflicts of interest and uncertainties in
the planning process at an early stage.

2.4.2. Cost-Benefit Analysis

The economic viability of an option considered is a key selection criterion for the
stakeholders involved and authorized to make decisions [74]. Cost-benefit analyses (CBAs)
are often used to assess the economic aspects in order to provide a further basis for the
decision in favor of a planned system [75-77].

A CBA essentially comprises the following four steps [78,79]:
Identification of all the welfare-relevant effects of the measure;

Monetization of the relevant benefit and cost variables;
Discounting of the future benefits and costs;

Ll

Determination of the net values/overall assessment.

The classical CBA assumed so far claims to translate all the consequences of a measure
into monetary units. In contrast, the non-monetary CBA only assigns monetary units to
those benefit (and cost) categories for which these data can be determined with relatively
little effort. All other benefit (and cost) categories are determined mainly qualitatively. A
qualitative expert assessment is therefore required for the overall evaluation [77].

As part of this project, the costs were presented in comparison with conventional
systems. The same applied for SPS regarding avoided costs, which were estimated together
with the pilot municipalities. Benefits with negligible private, but great social, benefits were
not calculated in our own primary evaluation. Instead, the benefit transfer methodology
was used [80].

3. Results
3.1. Climate Data Analyses and Dimensioning of the SPS

As an example, the pilot municipality of Leichlingen (Rhineland, Germany) was analyzed
to examine the distribution and frequency of drought periods from 1931 to 2022. Leichlingen is
characterized by a temperate oceanic climate (Koppen—Geiger classification: Cfb) [81]. Leich-
lingen was selected because it represents the most advanced stage of project implementation.
This analysis aimed to determine how often trees are exposed to drought stress conditions
and assess how the SPS could help to mitigate these effects.

Drought periods were defined as sequences of at least 7, 14, 21, or 28 consecutive
days with daily precipitation totals of <1 mm. The depiction of drought periods using the
example of Leichlingen is illustrated in Figure 5.

There was an inverse relationship between the duration of the drought periods and
their frequency of occurrence. Between 1931 and 2022, a 7-day drought period occurred
on average 9 times per year (range: 5-14 times), while a 14-day drought period occurred
on average 2 times per year (range: 0-7 times). For these drought periods, assuming that
sufficient rainfall precedes the drought, the SPS can ideally provide stored rainwater to
the roots (Section 4). The longer drought periods depicted occur less than once per year.
In such cases, the SPS can significantly reduce either the duration of drought stress or,
alternatively, the duration of irrigation required. All the analyzed drought periods exhibit
negligible trends of increased frequency over time.
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Drought Periods (7, 14, 21 and 28 Days) in Leichlingen (1931-2022)

Number of Dmughl Periods

M

y =0.0018x + 8.9365 y =0.0047x + 1.5865 y =-0.0006x + 0.3856 y =0.0002x + 0.0538

m— P (7 days) — DP (14 days) m— DP (21 days) DP (28 days)

Linear (DP (7 days) ) Linear (DP (14 days) ) Linear (DP (21 days) ) Linear (DP (28 days) )

Figure 5. Depiction of drought periods in the pilot city of Leichlingen from 1931-2022.

The distribution of the drought periods throughout the year is essential for under-
standing when the system is most frequently needed to mitigate drought stress for the trees.
An analysis of the distribution of the drought periods by month for the city of Leichlingen
is presented in Figure 6.

Drought periods distributed by month in Leichlingen (1931-2022)
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Figure 6. Depiction of the monthly distribution of drought periods in the pilot city of Leichlingen
from 1931-2022.

The drought periods showed variability throughout the year, with a notable increase
in spring, particularly in March. Comparing the drought period distribution with the
tree water demand highlights that the peak water needs occur in spring, particularly in
March [56,61,82]. This emphasizes the critical need for water availability during this period
to meet the heightened demand of the trees.

Additionally, precipitation events occurring prior to the drought periods were ana-
lyzed to assess the water availability in the system during these phases. The results of this
analysis, exemplified by the city of Leichlingen, are presented in Table 2.

