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Abstract

Blue-green infrastructures (BGI) integrate solutions implemented to 
enhance water management and landscape values for more climate-
resilient and livable cities. BGI have created an opportunity to renew 
the natural structure of water balance in cities through the increase in 
rainwater retention and enlargement of permeable areas. The review of 
the literature on BGI development and solutions showed that the most 
popular BGI elements in terms of urban water quantity and quality were 
rain gardens, green roofs, vertical greening systems, and permeable 
pavements. Their structure and effectiveness were presented and 
reviewed. Despite the consensus between researchers that BGI benefit 
urban hydrology, differences in runoff decreased (2%-100%) lowering 
the peak flows (7%-70%) and infiltration (to 60%) or evapotranspiration 
(19%-84%) were reported. Due to an individual technical structure, each 
BGI element plays a specific role and there is no universal BGI solution 
against water-related problems. We inferred that the most effective 
ones were individually adapted solutions, which prevent from a stressor. 
The greater variety of solutions in a given area, the more benefits for the 
urban environment. Our analyses showed that a holistic and co-creative 
approach to create blue-green networks should be considered in modern 
water management plans.

Keywords:
Blue-green infrastructure, Sustainable development, Climate change, 
Urban ecology, Rainwater management

Blue-green infrastructure as a new trend and an effective tool 
for water management in urban areas
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1 Introduction

The expansion of urban areas has resulted in an 
increased number of impervious surfaces, such 
as roads, parking lots, rooftops, and a decrease in 
the amounts of forested lands, wetlands, and oth-
er forms of open space that absorb and clean storm 
water naturally.  Increasing urbanisation has limit-
ed permeable soil covers, natural vegetation, and 
the undisturbed hydrological cycle (McGrane 2016; 
Szewrański et al. 2018). Highly impermeable surfac-
es and climate change cause that cities to struggle 
with various extreme hydrometeorological phenom-
ena (Baryła et al. 2019), including extremely high air 
temperatures (Perkins et al. 2012), urban droughts 
(Zhang et al. 2019b), floods, and local flooding (Kim 
et al. 2017).

Impervious surfaces are considered as an alternate 
measure for the cumulative impact of urbanisation 
on water resources without considering specific fac-
tors. Imperviousness leads to the alteration of the 

water balance; the water balance changes as the 
impermeable surfaces increase (Figure 1). In cities 
where grey infrastructures are the main component 
of space, the possibility of direct water infiltration is 
low. It has been reported (Zevenbergen et al. 2011) 
that in cities with 75-100% of impermeable cover, 
only about 10% of the rainfall could infiltrate the 
ground, mostly as shallow infiltration. As a result, 
water mainly (60%) runs off on impermeable surfac-
es, washing out all impurities with it. The remaining 
amount of water evaporates (30%). This disruption 
of the hydrological cycle in urbanised areas acceler-
ates the rainwater runoff to watercourses (Wałęga 
et al. 2013). 

Impervious surfaces collect pathogens, heavy met-
als, sediments, and chemical pollutants and quickly 
transmit these to streams, rivers, estuaries, or the 
sea downstream during rain. Due to limited natural 
infiltration, pollutants of urban origin are not natu-
rally purified and surface runoff is so abundant that 
sewage systems cannot pre-treat water. As a result, 
this non-point source pollution is one of the major 
threats to water quality (Li and Davis 2009). 

Figure 1. Changes in the structure of the water balance. Modified from Zevenbergen et al. (2011), Credit Valley Conservation 
(2015).
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Nature-based solutions (NBSs) are a multidiscipli-
nary concept that combines social benefits with na-
ture (Sowińska-Świerkosz et al. 2021). In view of the 
growing need for sustainable rainwater management 
in urban areas and the promotion of NBSs used for 
shaping urban spaces in recent years, the concepts 
of urban ecology and the protection of city residents 
have been developing intensively. Based on the Eu-
ropean Commission report on NBS (2015), it should 
be indicated that these solutions, thanks to the use 
of existing natural elements, improve of biodiver-
sity of ecosystems, while blue-green infrastructure 
(BGI) uses innovative solutions based on engineer-
ing structures. Both concepts follow the benefits 
created by nature. This explains why both NBS and 
BGI started to be used interchangeably (Nesshöver 
et al. 2017). The synonyms are used in reference to 
review studies (e.g. Ferreira et al. 2020), conceptual 
papers (e.g. Nesshöver et al. 2017) and case studies 
(e.g. Keesstra et al.2018).

The assumptions of BGI are related to common 
roots: vegetation-based urban design called green 
infrastructure (GI) and water-based solutions known 
as blue-infrastructures (BI). The term GI was used for 
the first time by Little (1990) in the ‘Greenways for 
America’. Currently, there are many definitions of GI, 
while the most common is the definition provided 
by Benedict and McMahon (2002) and by the Euro-
pean Communication (2013). According to Benedict 
and McMahon (2002), GI is understood as a network 
of related natural areas and other open spaces, pre-
serving the natural values and functions of ecosys-
tems, maintaining a clean air and water, and provid-
ing many benefits to people and the environment. 
According to the European Commission, in a report 
entitled ‘Green Infrastructure – Increasing Europe’s 
Natural Capital’ (2013), GI was defined as a strate-

gically planned network of natural and semi-natural 
areas with other environmental features, which has 
been designed and managed to provide a various 
ecosystem services. It is expected to cover green 
areas (or blue for the water biosphere), as well as 
other physical features of land, coastal, and marine 
spaces. BI combines aquatic ecosystems or hydraulic 
infrastructures existing in the landscape. BI includes 
both small water reservoirs such as ponds, wetlands, 
rivers, lakes, streams, as well as larger reservoirs, 
including estuaries, seas, and oceans (Fritz 2017a). 
Similarly to green areas, water systems may create 
an interconnected hydrological network. An integral 
element of green urban spaces that enriches rec-
reational and ecological functions is a “blue belt” 
around a city such as London or Brussels (Ioja et al. 
2018). 

