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Abstract: Water in the city is typically exploited in a linear process, in which most of it is polluted,
treated, and discharged; during this process, valuable nutrients are lost in the treatment process
instead of being cycled back and used in urban agriculture or green space. The purpose of this
paper is to advance a new paradigm to close water cycles in cities via the implementation of nature-
based solutions units (NBS_u), with a particular focus on building greening elements, such as green
roofs (GRs) and vertical greening systems (VGS). The hypothesis is that such “circular systems”
can provide substantial ecosystem services and minimize environmental degradation. Our method
is twofold: we first examine these systems from a life-cycle point of view, assessing not only the
inputs of conventional and alternative materials, but the ongoing input of water that is required
for irrigation. Secondly, the evapotranspiration performance of VGS in Copenhagen, Berlin, Lisbon,
Rome, Istanbul, and Tel Aviv, cities with different climatic, architectural, and sociocultural contexts
have been simulated using a verticalized ET approach, assessing rainwater runoff and greywater
as irrigation resources. The water cycling performance of VGS in the mentioned cities would be
sufficient at recycling 44% (Lisbon) to 100% (Berlin, Istanbul) of all accruing rainwater roof-runoff, if
water shortages in dry months are bridged by greywater. Then, 27-53% of the greywater accruing
in a building could be managed on its greened surface. In conclusion, we address the gaps in the
current knowledge and policies identified in the different stages of analyses, such as the lack of
comprehensive life cycle assessment studies that quantify the complete “water footprint” of building
greening systems.

Keywords: water reuse; water management; water cycle; nature-based solutions; green roofs; vertical
greening systems; life-cycle assessment; circular cities; built environment; building greening

1. Introduction

Natural water cycles are under increasing pressure from urban expansion, which is
driven by incessant population growth. It is expected that the world’s urban population
will grow from 3.4 billion people in 2009 to 6.3 billion in 2050. The demand for water
will increase by 55%, which will lead to a rise in water pollution, aggravating problems
associated with water scarcity [1], since water availability is compromised by its quality [2].

In fact, of all the fresh water entering the city, only a fraction is actually used for con-
sumption; the remaining becomes polluted, treated, and discharged [3]. Within this linear
process, valuable nutrients, such as nitrogen and phosphorus, are lost in the treatment pro-
cess instead of being captured and cycled back (e.g., for agricultural usage or maintenance
of green areas) [4]. Stormwater management is another example of this non-sustainable
linear water process, as typically, its main goal is the fast discharge of stormwater to avoid
flooding. With changes in climate, however, rainfall patterns can exceed the capacity of
the sewer system and cause widespread flooding [5]. Under dry conditions, however, in
which water would be needed to irrigate and sustain vegetation to maintain its necessary
cooling function, water is once again used linearly, with fresh drinking water exploited, as
no other source is stored or provided [6].

In this sense, Nature-Based Solutions units (NBS_u) as green technologies that can
be implemented in combination with existing infrastructure or as stand-alone systems [7]
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can support the transition towards a new water reuse paradigm, by integrating circular
economy (CE) principles into urban water management.

When implementing urban NBS_u to create “circular cities”, the following urban
circularity challenges (UCC) [8,9] can be addressed: (i) restoring and maintaining the water
cycle (by rainwater management); (ii) water and waste treatment, recovery, and reuse;
(iii) nutrient recovery and reuse; (iv) material recovery and reuse; (v) food and biomass
production; (vi) energy efficiency and recovery; and (vii) building system recovery. The
built environment can be identified as a key facilitator to address, promote, and benefit
from a change in the water use paradigm by using the UCC to shift towards a circular
management of resources [8]. At the building systems level [10], water streams, including
separated wastewater, precipitation, and runoff, can be reused on site using NBS_u and
supporting units (e.g., non NBS based on the COST Action CA17133 definition [11]). The
same concept can be applied towards green building sites, and further support “reuse”
practices in green building materials.

At the building scale, NBS_u, such as vertical greening systems (VGS) (ground-based
green facade, wall-based green facades, pot-based green facades, and vegetated pergola)
and green roofs (GRs) (intensive, extensive and semi-intensive) can be integrated in the
building envelope of new and existing buildings in order to address the listed UCC. The
reuse of water and nutrients through source separation at the building level is supported by
those NBS_u. Greywater (household wastewater without the toilet stream) has proven to
be a viable resource for irrigation, and the necessary treatment can be done by judiciously
employing on-site systems, such as pot-based green facades and GRs [12,13]. In addition,
water via rainwater harvesting can be reused for irrigation [14].

Plant water consumption must be met throughout the year to allow for the full
spectrum of multifunctionality, e.g., increasing biodiversity, contributing toward public
health, decreasing air pollution, and cooling the surrounding area [6]. This “demand” is
mainly met with fresh water or drinking water, further contributing to water depletion [14].
However, operational water demand is not the only important factor in water reuse
practices. NBS_u require resources for their initial production, and the processes used
to manufacture their constituent materials are often highly water dependent as well [15].
Moreover, the production chains of components for VGS and GRs not only consume
water, but the “production” of this water requires energy for pumping and often for
treatment—meaning that carbon emissions are associated with constructed systems such
as these, which are conceived as NBS_u, and where the expressed intent is often to reduce
a building’s environmental footprint.

Transformation of the water use and reuse paradigm is needed in order to reduce
fresh water depletion. Therefore, the hypothesis of this work is: “The illustration of the
needed water demand for the production of building materials for NBS_u, as well as their
operational water needs, will help to foster rethinking towards the implementation of
water reuse practices.”

In this paper we consider two categories of NBS_u as vehicles for applying CE prin-
ciples (especially fostering water reuse), surveying the existing knowledge, barriers, and
gaps that are crucial for their wider implementation, and for fostering a transition from the
existing linear water use paradigm within the built environment. A schematic depiction of
this existing linear paradigm is presented in Figure 1.

To support CE principles in the water sector, we first examine the “wicked problem”
of urban water management. We then review the relevant literature on selected NBS_u
functions, performance, and impact. To provide more detail on their actual water needs,
we scrutinized the published studies, which quantified both the materials and irrigation
requirements in the context of a life-cycle assessment (LCA).

As the actual water demand of plants is highly dependent on various geographical,
climatic, and physiological factors, a case study was used as a methodological approach to
simulate the potential for meeting water demand with rainwater and greywater availability
in model buildings located in a cross-section of European cities. Finally, we discuss
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the knowledge gaps and policy barriers that must be overcome to achieve widespread
implementation of building greening systems, and offer recommendations to accelerate the
use of NBS_u in the built environment, ultimately creating more circular cities.

Precipitation

Evapotranspiration W

Evapotranspiration

425

i, | @

Precipitation

550

oy
A B

Brandenburg Agriculture

Figure 1. Schematic representation of the mean annual water balance in an agricultural land-
scape west of Berlin (left) and a densely overbuilt quarter with >85% soil sealing in the city
of Berlin, Germany (right). Drawing based on data available from the state of Brandenburg
(www.Ifu.brandenburg.de, accessed on 7 October 2021) for the years 1991-2015 (given in mm/a).
lustration: Dimitra Theochari and Thomas Nehls (unauthorized use is not permitted).

This is the first large collaborative European study that (a) conducted a comprehen-
sive, in-depth review of LCA studies that focused particularly on GRs and VGS, with an
emphasis on water as an input to the material inventory; and (b) quantitatively compared
the water balance of these systems in a range of European cities, with different climatic
and cultural attributes.

2. Materials and Methods
2.1. Wicked Problem of Water

Water use, particularly reuse at the city scale, is a complex procedure. Therefore, the
term “wicked problem of water” is introduced and described, using several important fields
in urban water management. The needed information was gathered based on available
literature of the following topics:

Closing the water cycle at the building scale;

Embodied energy in the provision of water;

Technical facilities for greywater treatment at the building scale;
NBS_u for greywater treatment at the building scale;

Policies and regulation to support water reuse.

2.2. Green Roofs and Vertical Greenery System Water Use Based on LCA Studies

The impacts embodied by GRs and VGS could be considered in a LCA, which provides
a quantitative evaluation of a product or system’s environmental impact based on the
inventory of materials required to build it. In contrast to typical building components, VGS
and GRs are living systems, which rely not only on the materials originally employed in
their construction, but on “materials” that must be continuously supplied throughout the
building’s life, such as water. Hence, a more detailed investigation on the actual water use
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over the lifespan of a NBS_u can support change toward a more circular water loop. Water
usages by GRs and VGS are addressed, based on literature reviews related to LCA studies.

2.3. Simulation Case Study

The aim of this simulation case study was to assess the potential contribution of
VGS to the management and recirculation of water—preferably rainwater run-off, but
also greywater at the building scale (in an urban context). Therefore, (i) the amount of
otherwise drained or wasted water accruing in densely populated city center quarters, with
different urban morphologies, was estimated; and (ii) this water “supply” was compared
to the water “demand” or water loss, due to evapotranspiration of VGS located in different
climatic zones. It is assumed that no storage capacity is provided to use as surplus run-off,
or greywater, in subsequent months of a water deficit.