Table 2. Precipitation before drought periods in Leichlingen (1931-2022).

Precipitation Day(s) Before Drought Periods 25th Percentile (in mm) Median (in mm)
1 21 3.4
2 3.5 6.7
3 47 9.7
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As shown in Table 2, in 75% of cases (Table 2, 25th percentile), 4.7 mm of precipitation
would have been available to be directed into the SPS. In 50% of cases (Table 2, median),
this amount reached 9.7 mm. These values were calculated based on the average number
of days with precipitation prior to a drought period (three days) and the cumulative
precipitation sum over those days. These results were further utilized to determine the
amount of water available to the trees over a period of approximately 14 days after the rain
event (see Section 4).

Theoretically, based on the daily water consumption of 50-300 L mentioned in
Section 2.2 and the values of 1028-1285 L discussed in Section 4, which are released grad-
ually over time, the trees could be irrigated for approximately 3.4 days (1028/300—at
maximum consumption) to 25.7 days (1285/50—at minimum consumption).

Building on Martonne’s insights [55], it is evident that the drought conditions are
influenced not only by precipitation levels but also by temperature. Consequently, addi-
tional analyses were undertaken to assess the occurrence of summer days (Tmax > 25 °C)
and hot days (Tmax > 30 °C), providing a more comprehensive understanding of drought
dynamics. Both parameters followed the global trend and have approximately doubled
over the past 70 years. As a result, increasing transpiration and a corresponding rise in the
water demand of trees are to be expected in the future.

For the dimensioning process, the calculations followed the methodology outlined in
the Materials and Methods section, based on the construction details illustrated in Figure 1.
The key results are presented in Table 3.

Table 3. Evaluations of the dimensioning for a standard soil-pipe system (SPS).

Parameter Value Unit
Available volume for water retention in the pipe trench 1584 L/m SPS
Connected surface area 26.5 m?/m SPS

Permissible precipitation amount that the SPS can accommodate

55.3 mm

without infiltration, considering a single tree pit

Based on Table 3, it is evident that a standard element of 20 m length, connected to
a surface area of 26.5 m?/m, can accommodate precipitation volumes of 55.3 mm. With
increasing hydraulic conductivity (kf-values), and with longer rainfall duration periods,
the additional capacity due to infiltration increases absolutely and as a percentage of the
total absorption capacity. In suitably permeable soils (kf-values), this ensures that even for
long-duration rainfall events, the failure frequency can be kept to less than once in 20 years.
To illustrate the system’s performance, local precipitation data (KOSTRA DWD) for the city
of Leichlingen were used.

Figure 7 illustrates that for the city of Leichlingen, the SPS can manage flood control
(T = 20 years) for durations up to D = 540 min. The system is capable of retaining events
with a return period of T = 100 years for a duration of D = 180 min. As previously
mentioned, the performance of SPS during longer-duration rainfall events is expected to be
influenced by infiltration, which is in turn determined by the kf-values, duration steps, and
return periods.

3.2. Hydraulic Analyses

On the basis of the tests carried out, the previously posed questions could be answered.
The experiments started by analyzing the effect of the stone wool elements. The investi-
gations also showed that the storage effect of the system does not depend on the stone
wool elements, but rather on the sand layer underneath them. As demonstrated in Figure 8,
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Calculated
Precipitation
Amounts /
Table 2

55.3 mm

Infiltration is Taken Into
account

DurationStepD 1a

min  Std
5
10
15
20
30
45
60 1
20 1
120 2
180 3
240 4
360 6
540 9
720 12
1080 18
1440 24
2880 48
4320 72
5760 96
7200 120
8640 144
10080 168

Angaben in mm: Bemessungsniederschlagswerte h(n)

mm
67
85
97
10,6
12,0
135
14,7
16,5
17,8
20,0
21,7
242
27,
294
329
356
431
482
52,2
555
58,3
60,9