The potential water demand of a generic VGS model system was estimated. Driven
by pragmatic curiosity—we calculated the balances between the available water and water
demand for typical buildings, in six home cities of the authors, (Table 1).

Table 1. Parameters describing the climatic, architectural, and hydrological characteristics of the case studies. The presented

data included precipitation (P), temperature (T), evapotranspiration (ET), greywater (GW) production per inhabitant,

occupancy (O) and run-off (RO) generation.

City Climate @ Typical Building Water Availability
P-ET . GW GW RO
@
Class P T Oct-Mar Apr-Sep Ground Facade Window v/h (0] Capita Facade Facade
mm/a °C mm m? -) inh/m? L/inh d —L/m? d—
Copenhagen Dfb 614 94 151 —206 980 3206 1408 3.27 0.044 51 0.69 0.37
Berlin Dfb 585 10.3 118 —238 166 440 132 2.65 0.065 63 1.54 0.43
Rome Csa 605 17.8 135 —644 1302 3996 813 3.07 0.029 90 0.85 0.41
Lisbon Csa 571 174 126 -791 237 407 142 1.72 0.021 81 0.99 0.71
Istanbul Csa 546 16.0 —18 —840 231 310 132 1.34 0.170 58 7.35 0.82
Tel-Aviv Csa 506 21.5 -171 —1090 165 330 66 2.00 0.040 58 1.16 0.57

M acc. to Képpen-Geiger, @ acc. to Meteonorm 8, Meteotest Bern, Switzerland 2000-2019.

2.3.1. Calculating Rainwater Run-Off Availability

The building-related rainwater run-off (RO) discussed here was harvested from the
roofs. The harvested water was a high proportion of precipitation (P) and the collected water
was clean compared to street RO. There are several types of contaminants typical to roofs,
such as depositions from the urban atmosphere and substances released from roofing and
gutter materials [16]. Most of these contaminants can be discarded using a first flush diverter.
Several technical guides for rainwater harvesting suggest a first flush diversion of 0.1 to
1 mm [17,18]. Following these guidelines, a first-flush diversion of 1 mm was considered here
in RO calculations on a daily base. RO was calculated by applying the static run-off coefficient
(RC) of 0.9 and the ground area of the chosen buildings, assuming that it approximated the
roof area well. For P, long-term averages (2000-2019) were taken from the database Meteonorm
8 (Meteotest, Bern, Switzerland) using interpolated data sets for all cities (Table 1).

2.3.2. Estimating Greywater Availability

The greywater availability was calculated based on published greywater production
rates for the corresponding countries or cities (Table 1) and the occupancy of the buildings
(inh/m?) related to the ground area of the building. Occupancy (O) was calculated using
the average population density per district divided by the fraction of buildings to total area
analyzed, using figure ground diagrams for the different cities (source: schwarzplan.eu).
Thus, a typical average occupancy (not the actual) was applied. The ground area reference
allows one to directly compare rainwater RO and greywater production.

2.3.3. Simulating Evapotranspiration of VGS

The potential evapotranspiration demand of VGS, denoted ET"*™ (L./m?), was calcu-
lated based on verticalization of the well-established, adapted, Penman—-Monteith approach,
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used by the FAO to calculate ETj [19]. ET(Ve" simplifies the great variety of VGS described
in Section 3 to virtually grass overgrown facades. However, the physically-based model
approach describes the influence of site-specific meteorological parameters correctly. Mete-
orological input data (hourly values) originate from the Meteonorm 8 data base. Compared
to the verticalization approach [20], the following simplifications were made: temperature,
water vapor pressure deficit, and wind speed were not adapted. Solar radiation data
were calculated for the 90° inclined surface for eastern, southern, western, and northern
orientations [21], assuming non-shaded facades for comparability reasons. The ground
heat flux (G), which gets the wall heat flux in the vertical case, was negligible on a daily
basis, at least compared to net radiation (R,) and for the vegetation period [22], though
it might become relevant during the heating period. Hourly values were aggregated to
daily and monthly evapotranspiration sums (L/m?) for the four orientations (Figure 2).
All calculations were performed using MS Excel. For the comparison of the different cities,
and with water availability, the average for all expositions was used.

Copenhagen . Berlin
Denmark \\\ Germany

N - o
3 \ L

Istanbul Tel Aviv

Israel

// \\ Turkey

Figure 2. Selection of buildings representing typical architecture in quarters that are severely affected
by urban heat islands (UHIs) in individual cities. The drawings are isometric. [llustration: Alessandro
Stracqualursi.
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2.3.4. Case Study Buildings from Copenhagen, Berlin, Lisbon, Rome, Istanbul, and
Tel Aviv

Figure 2 presents the buildings identified as “typical” or “representative” in different
cities, in quarters that are most affected by urban heat islands. The buildings, their archi-
tecture, uses, social structures, communities in the houses, as well as their lifestyles, are
simplified in this study, and characterized with the following parameters: ratio of facade
area to ground area (v/h), occupancy (O) as number of inhabitants per ground area, and
greywater (GW) production rate per capita.

In Copenhagen, Denmark, the selected building is in the district of Vesterbro. Al-
though heat stress is not expected to be a major problem in the near future, Vesterbro is
among the districts where a UHI can be detected [23]. Stormwater management is of higher
relevance for the city and has been focused on in the masterplan for Copenhagen, after
the flood of 2011. The case building named “almene” represents the typical Danish social
housing type built in the 1960s and 1970s. It accounts for around 20% of the building stock
in Denmark. The “almene” buildings are typically linear, with six to seven stories, and
contain many apartments [24,25].

The building from Berlin, Germany, was typical for the Wilhelmine period between
1880 and 1918. Dugord et al. [26] identified this building type stock as having the highest
risk for heat stress in Berlin. These buildings represent approximately 10% of Berlin’s
residential building stock and are inhabited by 25% of Berlin’s population. The Wilhelmine
buildings typically have four to six floors with closed or partially open courtyards [27],
and represent typical dense block developments [28].

The model building in Lisbon, Portugal, was selected from areas in the city with the
highest population density and urban heat index [29]. The location is in the historical
center of the city, the former districts of Madalena and Sao Nicolau, with a total area of
0.2 km? and 1875 inhabitants (2011 population Census, [30]). It represents a Pombalino
style building, a design that followed in the reconstruction plan of the lower part of the
city, called “Baixa Pombalina”, after a major earthquake and tsunami in 1755. Pombalino
buildings have four floors and a dormer. The building’s floor area was calculated from
the average of 651 buildings in “Baixa Pombalina”, located in 81 homogeneous blocks.
A typical window size and floor height were calculated by Miranda [31] and Morais [30],
respectively.

The building in Rome, Italy, is located in the central Esquilino district. With a popu-
lation density of 10,813 inh/km?, it is one of the most densely populated districts in the
city [32]. Esquilino suffers from severe urban heating effects [33]. The building (a traditional,
rigorous residential type) was constructed in 1873; it has a linear geometry, commonly
found in the Esquilino. Impervious terraces and clay tile sloping rooftops are present in
almost all buildings in the historical center of Rome [34].

The typical building in Istanbul, Turkey, is situated in the central and historical district
of Kadikoy. This is the most densely populated, urbanized area on the Anatolian side of
Istanbul, affected by the UHI effect [35]. A typical building in Kadikoy has five to seven
stories. Information on a typical building involves the average values from a building
block of row houses, forming an open courtyard, from the General Directorate of Land
Registry and Cadastre [36].

The model building in Tel Aviv, Israel, is situated in the Florentine quarter, which is
one of the most susceptible to surface UHI effects. Early urban planning was shaped by
the Geddes Plan from 1925, characterized by a hierarchical grid of streets that form blocks,
central open spaces incorporated in blocks and dwellings, and a standard small-scale
residential building type [37]. The selected building is located at the crossing of Herzl
Street and Wolfson Street, in an area of compact mid-rise buildings, with 3-5 stories, and
very few trees on the street. The population density in the area is 12,236 inh/km?.
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3. Results
3.1. The “Wicked Problem” of Water

The urban heat island (UHI) effect is a well-known characteristic of the urban cli-
mate [38,39]; it is amplified by ongoing urbanization and the sealing of surfaces, and can
result in serious health hazards [40,41]. Heat-mitigation strategies implemented at the
level of individual buildings, using VGS or GRs, are well known, and can be traced back to
ancient times—in some cases providing privacy and food provision [42].

The current emphasis on NBS_u integrated in the building envelope is heavily at-
tributed to reducing the energy consumption of the building itself, functioning as thermal
insulation, wind protection, and passive shading. In addition, they can moderate the micro-
climate of the immediate surroundings, through the cooling effect from plant transpiration.
This process highly depends on the available water supply [43,44]. The most common
source for this is tap water from the existing water supply system—Dbut with the ongoing
transition to a CE and the implementation of NBS_u, it is clear that the predicted increase
in fresh water withdrawal is not sustainable, and calls for a change in this practice.