1/(s
2233
141,7
107,8
88,3
66,7
50,0
40,8
306
247
185
15,1
11,2
84
6,8
5.1
41
25
19
15
1.3
11
1.0

two identical tests were conducted, with 54 L of water introduced into the system within a
15-min timeframe. The distinguishing factor between these experiments was the method of
water introduction: in the first experiment (a), the water was introduced into the stone wool
elements, while in the second experiment (b), these elements were removed and the water
was directed directly onto the sand layer. A comprehensive analysis of the water discharges
reveals only negligible differences between the two experiments. Specifically, in experiment
(a), a water volume of 40 L was attained after 1.5 days, while in experiment (b), the same
outcome was observed after 2.5 days. Subsequent to a 7-day period, the water output in
both trials converged at a comparable value of approximately 45 L. Nevertheless, the stone
wool elements are an essential component of the SPS as they ensure rapid water absorption.

fopenko.de (3
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Rainfall donation and design precipitation values as a function of Return Period T and Duration step D
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Figure 7. Representation of precipitation in Leichlingen based on KOSTRA data from German
Weather Service (DWD) provided via openko.de [63]. The values highlighted in orange refer to the
permissible precipitation amount that the SPS can accommodate without infiltration, considering
a single tree pit in this specific example. They illustrate the system’s retention capacity. The area
highlighted in light blue indicates from which duration steps (D) onward site-specific infiltration can
additionally be taken into account.

Different sand layer thicknesses and different infill materials for the leveling layer were
also analyzed. No significant differences were found in the results; therefore, the system cross-
section (Figure 1a) shows a range in the layer thickness of 0.15-0.3 m of sand. The large-scale
test also showed that the distribution of water injected through the integrated pipe of the
Rockflow® elements was not as expected. An analysis of the water level sensors revealed
that the release occurred within the initial one or two Rockflow® elements and not over the
entire length. In some instances, a reverse flow was observed. Consequently, a drainage pipe
was installed within the integrated pipeline, which markedly enhanced the inflow into the
stone wool elements. Furthermore, it was established that the release of water to the root area
occurs within a period of 30 min to 2 hours following a precipitation event. Over a period of
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(@)

(b)

6-12 twelve hours, approximately 60-70% of the water was released to this area, and after
a maximum of 24 h, 75-80%. The results of a test are shown as an example in Figure 9. The
red line represents the amount of water discharged and the black line the amount of water
released from the sand layer, showing that most of the injected water has seeped through the
sand layer into the lower part of the system after just one day. Even after 14 days, not all of the
water had been released from the sand layer (Figure 9). Additionally, the maximum quantity
of water that the distinct layers can accommodate was ascertained. It should be noted that
all the values are associated with the 1:1 test setup and its dimensions. By the time the initial
water level was detected in the lower area, a volume of approximately 0.86 m? of water could
be introduced into the system. Therefore, this quantity could be retained by the sand and the
Rockflow® elements. Until the root area was completely filled with water, a total of 11 m?
was introduced. Subtracting the 0.86 m? from this value results in a volume for the root zone
of 10.14 m® with a pipe zone length of 10 m.
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Figure 8. Comparison of the water output (a) with Rockflow and (b) without Rockflow. The remaining
parameters of the test setup were identical for both tests.
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Figure 9. Exemplary representation of the water output from the sand layer over time.

3.3. Institutional Framework and Cost-Benefit Analyzes

The results are divided into two key areas within the economic evaluation. Firstly, the
institutional framework conditions for implementing the SPS were analyzed to identify
potential enablers and barriers. Secondly, a CBA quantifies the economic viability of
the system.

3.3.1. Institutions and Actor Analysis

The analysis of formal institutions focused on the federal state of North Rhine-
Westphalia, as most formal institutions differ slightly in the various German federal states.
In essence, the framework conditions that require the use of underground and above-
ground areas for SPS were compiled. The degree of pollution of the rainwater discharged,
the infiltration capacity of the soil and the absence of contaminated sites in the subsoil were
also relevant. These factors are to be discussed with the lower water authority as part of an
application for a water permit.