The nature of water, as a resource, makes it inherently scarce, with unprecedented
demands on water supply for both consumptive and non-consumptive use. These stresses
are unequally distributed in time and space, and create an ever-changing landscape of
consumption patterns due to industrialization and urban migration, while each sector
is simultaneously seeking to maximize the stream of social and economic benefits from
a limited resource [45]. A relatively under-represented source of water stress can be
attributed to NBS_u for the mitigation of UHI effects. For example, NBS_u for stormwater
management need artificial irrigation during the dry season, when plants contribute to
cooling. Here, the “wicked problem” for urban water management is identified. On the
one hand, more service provisions require higher water use, which is commonly solved
by importing water from outside of the city. On the other hand, fresh water enters the
city, becomes polluted, is discharged (whether treated or not), and leaves the city. One
key to ensuring sustainable water supply for urban irrigation and cooling through plant
transpiration is, thus, implementing water reuse.

At the building scale, one often-discussed approach is the local use of rainwater,
especially for GRs. For VGS, some literature demonstrates the potential of rainwater
use [46,47], but detailed experimental investigation is scarce [48]. Rainwater harvesting
systems have proven to be effective as partial substitutes for domestic water demand in
oceanic zones [49], as well as in semi-arid climatic zones [50], but limiting factors include
the unpredictability of precipitation patterns and the size of water storage systems, which
may be prohibitive [14]. On the other hand, wastewater, particularly greywater, is produced
daily and, hence, can provide a continuous stream of irrigation water once treated.

3.1.1. Closing the Water Cycle at the Building Scale

In addition to rainwater harvesting, source separation and on-site treatment of wastew-
ater is a key element for CE in the water sector. However, using these sources, changes must
be made at the scale of the building and its service systems. In addition to these changes,
there are important implications for the surrounding wastewater discharge infrastructures.

Firstly, the building needs sufficient collection facilities. Secondly, since irrigation
requirements are time-shifted, relative to the actual precipitation or the production of
greywater, the system must provide a buffer reservoir during dry periods and a distinct
pipe system to collect and distribute the water. Lastly, if greywater is used, the system must
locally treat the wastewater part of the stream. Additional installations for collection and
storage are necessary for both the purification of greywater (e.g., in GRs) and the use of
locally purified greywater for irrigation. Whereas the first needs pre-treatment (i.e., settling
tanks or filter units), the latter needs biological treatment as well [51-53].

Either way, in existing buildings this is usually not possible without intervention in
the building structure or envelope; moreover, it is correspondingly cost-intensive [54]. The
system components require additional space, as services detract from the usable area. For
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a new building, however, the additional costs, efforts, and impacts are estimated to be very
low [54,55]. For such installations, operating costs (e.g., monitoring, energy for pumping,
and aeration of the biological stage), as well as the time and cost for services and part
replacements must be considered.

3.1.2. Embodied Energy in the Provision of Water

In this paper, water is considered a limited resource—and using rainwater or reusing
greywater in NBS_u is considered as “closing” the local water cycle. Therefore, the implica-
tions of the provision of water for irrigation in the framework of LCA or life-cycle costs
(LCC) is most likely considered an operational cost [56]. Some LCAs integrate the water
footprints of the materials that are implemented in the research [57], and in some cases, the
energy use or heat production can be transformed into a water footprint [58]. However,
the real costs and energy consumption required to obtain, treat, and provide tap water to
the user are rarely included in the calculation.

Energy costs represent, on average, some 30—40% of the operational costs of water
services [59]. In the case of water supply, this percentage can be as high as 80% [60], and as
such, reducing the required fresh water supply by reusing greywater for non-potable uses has
the potential to provide significant savings in energy consumption in water supply systems.

The embodied energy in the water supply represents the catchment and treatment, on
the one hand, and the distribution (pumping), on the other hand [61]. The latter depends
highly on the topography of the serviced area, and can triple the amount if located in a hilly
region. The amount of energy for pumping can be calculated for a customary device and
pipes, resulting in approximately 0.02 kW h/m3 100 km without raising the altitude level.
Lifting the water by 500 m in altitude doubles the energy consumption to approximately
0.04 kW h/m?3 100 km [62]. For the catchment and treatment of water, Table 2 provides
specific embodied energy values from different sources.

Table 2. Embodied energy for water extraction, conveyance, and treatment (modified [63]).

Primary Energy Drivers Energy Consumption in kW h/m3
Range Average
Groundwater (distribution included) Pumping 0.27-1.30 ~0.5
Pumping 0.5-4.0
Reverse osmosis 1.2-4.0 ~15
Reverse osmosis 2.5-10.0 ~3.5

Table 3 presents embodied energy values for water in five different countries and
cities. The values in Table 3 are often calculated as gross figures (input into the distribution
system) by the provider. The losses within the network are not included. Therefore, the
actual water withdrawal at the tap does not represent the actual energy footprint per
inhabitant. For example, in Italy, the daily water demand of 220 L/inh d in the year 2015
was accompanied by water losses of 47%, equaling a net volume of 428 L/inh d [64].

Table 3. Specific embodied energy values for water in kW h/m?3. If citation is not provided, the value represents a summary

of the given partial value from the literature.

Catchment, Conveyance, and Treatment Distribution Combined Energy for Water Provision
Country kW h/m®
Germany 0.5-0.72
Brandenburg 0.434 0.114 0.54
Denmark 0.22-0.6; 0.43 "
Copenhagen 03°
Israel 3.0-35¢ 0.4-1°¢ 34-45
Istanbul 1.73h
Portugal 0.33f 0.33-0.55 8
Italy 0.184-0.45°¢ 0.146-0.325 ¢ 0.330-0.775 ¢

Note: 2 [65], P [66], € [67], ¢ [68], 4 [69], f [70], & [71], " [72].
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3.1.3. Technical Facilities for Greywater Treatment at the Building Scale

Irrigation of NBS_u with treated greywater reduces the amount of fresh water required,
on the one hand, and on the other hand, closes the water cycle on-site for some portion of
the wastewater [53]. The needed treatment of greywater can either be carried by the NBS_u
itself [13] or by using established intensified onsite treatment systems, as listed in Table 4.

Results for irrigating seasonal plants with raw or treated greywater vary among
species. However, it should be noted that using greywater for irrigation purposes could
have positive effects on the growth of plant biomass when compared to nutrient-free tap
water [73]. Furthermore, only a minor uptake of micropollutants (e.g., heavy metals) in the
plants, and no presence of pathogens on the plant surface, were found [74].

Table 4. Feasible small-scale greywater treatment plants and their analogous specific energy consumptions from medium
scale plants (adapted from [75]).

Analogous Average Energy Consumption [kW h/m?]

Feasible Small-Scale Treatment Technology for Greywater (From Medium Scale Treatment Plants for Conventional

Wastewater Treatment)

Biological stage

SMBR 0.2-4
SBR 0-0.29
BR 0.66
Disinfection
UV Disinfection 0.02-0.8
RO 0.56-1.3

SMBR: submerged membrane bio reactor; SBR: sequencing batch reactor; UV: ultraviolet RO: reverse osmosis.

In Table 4, a number of ready-to-use small-scale treatment plant technologies that fit
the requirements are listed. The energy consumptions of medium-sized treatment plants
are used here due to the lack of reliable comparative values.

The energy consumption figures presented in Table 4 are for decentralized treatment
plants. Energy demand for smaller treatment facilities will consume more energy per cubic
meter of water due to the lower energy efficiency of small-scale systems. The impact of
other energy consuming activities that are indirectly related to the process are not included.
The energy use of treatment trains that produce service water for non-potable purposes
range between 0.48 and 2 kW h/ m?3 [75].

3.1.4. Nature-Based Solutions for Greywater Treatment at the Building Scale

The multifunctionality of NBS_u, such as GRs and VGS, includes their capabilities
of acting as greywater treatment units. Here, design recommendations and processes
occurring in treatment wetlands (e.g., biological degradation of pollutants due to bacteria
metabolism in the pore space of the substrate) are transferred to develop GRs and VGS
for greywater treatment [13,76-78]. Advances in this research are not only made at the
lab-scale—full-scale applications are also available [79-82]. Besides the sufficient treatment
functions of specific GRs and VGS, the daily available greywater also acts as irrigation
water, providing and underlining the multifunctional purposes of NBS_u [82]. As, here,
water supply is not limited in the dry season, cooling by transpiration (and therefore UHI
mitigation) is an important effect of NBS_u treating greywater. The treated greywater can
further be reused for the irrigation of other NBS_u.

3.1.5. Policies and Regulations to Support Water Reuse

Policies and regulations reflect the regional, national, or international perspectives and
priorities on agreed objectives. They provide a framework, defining rights and obligations
of the affected stakeholders, and are shaped according to their needs. In particular, with
the needed shift towards CE and closing loops in the water sector, policies and regulations
need to be adapted to “not act” as barriers [15].
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In 1973, the World Health Organization (WHO) published their first guidelines on
safe use of wastewater, excreta, and greywater, with revisions in 1989 and 2006 [83].
According to the WHO, their use increased in both industrialized and developing countries
due to higher water stress and scarcity, growing populations, environmental pollution,
and a mind shift on wastewater, excreta, and greywater as resources [83]. However,
the presented case study locations (see Section 2.3.4) do not face equal pressure on their
water management systems. The Food and Agriculture Organization (FAO) [84] estimated
freshwater withdrawal as a percentage of total renewable water resources, for the case study
countries in 2017, as follows: Israel (67.3%), Turkey (28.4%), Italy (17.8%), Germany (15.9%),
Denmark (12.4%), and Portugal (11.8%), reflecting the pressure on national water resources.

Among member states of the European Cooperation in Science and Technology
(COST), several countries have obligatory standards or proposed guidelines on water
reuse [13,85,86]. In Portugal, one recent regulation acknowledged water reuse as an alter-
native water source, in line with the principles of the CE [87]. Concerning the European
Union (EU), water reuse is advised to be used “whenever appropriate” in the EU Urban
Wastewater Treatment Council Directive [88], and addressed it as one of the possible
supplementary measures to be optionally implemented in member state policies in the
Water Framework Directive in 2000 [89]. Regulation 2020/741 [90] provides minimum
requirements for treated wastewater reused for agricultural irrigation. Reuse for irrigation
of NBS_u in cities is therefore not addressed.

The implementation of decentralized systems using non-conventional water resources
is hindered by the lack of a regulatory framework, institutional support, and financing
schemes for small and rural communities [91]. Regarding a regulatory scheme, regional
policies can provide a basis for national or international policymaking. In Germany, there
is no ordinance regulating rainwater management [92]. However, regional regulations,
such as requirements for managing rainwater in the Berlin water act [93], might serve as
a blueprint for national policy. Additionally, non-binding recommendations by profes-
sional associations are available in regard to handling rainwater and treating and using
greywater [94,95].

3.2. NBS Units Considered: Focus on “Building Greening” Systems

Within the framework of the COST Action “Circular City”, an extensive list of NBS_u
was formulated to promote the transition to CEs in urban areas [7,9]. In this paper, building-
integrated NBS_u, namely GRs and VGS, are discussed and analyzed for their constituent
materials and water requirements. According to Pearlmutter et al. [10], green building sys-
tems comprise of the greening of building envelopes with living vegetation. In surveying
the existing literature, we adopt the perspective of a LCA, in which material quantities
are inventoried and assessed in terms of their environmental impacts. The following
sub-categories of GRs and VGS are included in this survey, namely intensive and extensive
GRs, as well as a ground-based green facade, a wall-based green facade, a pot-based green
fagade, and vegetated pergola.

3.2.1. Vertical Greening Systems (VGS)

Vertical greening refers to vegetated surfaces on the building envelope, which include
the spread of plants that may or may not be attached to the fagcade, and can either be
rooted into the ground or in pots (see Figure 3). Thus, based on the characteristics of the
vegetation, support structures used, and root system, the type of green facades can be
divided into a: soil/ground-based green facade, wall-based green facade, or pot-based
green facade [7,96-98]. The typology of plants and associated thickness of the foliage,
water needs, material characteristics, and layers, are relevant aspects when selecting these
systems [56].

A ground-based green facade is a wall completely or partially covered with greenery
(Figure 3a). The climber plants (evergreen or deciduous) are planted in the ground (soil,
technical or recycling substrates) or in containers (filled with soil), and grow directly on
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the wall, or climb using climbing-aids (e.g., on a frame) that are connected to the wall [7].
These NBS_u can also be implemented along highly frequented roads to reduce noise
emissions; they usually require less intensive maintenance and protection than pot-based
green facades or wall-based green facades [7,56].

(b) (c)

Figure 3. Types of vertical greening systems: (a) ground-based green facades, either self-climbing (top) or with support

structure (bottom); (b) wall-based green facades, either with panels attached to the wall (top) or as stand-alone systems
(bottom); and (c) pot-based green facades, with pots on the ground (top) or attached to the wall. Illustration: Dimitra
Theochari (unauthorized use is not permitted).

A wall-based green facade comprises panels and technical structures (3D-frames
filled with technical substrate) that are seeded or planted (Figure 3b). These panels and
structures are fixed onto facades or walls or can be designed as stand-alone systems and
allow the placement of plants and substrate on the entire surface. Some systems allow
for the removal of panels during winter. Compared to soil/ground-based green facades,
a wider plant range can be applied, though compared to the other types of VGS they
require more maintenance due to the nutrients and watering system. Their durability
varies depending on the chosen panel system [99].

A pot-based green facade involves the use of containers, such as pots or planters,
which are placed on the ground in front of the building’s facade or directly on the building
or balconies [7] (Figure 3c). The containers of these NBS_u vertical greening types are
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filled with (technical) soilless substrates, soil, or a mixture, and some of them are also
constructed like a GR with different functional layers (e.g., substrate, filter, and drainage
layer). A broad variety of plant species (e.g., climbing plants, trees, shrubs, perennials) can
be planted in the containers. Geared to the specific demands of plant species (e.g., climbing
plants), supporting elements, such as cables, meshes, trellises, or nets have to be provided.

3.2.2. Green Roofs (GRs)

Modern GRs are engineered systems whose designs are informed by a broad knowl-
edge base, supported in technical guidelines, standards, and scientific backgrounds. They
comprise vegetation planted in a technical substrate, followed by several materials, arranged
in layers, and installed on a constructed structure. They can be implemented at the ground
level or on the top of buildings, respecting the physical integrity of the built structure.

In urban areas, GRs offer potential benefits in terms of aesthetic value, restora-
tion of biodiversity, reduction of noise and air pollution, and mitigation of heat-island
effects [40,100-103]. GRs are efficient solutions for stormwater attenuation, delaying the
peak flow, and releasing water more gradually; thus, avoiding overloading the urban
drainage system. The stormwater infiltrates and is retained in the GRs substrates, and is
subsequently released during dry periods through evapotranspiration [100,102,104-106]. In
both rural and urban areas, this solution can improve thermal comfort and yield economic
advantages due to the reduction of heating and cooling requirements [40,100].

Two general types of GRs can be considered (Figure 4), based on the type of plants
selected, the associated substrate depth, and the amount of maintenance expected [7]:
(i) extensive GR; and (ii) intensive GR.

Vegetation
Irrigation System

Water

Demand Substrate
Filter Layer
Drainage Layer

Protection Layer
Roofing Membrane

Figure 4. Green roofs of two general types: intensive (left), and extensive (right), showing typical layers common to both
types. Illustration: Dimitra Theochari and Cristina Calheiros (unauthorized use is not permitted).
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For the purpose of the present review, these two categories may be defined as follows.

(i) Extensive green roofs. The most common plants used are sedum, herbs, mosses, and
grasses. The substrate is relatively thin (typically 0.1-0.15 m) and lightweight. They are
usually not accessible to the public. The installation and maintenance are less expensive
than that of intensive systems. Irrigation is kept to a minimum, depending on the climatic
conditions [7,96-98,107]. To achieve this, vegetation is composed of self-sustaining and
native species of plants that are chosen by taking into account their adaptations to local
climate conditions [108].

(ii) Intensive green roofs. A wide variety of plants can be considered, from grasses to
small shrubs and trees. Depending on the nature of the GR usages, the configuration,
in terms of layers and substrate thickness (usually more than 0.2 m), may vary greatly.
Intensive GRs are usually accessible for public recreation, gardening, relaxation, and social-
ization purposes [7]. Eventually, they can even become spaces for urban agriculture [40]. In
general, this type provides more biotopes and higher biodiversity than an extensive system.
On the other hand, higher costs for implementation and maintenance must be envisaged
when compared to extensive systems, due to the increased loading on the structure [109].
In terms of maintenance, intensive GRs are similar to a garden, requiring regular irrigation
and fertilization [10,110,111].

Either type of GR is typically composed of a number of consecutive layers, including
the plants themselves, a growth substrate, an irrigation system, a filter layer, a drainage
layer, a protection layer and roofing membranes, and an insulated structure, which is
reliably waterproofed (Figure 4). Depending on the particular system, these layers may
be built up in different sequences, or some even omitted, as in the case of “classical” GRs.
These main layers have been described according to their typical functions and materials
in recent publications [111,112].

3.2.3. Vegetated Pergolas

The history of vertical planting goes back to the hanging gardens of Babylon (c. 600
B.C.), considered one of the Seven Wonders of the World, and from ancient Egyptian gar-
dens, we also find the origin of pergolas, which were further introduced in Italy. A pergola
is typically a linear structure containing pillars and crossbeams, as well as an overhead
latticework, commonly in combination with climbing plants to shade a walkway. Vegetated
pergolas have traditionally been created with attention to the local climatic conditions,
design purpose, and similar factors. In the 17th century, for example, different usages of
ivy, climbing plants, roses, and grapes, were observed on the walls, hedges, or entries of
castles, manors, and gardens, often using pergolas or similar support structures. Vertical
planting design became easier by using steel cables to reach higher elevations and cover
wider surfaces.

Design considerations for natural elements include physiological characteristics of
trees or plants, their height, density of foliage, crown shape and volume, and whether
they are deciduous or evergreen. In addition, maintenance considerations, such as growth
rate, leaf, flower and fruit shedding, pruning, volume of root structure, and irrigation
requirements should be considered, as well as environmental conditions, such as soil type,
slope, and aspect, solar exposure requirements, and resistance to winds and pollution.