The analysis of the informal institutions began with the stakeholder analysis and a
stakeholder survey. It was found that the information asymmetries between the organiza-
tions involved can best be reduced through transparency and widely available information.
For example, there was a desire to transform construction requirements into the “Regeln
der Technik” (state-of-the-art techniques) and to provide concrete planning aids.

3.3.2. Cost-Benefit Analysis and Financing

Stakeholders whose work is made more complicated by the increased considerations
of water aspects like to use their information advantages in the sense of the principal-agent
theory to nip measures such as SPS in the bud. A positive cost-benefit ratio is an important
internal communication tool for the implementation of the SPS.

Compared with conventional drainage systems, the implementation of the SPS en-
tails additional expenses, primarily due to higher construction and material costs. The
increased material costs are mainly attributed to the cast-iron pipe, stone wool, and porous
coarse-grained material. Furthermore, it is important to account for the costs associated
with pre-cleaning road runoff, which may involve the use of a channel or filter shaft. Re-
garding construction costs, the primary factor is the larger excavation volume required to
accommodate both the interface and the stone wool.
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These additional costs were compared with the advantages of the SPS. First of all, these
are the advantages that a tree site has over conventional drainage, such as an improved
microclimate due to the increased cooling capacity [15] and the increase in biodiversity [83].
Compared with the currently common tree locations, a tree in the SPS is more vital due
to the expanded root space, ventilation, and improved water supply, so that fewer costs
are incurred for replacement planting. The storage of rainwater is also expected to sig-
nificantly reduce irrigation costs. The high storage capacity of the system also leads to
less damage from flooding. The summarized studies, which are applied using the benefit
transfer method, suggest that the identified benefits will exceed the costs incurred in the
medium term. However, they largely depend on the particular circumstances encountered
in a region.

In particular, the expert interviews with the participating pilot municipalities showed
the range of variation in financing. The primary question is the system category that is
locally defined for the SPS. If it is primarily seen as a drainage system, the investment
and operating costs can be financed via rainwater charges. Alternatively, the SPS could be
declared as a hydrologically optimized tree site, which would involve investment costs
for both the green spaces and the roads construction departments. The designation of SPS
as a climate adaptation measure enables refinancing via the rainwater fee, the municipal
budget, or subsidies.

3.4. Overview of the Pilot Projects in Leichlingen and Cologne

Stormwater network operatives and municipalities were involved in the BoRSiS project
at an early stage. During the project, further municipalities joined to transfer knowledge
into practice. These include the cities of Detmold, Leichlingen, Cologne, Wuppertal,
and Solingen, as well as the Emschergenossenschaft water board. With the objective
of implementing the SPS already in 2025, plans are underway in the cities of Detmold,
Leichlingen, Cologne, and Wuppertal. The plans in the cities of Leichlingen, at the project
site Friedensstrafle, and in Cologne—Dellbriick, at the project site An der Kemperwiese
(marketplace), are presented here.

3.4.1. Leichlingen, Friedensstrafle Construction Project

On Friedensstrafie in Leichlingen, a section of an existing concrete combined sewer
system from the 1960s will be replaced with the SPS. This section, approximately 26 m in
length, is located outside the street on municipal property. Additionally, the roof areas of
the houses next to the street, which are also situated on municipal property and owned
by the city, will be disconnected from the existent sewer network and redirected into the
SPS. The system’s design at this site was adapted to account for the steeper gradient of
the implementation area and incorporates a cascading arrangement of the stone wool
elements. This configuration ensures efficient water conveyance and an enhanced retention
capacity. The cascading arrangement also allows the stone wool to be installed relatively
horizontally, preventing water from simply flowing through the stone wool along the
slope and promoting gradual infiltration. Furthermore, the placement of the pipe under
the pedestrian walkway introduces unique spatial and functional considerations. Trees
are not positioned directly adjacent to the pipe trench but instead serve as separating
elements between the cascading stone wool modules, effectively being part of the trench
system. This arrangement still optimizes root growth within the trench, while also creating
a spatial buffer. The thoughtful integration of trees as structural separators highlights the
multifunctional nature of the SPS in urban landscapes, seamlessly balancing ecological and
technical objectives.
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3.4.2. Cologne, An der Kemperwiese (Marketplace)—Construction Project