In some regions, particularly in Mediterranean climates, combining overhead vege-
tated pergolas with GRs are recognized as a way to create more enjoyable environments by
mitigating urban heat [113]. While such traditional techniques of cooling and creating a
more comfortable living environment are not new, they are attracting renewed interests
in different parts of Europe, as it becomes clearer that greenery systems and plants pro-
vide a wide range of benefits to urban areas and their inhabitants. Ecologically-oriented
architectural projects have been undertaken in historic areas in many European cities,
demonstrating how the use of pergolas, as a mobile architectural form made of natural
materials, can enrich urban landscapes [100]. In both Mediterranean and temperate re-
gions, plants, such as vines and ivy, have been re-introduced to protect buildings against
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sunlight—just as they did in years past, when they were an integral part of the construction
of vernacular architecture.

3.3. Materials for Green Roofs and Vertical Greening Systems: A LCA Approach

LCA studies on GRs evaluate the particular materials used for the various GR layers
in terms of their environmental impact. The outcome of a LCA can be used as a decision
factor in the design process and for comparison of the environmental performance of
different GR types. The following phases are primarily included: material extraction,
transportation, construction, operation, and end-of-life (EoL) [114]. Approximately 90% of
the studies further discussed the inclusion of material and energy inputs for the operation
and maintenance phase. This is crucial as, here, water is also respected.

Similarly, LCA studies exist, comparing various VGS in order to evaluate their envi-
ronmental profiles [56,115,116], environmental benefits, and loads [117]. Cortes et al. [118]
conducted a comparative LCA and, based on the findings, developed an eco-friendly
module to build pot-based green facade systems. In order to achieve a sustainable profile,
VGS need to include (in their designs) recycled materials and substrates, including natural
alternatives with low environmental impacts.

3.3.1. Life-Cycle Inventory: Materials

Different types of GRs and VGS have wide ranges of material type requirements for
their construction, operation, and maintenance. The choice of materials with minimized
environmental implications plays a dominant role in their sustainable profile. Sustainable
and local material choices are needed in order to have more environmentally friendly GRs
and VGS [103,115,118-124].

Recent studies evaluated the replacement of conventional GR materials with natural
alternatives [123] or with recycled material and industrial waste [122]. It was emphasized
that GRs need to be developed using recycled materials as ‘green’ substitutions to con-
ventional materials, and also the EoL phase requires further study because it is based on
assumptions that are subject to great uncertainty given the nature of future applications at
the end of the very long lifetime of GRs [114].

Table S1 (in Supplementary Material) presents the selected NBS_u and their typical
constituent materials, broken down in basic types (organic, mineral, and synthetic), and
highlighting their CE aspects (e.g., impacts and benefits). Tables S2 and S3 (in Supplemen-
tary Material) present lists of GRs and VGS materials whose inputs have been previously
calculated, with information on their unit quantities and life cycle phases. These values are
taken from previously published LCA studies, dealing respectively with GRs [57,103,119-
121,125,126] and VGS [56,115-118,122,127].

3.3.2. Life-Cycle Inventory: Water

Freshwater withdrawal for a product may be generated by direct and indirect con-
sumption. The water footprint (WF) concept expresses the amount, type of water resource,
and pollution generated as a new metric that can be applied to a product, process, or
service. It is expressed in terms of water volume per product unit (in terms of mass, energy,
volume, etc.). The total WF is the sum of blue, green, and grey WFs, where the blue WF is
the amount of freshwater (surface water and groundwater), the green WF is the amount of
rainwater, and the grey WF is the amount of freshwater required to dilute pollutants in
order to provide a level of water quality compatible with relevant water quality standards.
This complex analysis of the water needed during the production cycle adds to the needed
direct water use during operation and maintenance, mostly irrigation.

Most LCA studies only focus on the operation and maintenance phase, whereas the
water footprint (including indirect water embodied in the materials of these systems) is
not defined clearly. Table 5 presents a summary of the water consumption for irrigation,
including the type of water used and the calculation method.
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Table 5. Water consumption during operation and management phases included in a previous LCA and experimental
studies on NBS_u): green roofs (GRs), and vertical greening systems (VGS).

NBS_u Type Location Plant Type Calculation Method Water Consumption Reference

Antananarivo, . 5

Madagascar Grass CML Baseline 96 L/m~ a [120]
Native T 2 winter period
Extensive GR Calabria, Italy Mediterranean . Prec.lpltatlon + 1271/ mz summer [128]
N irrigation — run off 149 L/m R
plant species period
Lebanon Sunflower IMPACT 2002+ 15L/m? summer [56]
period
Antananarivo, Grass CML Baseline 730L/m? a [120]
Madagascar
Intensive GR
Puigverd de Lleid Sedum,
u gves aire’l eda, Lampranthus, EI99 4032 L/m? a June-August [124]
P Delosperma
Delft, Netherlands Pteropsida Averaged for 1L/m2d Planter boxes [55]
whole year
3L/m2d Felt layers
Madrid, Spain Hedera helix ILCD Midpoint 8L/m2d [115]
stems biomass
Pot-based VGS Lon

. . onicera n. . 5
Madrid, Spain stems biomass ILCD Midpoint 2L/m=d [115]
Los Angeles, USA Liriope muscari - 6L/m2d [117]

Spring and

2

Portugal Sedum album CML 2001 87L/m 2d summer [122]
Endpoint approach 340L/m* a
Total

VGS Hong Kong Peperomiaclaviformis CML-2001 100 L/m? month [127]

3.3.3. LCA Studies: Sample Findings

A comparative LCA study [57] between traditional gravel ballasted roofs (TGBR)
and extensive GR found that in both cases water consumption is mainly “embodied” in
the reinforcing steel, concrete, thermal insulation, and waterproof membrane, while for
GRs, the drainage layer is also a significant water “consumer”. Several LCA studies have
examined the individual components of GRs. For example, Vacek et al. [129] evaluated the
environmental impacts of four semi-intensive GR (either a combination or something in
between green roof types presented here), differing in their substrate composition. The
system, including a substrate layer with an additional extruded polystyrene layer, has the
highest environmental impact.

Cortes et al. [118] recently executed a comparative cradle-to-gate LCA of five existing
modular pot-based green facade systems in order to determine the features that should
guide the design process of a new insulation cork board (ICB)-based system. Results
indicated that a medium density modular system could be an eco-friendlier counterpart to
current plastic and metal based VGS, and the new ICB module supports the vegetation by
offering better environmental performance. In addition, it can be easily recycled, it ensures
the adequacy of both water retention and the drainage of excess water, and it provides
thermal and acoustic benefits for buildings when used in external cladding systems.

Ottelé et al. [56] conducted a cradle-to-grave LCA, comparing several VGS to a con-
ventional brick facade. The VGS investigated include two ground-based green facades,
one with a stainless steel frame creating a cavity between the foliage and facade, one
filled pot-based system, and one pot-based felt system. The irrigation systems are not
considered when the climbing plants are rooted in the ground, as the water demand is
covered by groundwater, and the other systems consume tap water (between 1 and 3 L/m?
d as yearly mean).

The results indicate notable differences, especially for the supporting systems used
for VGS. The materials for the frame structure based on stainless steel were found to have
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an environmental burden 10 times higher than for structures based on recycled plastic
(HDPE), hard wood, and coated steel.

The felt-based system exhibited the highest values for global warming potential and
fresh water aquatic ecotoxicity. This comes mainly from the waste generated by the need
to replace the felt-based panels five times over the 50-year lifespan, rather than recycling
the entire module with all of the material layers.

3.3.4. Building Greening Horizons: Areas for Improvement

In order to amplify the environmental benefits of GRs and VGS, and minimize their
negative impacts, recycled or locally available materials play a crucial role—constituting an
alternative to conventional materials by replacing them in key system layers. The so-called
zero waste strategy represented by the six Rs (refuse, reduce, reuse, repair, recycle, and rot)
is applicable to GRs and VGS, and is facilitated by organizations, such as BauKarusell [130],
which acts as a social hub for urban mining, reusing, and recycling of construction materials.
Essential information and know-how about CE, removal of buildings, re-used materials,
and related concepts are provided by the BauKarusell [130] team for interested stakeholders
in the building sector, including construction companies, building owners, architects, and
landscape architects. For example, a specific case related to GRs is described by which
the valuable extensive GR substrate from an existing building was carefully removed and
reused in the GR construction of a new house.

Romm and Kasper [131] emphasize the potential of eco-efficient construction by
using local resources available on building sites. During earthworks, carefully removed
cohesive soil and nutrient-rich topsoil can act as a base for technical substrates, optimized
with recycled materials, such as crushed brick and lightweight water-retaining materials
(expanded clay or aerated concrete). This strategy allows the on-site reuse of valuable
soil resources and the application of recycled building materials in the design process of
new technical substrates, e.g., for GRs or pot-based green facades with high water storage
capacity. Within selected Viennese building projects, such as Wildgarten (ARE Austrian
Real Estate Development GmbH, 2019) and Biotope City Wienerberg (Forschungskonsortium
Biotope City, 2021), this strategy (Concept Circular Soil) was implemented to save resources
in building construction processes.

Eksi et al. [132] evaluated the potential of four recycled materials (crushed concrete,
crushed bricks, sawdust, and municipal waste compost), and five locally available materials
in Istanbul (lava rock, pumice, zeolite, perlite, and sheep manure), finding that the pumice
and municipal waste compost mixture show good prospects in relation to the physical
and chemical properties and positively influence plant growth, performing similarly to a
commercial substrate, and better in terms of reduced carbon emissions. Other materials
have been tested as alternatives to heat-expanded shale, such as crushed porcelain and
foamed glass, and were shown to be good candidates for extensive GR applications [133].
Monteiro et al. [134] proposed an alternative experimental substrate composed of 70%
expanded clay, 15% organic matter (granulated cork supplemented with urban solid
waste compost), and 15% crushed egg shell, and found good results regarding plant
establishment and water runoff, with a quality compatible with storage and reuse for
non-potable purposes.

Reused materials for the drainage layer, such as PET bottles and bamboo, as well
as substrate components, were observed to function well for GR [112]. Specifically con-
cerning the drainage layer, ICB produced from processed cork waste has been evaluated
as a material for water drainage and storage, replacing the polyolefin reference product,
and replacing the conventional insulation layer made of extruded polystyrene (XPS) and
expanded polystyrene (EPS) [135]. Rincon et al. [124] used recycled rubber from used
tires instead of pozzolana gravel for the drainage layer in extensive GR, showing a high
potential to reduce the heating and cooling loads in buildings compared to traditional
materials. Additionally, the replacement of conventional pozzolana gravel (CPG) with
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recycled rubber crumbs (RRC) led to a significant reduction in acidification, eutrophication,
and land occupation.

Within the GRs product descriptions of leading suppliers (www.optigruen.co.uk,
accessed 10 July 2021), recycled materials can also be found: for example, 100% recycled
synthetic fibers of polypropylene (PP), polyester (PES), and acryl are used for protection,
and storage fleeces or drainage elements are made of 100% reclaimed and recycled HDPE.
Due to their design (e.g., meander water retention board, FKM 60), these elements of GR
are able to store high amounts of water. Hence, they have a high potential to contribute in
a positive way to the urban water cycle.

Concerning VGS, Cortes et al. [136] evaluated the performance of expanded cork
agglomerate as an eco-friendly alternative to conventional solutions made essentially of
plastic and metal components. Results suggested that this solution offers the possibility of
optimizing the retention and drainage properties of the system through the selection of
the manufactured density to suit local weather conditions, thus achieving water retention
of up to 20 kg/m? and providing rapid drainage of excess water. Furthermore, a better
performance is expected in terms of thermal, acoustic, and environmental properties in
comparison with conventional materials.

When considering recycled or alternative materials, however, it is important to ensure
that they meet the guidelines established for GRs implementation in order to assure quality
and security. Many of the reported studies have been carried out at a lab or pilot scale, such
that further adjustments may be necessary for full scale implementation. A full LCA should
be performed to substantiate the benefits of the alternative materials. Furthermore, when
considering recycled and local products, availability should be taken into consideration to
fulfill the demands of local industry.

These general considerations for improving the use of resources are becoming more
important as it becomes ever clearer that the selection of suitable materials is crucial to
reducing the energy and water use in different building stages and, in turn, the overall
environmental impact of the building. Selecting raw materials from local sources, and
those with low carbon emissions due to their potential to be recycled or reused, are thus
part of a larger strategy of sustainability in the built environment.

Manso et al. [122] demonstrated how the integration of sustainability strategies (e.g.,
use of recycled materials, reduction of embodied energy, industrial waste reuse) into
the design of GR and green walls can contribute to a lower environmental impact and
therefore make them more competitive solutions. More specifically, this study evaluated
the environmental impact of an innovative greening solution (Geogreen) in which the
materials and processes of this system had a greater environmental burden and determined
how these impacts can be minimized. It identified strategies for reducing by 74% the overall
global warming potential (GWP) of the system, and minimizing the overall environmental
burden compared to other construction systems.

In contrast to this broad approach, most studies have focused on particular compo-
nents of building greening systems. Bianchini and Hewage [103] studied the production
stage of different polymer applications (virgin and recycled) in the drainage layer of inten-
sive and extensive GR and reported that recycled polymers were recognized as a beneficial
alternative. This study determined that there were reduced amounts of nitrogen dioxide
(NOy), sulfur dioxide (SO;), ozone (O3), and fine particulate matter (PMyg).

Chenani et al. [119] analyzed the production and disposal stages of two extensive
GR with comparisons in the (i) substrate layer (expanded clay and crushed brick with
compost versus pumice and sand with compost); (ii) drainage layer (recycled polystyrene
versus virgin polystyrene); and (iii) retention layer (recycled textile fibers versus Rockwool).
Pumice and sand with compost, recycled polystyrene, and recycled textile fibers were
recognized as environmentally beneficial alternatives according to the decreased abiotic
depletion, acidification, eutrophication, and GWP impacts related to these layers. Vacek
et al. [129] evaluated the three environmental impacts of abiotic depletion, acidification,
and eutrophication in their study of the soil in the substrate layer and polystyrene in
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the water-retaining layer compared with artificial hydrophilic mineral wool in these two
layers of a GR, and reported that, compared with soil and polystyrene, the use of artificial
hydrophilic mineral wool was associated with an increase in environmental impact during
the production stage and a decrease in the maintenance stage.

Pushkar [123] conducted an LCA on four types of extensive GRs, replacing natural
perlite with the byproducts coal bottom ash and fly ash-based aggregates in both the
substrate and drainage layers of GRs, finding that the result depended highly on the
byproduct evaluation approach: with the mass allocation approach, this replacement was
evaluated as harmful, with increased environmental impacts of approximately 5-20%,
but with the system expansion approach, it was evaluated as beneficial, with decreased
environmental impacts of approximately 20-40%.

Rincoén et al. [124] conducted a comprehensive LCA in which the materials of two
extensive GRs were compared with two conventional gravel ballasted flat roofs, with
and without polyurethane as a thermal insulation layer, considering the production, con-
struction, operational, and disposal phases—including experimental data on heating and
cooling demands. Results showed the large contribution of energy consumption in the
operational phase (over 85%) in comparison to the whole life-cycle impact for the ex-
isting roofing systems, and the authors concluded that recycled materials, in this case
rubber crumbs from out-of-use tires, can be implemented in extensive GRs to improve both
the insulation capacity and the environmental properties in Mediterranean continental
climate conditions.

3.4. Simulation Case Study
3.4.1. ET("®" and Precipitation

The potential to evaporate water in the different case study cities depends on the
climatic drivers and generally increases from north to south. Figure 5 shows the potential
evapotranspiration ET("®" for the different locations differentiated by wall orientation and
the provided precipitation over the typical year.

In Berlin and Copenhagen, precipitation is provided throughout the year and is in the
same order of magnitude as the ET("*" during summer, while providing surplus water
during winter. In the other cities, ETy"®"" is much higher than precipitation during summer
for all wall orientations. In Tel Aviv and Lisbon, on average, no precipitation occurs in the
summer for four and one month, respectively. In these two cases, but also in Rome and
Istanbul, there is a highly negative climatic water balance in the summer months (Figure 5).

Regarding the different wall orientations, southern and eastern and western facades
are most promising, in regard to evapotranspiration potential. Northern facades in the
northern hemisphere have the lowest exposition to solar radiation and, thus, show the
lowest ET(V®". Southern facades show the highest evapotranspiration potential during the
winter months, while during the summer, eastern and western facades have the highest
ETV®" among all orientations. The higher the elevation of the sun, the lower the amount
of incoming solar radiation on the southern facade compared to east and west. This applies
for the case study cities over a year, with the effect being more pronounced in the south
than in the north.

ET(v®" is the potential evapotranspiration, occurring when infinite water is available,
considering climatic limitations. It should be noted that the real demand might be lower
or higher due to the choice of plant species and maintenance status of selected plants.
Furthermore, limitations for the overall greenable area might occur, such as window areas
and legal restrictions in the construction e.g., for heritage buildings. Finally, in a realistic
setting, radiation as the main driver is influenced by shading of neighboring obstacles. For
further analyses, shading simulations can be included in established building simulation
tools. In that case, 3D models of buildings are required.
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Figure 5. Long-time average standard evapotranspiration for vertical greening systems (VGS),
ET(Ve™ (L/m? = mm) for the different expositions in the different cities together with precipitation P
(mm) (Meteonorm, 2021; for the years 2005-2019).