As mentioned in Section 3.1 for Leichlingen, Cologne is also characterized by a temper-
ate oceanic climate (Koppen-Geiger classification: Cfb) [81]. In the construction project “An
der Kemperwiese (marketplace)” in the Dellbriick district of Cologne, a marketplace is be-
ing redesigned for multifunctional use. This includes interests to implement the blue-green
infrastructure as part of Cologne’s “Water-Must-go-to-the-Tree” project. A total of 13 new
trees will be planted in three rows on the market square, with planting pits designed as
interconnected tree pits with a water infiltration function (Figure 10a). At the eastern edge
of the square, the SPS will be installed as an extension, and one of the 13 trees will be
connected to the SPS (Figure 10b). A unique aspect of this project is that it will enable
performance monitoring of the SPS for the connected tree over several years. Moreover,
since all 13 trees are being planted at the same time, their growth can be compared over
time. This will demonstrate whether the tree connected to the SPS, which benefits from
additional root space, shows increased vitality compared with the other trees.

uberdact
Fahrradz
4 x 2,5m

/

56,11

(a) (b)

Figure 10. Layout plans of the construction project “An der Kemperwiese (Marktplatz)” in
Cologne—Dellbriick. (a) Overall view of the market square with the 13 new trees to be planted
on the south side (green circles around black squares) and the soil-pipe system on the eastern edge
of the three-row tree planting [84]; (b) Detail of the soil-pipe system with ductile iron pipe (in red)
between the manholes 272443 and 10962, the 3 m x 12 m (w x 1) stone wool elements (black grid),
and the manholes and pipes for filling the stormwater storage system (in black) [84].

The draft design also includes a root zone with a width of 1.3 m and a height of approx-
imately 1.0 m (green rectangle in Figure 10b between tree pit and stone wool). Above this,
a stormwater reservoir made of stone wool elements measuring 3.0 m x 12.0m x 1.0 m
(w x 1 x h) will be installed. The connecting sewer from shaft 272443 to shaft 10692 will be
constructed using ductile cast-iron pipes.
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4. Discussion

The SPS was developed to address the key limitations of existing tree pit designs.
While previous approaches, such as BC-Ts, structured soil substrates, and large-scale tree
pits, have improved stormwater infiltration and soil aeration, they remain limited by spatial
constraints, drought stress, insufficient root expansion, and waterlogging risks [30,34-36].
These challenges highlight the need for a multifunctional approach that optimally balances
root growth, water retention, and urban infrastructure compatibility—the key objectives
for which the SPS was designed.

Unlike sidewalk-integrated tree pits, which often compete with underground utility
lines [40,41], the SPS repurposes pre-existing pipe trenches, reducing installation complexity
and avoiding spatial conflicts. A fundamental requirement for implementing the SPS is
to ensure its structural stability in the urban streetscape. The SPS utilizes stone wool
elements, which were tested for their load-bearing capacity in urban environments. Initial
applications of the system are implemented in residential areas with lower traffic volumes,
where a minimum deformation modulus of E,, > 45 MN/m? is required by German
road construction standards [49]. Geotechnical tests confirmed that the SPS, with a 0.3 m
compacted sub-base layer, meets these requirements (Figure 3). However, since these tests
were conducted under laboratory conditions, a thicker sub-base layer has been incorporated
into the system sketch for real-world applications (Figure 1a). These results demonstrate
that the SPS ensures sufficient road stability, enabling seamless integration into the existing
infrastructure. By providing structural support, the stable stone wool elements also allow
for the expansion of root space beneath them. This design overcomes the spatial limitations
and excavation challenges commonly associated with conventional tree pits, making it
a more efficient solution for dense urban environments. Beyond structural integration,
hydrological performance is a critical factor for urban tree sites. Conventional tree pits
frequently suffer from two issues: waterlogging due to insufficient drainage and inadequate
long-term water availability, leading to unsustainable irrigation for trees [30,34,39]. The
SPS circumvents these problems by spatially separating the water retention from the
tree planting site. Instead of storing water directly at the planting location, the system
retains water within the pipe trench above the expanded rooting zone. The SPS minimizes
waterlogging risks while maintaining a stable moisture supply within the expanded rooting
zone. This controlled release mechanism is particularly crucial in mitigating drought stress,
a prevalent issue in urban environments.