3.4.2. Run-Off Reduction Potentials

While the climate determines ET®" and P, architecture determines RO from rain-
water, its amount compared to the facade area and the amplitude of ETyv®". Thus, the
different temporal dynamics of ET"®" and P depicted in Figure 6 are changed substantially
when comparing ET("®" and RO. In short, the surplus of water in the winter is hardly
detectable while the water shortage in the summer is clearly visible for all cities. The
efficiency number erp intuitively describes how much of the run-off RO can be recirculated
to the atmosphere by evapotranspiration of VGS (Figure 6). It is calculated by:

1 v
PRC h

€Ro — ETgert

@)
in which v/h is the relation between the vertical facade area, v (m?) and the horizontal
ground area, 1 (m?) of the case study buildings given in Table 1. The ratio v/ relates ero
to architectural features (i) of the building itself as it determines ground area to facade
area, thus collecting to potentially evaporating area; and (ii) its arrangement in the city,
which influences the available facade area. The arrangement in the city also determines
the orientations of the facades and shading of facade parts (not considered). The different
morphologies are represented by the examples from Rome and Copenhagen—three and
four facades visible vs. Berlin and Lisbon, with only two facades visible (Figure 2). RC
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Copenhagen 1.8

Istanbul 13
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and thus RO depend on the roof typologies. Due to the flat vs. tilted roofs, RO of the
case study buildings in Copenhagen and Tel Aviv is higher than that of the buildings in
Istanbul and Lisbon, respectively. However, in this study, a constant RC of 0.9 has been
applied for comparability reasons. Note, that the static RC concept used in this study has
not been developed to analyze water availabilities, but for maximum runoff prediction,
thus allowing possible overestimation. Otherwise, an improved rainfall run-off model,
using single rainfall events would need to be applied [137].
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Figure 6. Monthly values of erp and egw, with e being the efficiency number describing how much of the accruing respective

water can be evapotranspirated by VGS, calculated here as the ratio of monthly sums of ET"" and the respective water

resource (left: available rainwater runoff from the roof RO, right: greywater accruing in the building GW) for the different

cities (applying long-term averages for meteorological parameters 2005-2019; Meteonorm 8, Meteotest Bern, Switzerland).

Note that the cities are ordered differently in the two figures.

Generally, ero < 1 indicates that only a part of the RO can be evaporated by the
VGS—a surplus of RO—regarding a fully greened facade and sufficient water supply of the
plants. In this case study, even with precipitation being higher than ET"*" for all cities for
at least two months, ero < 1 occurs only for one month in Rome and two months in Lisbon.
That demonstrates the strong impact of the architecture, especially v/h for the buildings in
this case study.

In contrast, erp > 1 indicates the potential of the VGS to evapotranspirate more water
than available from the building’s own roof—regarding a fully greened facade. In this
case, the plants might be exposed to water stress. For most months in the case study cities,
there is a virtual deficit regarding RO with the factor being at least 2.8 in the summer. That
means, that a greened facade can evaporate the RO from 2-3 similar buildings—or that
the greenable fraction of the facade is smaller than 1. Greening only parts of the facade
would ensure sufficient irrigation of VGS. The reciprocal of erp gives the fraction of the
facade area that could be greened using RO. Identifying the lowest of these values over the
year gives the fraction of the facade, which can be sustainably irrigated (Table 6)—without
considering the uncertainties regarding water availability caused by climate change.

Table 6. Water management potential for three different irrigation regimes: (a) solely run-off (RO) used; (b) RO irrigation

prioritized, but drought months outbalanced with greywater (GW); (c) RO irrigation prioritized, but all months added

with GW.
City Water Management Potential
(a) Solely RO Irrigation (b) Optimized RO Irrigation (c) Full RO + GW Irrigation
Facade Evaporated Facade Evaporated Evaporated Facade Evaporated Evaporated
Greened RO Greened RO GW Greened RO GW
% % %

Copenhagen 10 35 26 79 11 46 92 41
Berlin 13 39 64 95 29 87 100 47
Rome 4 17 24 64 21 28 67 27
Lisbon - - 28 44 28 28 44 28

Istanbul 3 9 100 100 30 136 100 45
Tel-Aviv - - 28 60 53 28 60 53
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In Istanbul, only 3% of the facade could be greened, which would be sufficient to
evapotranspirate 9% of RO. In Rome, Copenhagen, and Berlin, 4%, 10%, and 13% of the
facade can be greened, which would be sufficient to evaporate 17%, 35%, and 39% of RO.
Thus, VGS can reduce the accruing RO and the sewer utilization substantially.

In Tel Aviv and Lisbon, it is not possible to sustainably evaporate RO using VGS due
to no-rain in at least one month. The NBS_u intended to evaporate RO would die due to
drought stress. In Tel Aviv and Istanbul, this dilemma can be solved by (i) decreasing the
greened fraction of the facade and increasing the storage volume to export RO from one
month to the other; or by (ii) adding water from other resources. Storage capacity is not in
the scope of this article; here, we only assume that the water from one month can be stored
to be used for irrigation in the same month. Regarding the use of other water resources
for VGS irrigation, because of ethical scruples, scarcity, and the high embodied energy,
irrigating with tap water should be the last option. Instead, greywater is a promising
resource to be used. It will be discussed in the following.

3.4.3. Greywater Management Potentials

Equivalent to erp, egw describes how much of the accruing greywater GW can be
recirculated to the atmosphere by evapotranspiration of VGS. It is calculated by:

1 v
— Tvert _ 2
oW =Elo G om n @
in which GWi; is the individual greywater production rate per capita (L/inh d), O is the
building occupancy per building ground area (inh/m?), and m is the number of days per
month Figure 6).

Note that this study focuses on residential buildings and e.g., buildings of mixed use

or office buildings have different GW production patterns.

3.4.4. Optimized RO-Irrigation Scenario

Using GW for irrigation during the drought season or for additional irrigation during
the year enables VGS in Lisbon and Tel Aviv in the first place and increases the fraction
of the facade that can be greened in the other cities. Adding GW also increases the
evapotranspiration of RO if it is used with priority (optimized RO-irrigation scenario in
Table 6). Doing so in Istanbul, Rome, Berlin, and Copenhagen, the fraction of facade which
can be greened increases by the factor of 33, 6, 5, and 2.6, respectively. Applying GW
just to fill up RO deficits in Istanbul allows to green already 100% of the facade and to
evapotranspirate 100% of RO, while 30% of the accruing GW are used (see Table 6). Both
Berlin and Copenhagen have suffered from cloudbursts in the last 10 years. Additional GW
application allows to green 64% and 26% of the facades of the model buildings in the two
cities which would increase the fraction of evaporation of RO to 95% and 79%, respectively.
In terms of rainwater management and pluvial flooding prevention, which is an interesting
aspect for decentralized actions in growing and densifying cities.

Compared to RO, GW is available in larger quantities for the case study cities, with
less fluctuation over the year, which is expected to be of increasing relevance, keeping in
mind climate change and the predicted increase in droughts. However, GW also fluctuates
over time. Peaks in GW production is apparent in the morning and evening hours and
variations in GW quantity can be detected in between seasons [138]. Additionally, it can be
expected that fluctuations occur because of vacation seasons, different cool showering and
warming bathtub using frequencies in summer and winter and special GW production
patterns in flats used for touristic short-term housing. Furthermore, the accruing amounts
depend on the actual occupancy of the buildings. In this study we employed average
values for occupancy representative for the whole district and average individual grey
water production rates. Thus, the variation of GW over the week, the month, and the year
is underestimated here.
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3.4.5. Full Greywater and Run-Off Irrigation Scenario

When the full GW amount is used to irrigate VGS, the fraction of the facade which can
be greened sustainably increases again (except for Lisbon and Tel Aviv) and is limited by
the month with the lowest sum of RO and GW. For Rome, the increase is marginal, which is
due to the limiting water availability. For the other cities, applying the full amount of GW
makes sense in terms of GW management but also for further RO evaporation (Table 6). In
Istanbul and Berlin, thus, the full amount of RO can be evaporated.

In Istanbul, due to the high amount of available GW, which is a result of the high
occupancy, more than the facade area (136%) can be greened. For the Berlin case, the
greened fraction of the facade could be increased to 87%. In Copenhagen, the greened
area could almost be doubled to 46 % of the facade. Thereby, the evaporated water equals
92% of the run-off. In Rome, the greened area could slightly be increased to 28% when
compared to an irrigation regime where GW is only applied in times of drought season.
In the cases of Lisbon and Tel-Aviv, the fraction of greened facade could not be raised
further above 28% in the third irrigation scenario. As both cities have months with no
precipitation, the amount of applicable GW is the limiting factor in both the second and
third irrigation scenarios.

4. Discussion

The presented results from the literature and the simulation study indicate existing
gaps in knowledge as well as applied policies.

4.1. Simulation Case Study

The chosen case study examples show that, based on the climate, architecture, and
occupancy, it is generally suitable to include VGS in run-off and greywater management.
The climatic conditions, in particular solar radiation as the basic driver, shapes the overall
water management potential in each city. However, the examples showed that the archi-
tecture can overrule the climatic conditions as it determines the greenable area and v/h
strongly influences RO/ET. What has further been presented is that greywater use for
irrigation is advisable. It therefore should not be hindered by high investment costs for its
collection and diversion system. When greywater is added to the irrigation regime that
has prioritized run-off, the RO management rate can be raised as greywater outbalances
deficits that would otherwise lead to water stress in the applied plants. A surplus in RO
and greywater can either be drained or treated on-site and then recirculated to be used in
the building, e.g., for toilet flushing.