To assess the effectiveness of the SPS system in mitigating drought stress, a systematic
analysis was conducted. This analysis examined drought periods, precipitation events pre-
ceding dry spells, large-scale experimental trials on water availability over time (conducted
in the Hydraulic Engineering Laboratory), tree water demand, and overall system perfor-
mance. Climate data from the pilot municipalities indicate that 7-day and 14-day drought
periods occur most frequently, with an annual frequency of 9 and 2 events, respectively.
This underscores the necessity of a system that is capable of buffering recurring dry periods.
To enable buffering through the SPS, precipitation data from pilot sites were evaluated to
determine the average amount of rainfall preceding a drought period, thereby identifying
the water available within the system during the drought period. The results indicate
that in 50% of cases (median), 9.7 mm of rainfall occurs before a drought period. For a
standard SPS module (a 20 m trench length, one connected tree, a total storage capacity of
approximately 29,300 L, and a connected surface area of 530 mz), this equates to 5141 L of
water that are available to the system. Large-scale experimental trials were conducted using
this knowledge, revealing that approximately 20-25% of the rainfall is retained within the
sand layer for up to 24 h. Given this volume, the system provides a buffer of 1028-1285 L of
stored water. The large-scale experimental trials demonstrated a gradual release of stored



Land 2025, 14, 1065

21 of 26

water over 7-14 days (without trees), ensuring sustained moisture availability. The tree
water demand varies depending on species, climate, and soil conditions, with an average
daily requirement ranging from 50 to 300 L per tree [57,58,61]. Based on these parameters,
the SPS can sustain trees for 3.4 to 25.7 days, significantly enhancing drought resilience
compared with conventional tree pits, which primarily facilitate rapid infiltration rather
than long-term water retention. Additionally, the role of stone wool elements in facilitating
rapid water uptake was validated. Moreover, water infiltration from the root zone into the
surrounding soil can further enhance storage potential, depending on site-specific condi-
tions. A bypass overflow system is recommended where necessary to prevent excessive
water accumulation and waterlogging. While these technical optimizations enhance system
efficiency, the successful implementation also requires strong stakeholder collaboration
and mutual respect. This includes interdisciplinary cooperation between urban planners,
engineers, and ecologists to ensure the system’s optimal design and functionality. Early
planning of exchange formats that raise awareness of urban water management challenges
is essential. A best practice example is the Klima—-Werk initiative in the Ruhr region, which
brings together municipal representatives, experts, and planners to discuss urban water-
related challenges. Regular meetings within this network foster improved collaboration
and a heightened awareness of sustainable water management strategies.

While the initial findings confirm the feasibility of the SPS, continuous monitoring and
further refinement are essential to facilitate widespread adoption and long-term sustain-
ability. The SPS presents a promising tool for urban water management, yet its integration
into existing planning frameworks and adaptation to future climatic challenges require
further regulatory adjustments. Despite the SPS system'’s effectiveness in reducing drought
stress and retaining precipitation, several practical considerations must be addressed. Evap-
oration and increased transpiration during high-temperature periods were not included
in the primary calculations but must be incorporated into long-term performance evalu-
ations. Nonetheless, drought events lasting up to 14 days are well-buffered by the SPS,
particularly in spring when the tree water demand is high, but extreme temperatures are
less frequent. During this period, stored water remains available, further reducing drought
stress. Additionally, the SPS system mitigates surface runoff, thereby reducing the burden
on the urban drainage infrastructure through efficient water retention. However, prolonged
droughts may exceed the system’s capacity, necessitating supplemental irrigation. As part
of a broader BGI strategy, the SPS should be integrated with additional adaptation measures
to enhance urban resilience. Its adaptability has been demonstrated in pilot cities, such as
Leichlingen and Cologne, where site-specific modifications optimized performance. Future
research should investigate long-term water storage efficiency, regulatory integration, and
regional climate variations to further enhance the system functionality.

5. Conclusions

This study introduces the SPS as a novel, multifunctional approach to urban stormwa-
ter management and climate adaptation, addressing research gaps in the BGI. Unlike
conventional tree pit systems, which are often constrained by spatial limitations and hy-
drological inefficiencies, the SPS utilizes existing underground pipe trenches to expand
the root space and water storage capacity without competing for additional urban land,
making it a practical and scalable solution for dense urban environments. The SPS provides
structural stability, ensuring that the system can be implemented effectively and remains
compatible with the existing infrastructure. In addition, its advanced water retention and
controlled release mechanisms enhance tree vitality, mitigate flood risks, and improve over-
all stormwater management. Data analyses and experimental trials demonstrated that each
SPS module (20 m trench) can store an average of 1028-1285 L of water, enabling drought
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buffering for 3.4 to 25.7 days, depending on the species and site conditions. Climate data
from pilot sites show that 7- and 14-day drought periods occur with annual frequencies
of 9 and 2, respectively—periods that the system can effectively buffer. These quantified
results demonstrate the SPS added value over conventional tree pits, which typically cannot
retain water long enough to buffer such events. An advantage of the SPS is its separation of
water retention from the immediate planting site, which prevents waterlogging and ensures
sustained moisture availability during drought periods. Unlike conventional tree pits that
either retain excessive water or drain quickly, the SPS effectively balances infiltration and
storage, demonstrating improved efficiency in both retention duration and drought re-
silience. Additionally, by alleviating the pressure on urban drainage systems and reducing
runoff peaks during extreme precipitation events, the SPS contributes significantly to urban
climate resilience. Its design as a linear system allows for efficient water distribution, while
the high storage capacity of the stone wool component enables the temporary retention of
large rainfall volumes. Its multifunctional design enables urban trees to provide long-term
ecosystem services, including urban cooling, air quality improvement, and flood mitigation,
further strengthening the city-wide adaptation to climate change. The practical viability
and scalability of the SPS were demonstrated in pilot municipalities involved in the BoRSiS
project. These pilot projects provided valuable insights on the system implementation,
stakeholder coordination, and cost-effective integration into urban planning. The ability
to leverage “windows of opportunity”, such as aligning the SPS installation with planned
infrastructure projects, has proven to be a key driver in reducing costs, improving pub-
lic acceptance, and accelerating adoption. However, despite its promising performance,
certain challenges remain that require further investigation.

While initial findings confirm the system'’s feasibility in residential areas with low traf-
fic volumes, further research is needed to assess its long-term performance. Additionally,
its transferability to diverse urban settings also with high-traffic conditions and different cli-
matic regions should be evaluated, as variations in precipitation patterns, soil permeability,
and evaporation rates may impact the system’s efficiency. Certain environmental factors,
such as high groundwater tables, could limit the system’s retention capacity, while steep
road gradients may complicate water retention and controlled release functions. From
an infrastructure and implementation perspective, scaling the SPS presents additional
technical and regulatory challenges. As the system relies on pre-existing pipe trenches and
cast-iron pipes, its widespread adoption depends on the integration into ongoing urban
development or redevelopment projects. Future studies should explore opportunities for
optimization, particularly in enhancing cost-efficiency, refining installation techniques, and
adapting the system for broader climate resilience strategies.

By bridging the gap between urban tree-root expansion, stormwater retention, and
infrastructure integration, the SPS represents a scalable, nature-based solution that enhances
the BGI for climate-resilient cities. The knowledge gained from pilot implementations
provides a solid foundation for future research, allowing for the continuous refinement
and adaptation of the system. Moving forward, collaborative research efforts, cross-sector
partnerships, and real-world applications will be crucial to unlocking the full potential of
the SPS as a key component of sustainable urban water management strategies.
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