There are three factors that limit sustainable rainwater management: (i) shortage
of rainwater during the year, which limits NBS_u; (ii) shortage of greywater compared
to rainwater in the rainy season; and (iii) shortage of space to be greened compared to
occupancy and greywater production. They should motivate planners to seek quarter-
oriented (instead of single building-oriented) solutions. VGS implementation can serve as a
systemic solution integrated into the quarter management, as one facade has high potential
to evaporate water from neighboring buildings. Exporting space or water resources from
one building to the other or to horizontal green areas, such as GRs, could be an option
to optimize the system, e.g., regarding pluvial flooding, mixed sewer overflows, and
eutrophication in the quarter and watershed, respectively. With the simple, ground area,
vertical area, and occupancy-based description of the buildings, we delivered an effective
upscaling approach for neighborhoods, quarters, and districts.

4.2. Structural Issues

Several issues could arise from implementing GRs and VGS in existing buildings, such
as structural issues, deficient performance, and EoL-time disposal [102]. Most buildings
have load restrictions, especially older buildings with roofs that were not intentionally
constructed to accommodate NBS_u. Accordingly, it is important to keep the weight of the
GR (especially the substrates) as low as possible in order to avoid damaging the structure
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and its usability. It is important to note that GRs do not have to cause leakage problems,
instead, protect the roof and its water-proof membrane from damage [102,139,140]. We
highlight that the knowledge required to avoid these structural problems already exists, and
should be implemented. This can be done, for example, by considering the roof slope [141],
which can go up to 30° for the installation of the lightweight extensive GR [142], while
ensuring a minimum slope of 2% in order to drain the excessive rainwater [143].

4.3. Ecosystem (Dis)Services

Although the provision of ecosystem services by NBS_u is substantial, knowledge gaps
are still found in the quantification of the more intangible benefits of GRs and VGS, namely
the gains in quality of life and well-being, for which interviews can be used [142]. There
is especially a lack of research on the quantitative and qualitative benefits of ecosystem
services in under-developed countries [144], an area where further research should be
focused on.

Compared to the provision of ecosystem services, research on ecosystem disser-
vices (ecosystem outputs that diminish human well-being, caused by NBS_u) is relatively
scarce [145-147]. Open questions include fire-resistance in VGS [148], the quality of runoff
water from GR [149-151], and air quality effects [152-154].

In humid weather, the adoption of GRs has the perceived disservice of attracting
mosquitoes, though this risk is less than in gardens with open water bodies [155]. GRs can
attract birds to the city, and while this could theoretically increase the chances for disease
transfer to humans, such a risk has not been reported thus far [156]. Possible approaches to
these issues may arise from existing strategies that have been adopted in parks and natural
reserves [157,158].

4.4. Future-Proof NBS Units

An effort to adapt NBS_u to current and local climate conditions is being done by
adapting the vegetation and substrate of GRs [102] and VGS [142]. Still, knowledge
gaps can be identified regarding the impacts of seasonal climate variations on thermal
performance of GRs and the evaluation of substrate vulnerability to wind erosion and
heavy storm events. More critically, the long-term functioning of such NBS_u is seldom
addressed. One way to do so is to quantify how each unit responds to stress, induced by
water deficit, heat waves, and extreme weather phenomena. The resistance and resilience
to stress of NBS_u can be evaluated by their capacity to resist change and their capacity to
return to their functioning after the stress has induced a change. It can be assumed that
those sufficiently irrigated are more resistant to water stress than non-irrigated NBS_u.
When water stress is intense or long enough, plant selection, based on water need, is
important. When not irrigated (or not regularly irrigated), units, such as extensive GRs or
ground based green facades, are more likely to recover (e.g., roots in the soil can keep the
plant alive, while species in extensive GRs can more easily recover from seed). However,
there is very little empirical evidence of this, which limits generalizations, mostly because
climate change is an ongoing process and there has been a limited exposure of NBS_u to it.
Most knowledge on this topic is derived from natural and semi-natural ecosystems [159],
with some general patterns emerging that can be applied to urban NBS_u, namely that
NBS_u are more affected by extreme phenomena than by average values (e.g., longer heat
waves, rather than increased average temperatures) and that multiple stresses are often
associated to cause a change (e.g., a vertical wall can resist a heat-wave or a prolonged
drought separately but not when they co-occur). One option for future research is to look
for solutions that currently work in drier climates. This should include investigations on
how xerophytic species perform under a Mediterranean climate type, to forecast the future
response in other regions under climate change [160]. Further research on the resistance
and resilience of GRs and VGS under climate change can provide guidelines on how to
future-proof the functioning of those NBS_u in cities.
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4.5. Policy Framework

Government regulations or incentives for implementing NBS_u in urban areas are
diverse and differ between countries and between cities in the same country, and depend
on the type of building ownership (private vs. public), age of building, and building area,
among others. This dispersion can limit the application of GRs and VGS, which greatly
depend on policy regulation for both financial and technical support [102,116,142,161].

To provide support to those interested in implementation, web-based solutions that
aggregate information are of importance (e.g., https://www.greenroofs.pt/en/policy-map,
accessed on 7 October 2021). Nevertheless, countries and municipalities can be limited
in developing and applying appropriate legal rules and incentives due to their poor
governance, low socioeconomic status, and less developed local market, as well as lack
of clear guidelines in relation to project approval [162]. Moreover, unclear structural
capability in case of renovation, collective ownership, and co-financing might become a
legal limitation in case of GRs or VGS installation. Depending on the technology level used,
costs of installation of GRs or VGS might become burdensome. In that case, investments
by private owners are difficult to achieve. Accordingly, each country should select the
most appropriate incentive policies and define them depending on their national and local
conditions [161].

One way to overcome policy limitations when implementing NBS_u can be to reinforce
the integration of NBS_u in building designs, which is already contemplated in the energy
performance of building directives, to help improve the energy efficiency of buildings and
reduce heating or cooling consumption. This could further help to achieve the circularity
and decarbonized objectives, from a building perspective, by 2050. Technical solutions
to integrate greywater and rainwater in the water management on a building scale are
available and support a sustainable operation of GRs and VGS. Greywater and rainwater
therefore need to be recognized and addressed in policies, as locally available resources,
and distinguished from other often higher loaded streams of wastewater. In order to reduce
pressure on freshwater systems, centralized energy, space-intensive water purification, and
transport infrastructure, implementation of decentralized systems should be encouraged.

In order to enable circular urban processes in the built environment through NBS_u
and by closing the local water cycles, moving forward to a more comprehensive evaluation
of the climate change impact of buildings during their design, construction, and use will be
key to performance in a carbon-neutral European (and worldwide) society and economy
in the years leading up to 2050.

While the policy dimension to increase the use of NBS_u could benefit from further
integration with ecosystem services [161], another future aim is to focus on the sustain-
able energy performance of buildings directive of the EU, which should be updated and
contemplated in the new framework assessment and EU guidelines (various levels) as a
method to enhance the circularity-related performance of buildings.

5. Conclusions

Water issues were dealt with extensively in this manuscript; moreover, water is
identified as one of the major limitations in the implementation of the selected NBS_u. This
leads to the introduction of the “wicked water problem”, which needs to be addressed by a
shift in the water use paradigm. The total water footprint of a system is comprised of the
virtual water embodied in each individual component during its production cycle, and the
irrigation water demand. The total sum needs to be respected when discussing the need
for water reuse practices, as the virtual water needed is often neglected in LCA studies of
GRs and VGS.

In fact, water could represent a common ground to measure most of the issues found.
More specifically, we propose that water consumption, measured in terms of its equivalent
energy consumption (or carbon emissions, to account for energy sources across countries),
can be accounted in the entire life-cycle of the NBS_u, and included in its LCA.


https://www.greenroofs.pt/en/policy-map

Water 2021, 13, 2165

26 of 33

Our case study demonstrates that the net water consumption of an NBS_u can be a
powerful indicator of its “circular” performance, and in turn, its ability to contribute to the
wicked problem of urban water. In particular, we offer the following conclusions, which
advance the current state of knowledge in this realm:

e Based on the results obtained from a broad cross-section of cities in Europe, a vertical
greening system could be a realistic option to manage on-site greywater and utilize
rainwater captured on the roof of a typical residential building.

o  The effectiveness of VGS for these purposes can only be understood based on the
particular climate conditions of the urban site, most notably as a function of solar
exposure that heavily impacts the water loss due to evapotranspiration.

e  The potential of VGS must be evaluated with respect to the architectural design of a
building, which can limit the vertical area that can absorb and evaporate water, as
well as the horizontal area available for rainwater capture.

e The use of greywater for irrigation was shown to have clear benefits, as it can fill in
deficits in available rainwater runoff, which would otherwise induce stress in the
plants and potentially make VGS untenable. Therefore, policies should encourage and
incentivize the on-site collection and distribution of greywater.

e  The sustainability of water management, using circular systems, depends on the scale,
and our findings reveal limitations in implementation within the scope of a single
building, due to the available quantities of both runoff and greywater, and the relative
area of VGS. Therefore, it is essential to consider this type of nature-based solution at
the larger urban scale of a residential quarter, for instance, where mutual benefits can
be made by sharing space or water from one building to other buildings, as well as
outdoor green spaces in the vicinity.

e  Considering the different possibilities of implementation, our case study results repre-
sent new approaches to more integrative urban settings, when compared to traditional
building-based solutions.
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