The solutions based on green and blue infrastruc-
tures have become a basis for the concept of BGI. 
Under this meaning, BGI includes several natural 
(such as: rivers, ponds, wetlands) and designed land-
scape elements (such as: rain gardens, absorbent 
wells, underground systems), which provide ecologi-
cal, landscape, economic, social, and environmental 
benefits (Ghofrani et al. 2016; Brears 2018; Ghofrani 
et al. 2020). Voskamp and van de Ven (2015) stat-
ed that by combining green and blue infrastructures 
into one element – BGI (Figure 2), it is possible to use 
its unique potential at various levels of spatial plan-
ning, enhancing urban water and climate conditions. 

The BGI concept has evolved over several centuries. 
The first mentions that ideologically correspond to 
the concept of BGI are dated back to 1850 (Bene-
dict and McMahon 2002) and come from the United 
States. The milestones in the development of the BGI 
concept are the following: the creation of The Emer-
ald Necklace in 1896, combining parks and parkways 

Figure 2. Blue-green infrastructure idea. Source: own elaboration of authors.
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in Boston, USA (Kusuluoglu and Aytac 2016); Eben-
ezer Howard’s ‘Garden City’ theory (Howard 1898); 
the establishment of National Park system in the US 
(1901-1909); the creation of the Bronx river park-
way, the first boulevard designed for motorists in 
harmony with nature (Davis 2007); the ‘Green Belt’ 
concept (Elson 1986); and the introduction of the 
terms ‘ecology’ (Clements 1916), ‘landscape ecolo-
gy’ (Naveh and Lieberman 1990), and ‘conservation 
biology’ (Pullin 2002). Since the 1990s, interest in 
BGI issues, planning, and design in accordance with 
the principles of ecology has increased significantly. 
Moreover, society has become more aware of the 
value of urban landscapes, management, and the 
need to protect ecological networks (Benedict and 
McMahon 2002). 

The term “infrastructure” in BGI indicates that the 
role of natural processes involving vegetation or wa-
ter features is essential in providing a variety of ser-
vices to urban residents. The GI and BI in BGI are a 
significant enhancement of the GI idea. It should be 
noted that the proper functioning of plant elements 
depends on water resources. Simultaneously, vege-
tation determines the activity of local hydrological 
processes (Dreiseitl and Wanschura 2016).

The approach presented in this work focuses on the 
concept of BGI, which combines the green, blue, and 
ecosystem network issues. The use of the term BGI 
allows for the presentation of more flexible ecologi-
cal solutions. BGI, in addition to green and blue ele-
ments and processes, also includes engineering ele-
ments such as permeable pavements, rain gardens, 
and soakaways (Ahmed et al. 2019).

This paper aims to present a review of recent litera-
ture on the concepts and solutions about four types 
of BGI (rain gardens, green roofs, vertical greening 
systems, and permeable pavements) supporting sus-
tainable water management in urban areas. Based 
on the literature review, the following research 
questions were formulated: (i) what is the role of 
BGI elements in water management in urban areas? 
(ii) Which of BGI elements is the most effective tool 
supporting urban water management? The present-
ed review on functionalities and benefits of four BGI 
elements provides material for discussions on secur-
ing clean and sufficient freshwater as a challenge for 
cities in the 21st century. 

2 Methods

2.1 Literature search
The analysis of BGI literature (Xiao and Watson 
2019) comprised an extended search of keywords 
in two online databases (Web of Science Core Col-
lection and Google Scholar): “blue and green infra-
structure”, “rain garden”, “vertical greenery system”, 
“permeable pavement”, “green roof”, “nature based 
solution”, and the above keywords with details such 
as: “… and water management”, “… and climate”, 
“… and landscape”, “… and benefits”, “… and noise”. 
The search results for each term were rated based 
on the article or book title. If it was appropriate to 
the research, a full record was saved for further rel-
evance assessment (Figure 3). The source selection 
was limited to the period from 1999 to 2020. At first, 
Google Scholar was used. After reviewing the first 
10 pages of search results for each keyword, 103 
potentially relevant articles were collected. In the 
Web of Science Core Collection database 148 arti-
cles were selected. In addition in both databases, 
through searching by authors, backward searching 
and forward searching, another 40 studies were 
identified. From the 291 articles found during the se-
lection procedure depicted in Figure 2, 156 full-text 
papers were screened. The final number of studies 
included 128 items, which were classified themati-
cally into five categories: “BGI-general information 
and history”, “Characteristic elements of BGI”, “BGI 
and climate change”, “BGI in water management”, 
and “BGI and the landscape and society”. The col-
lected information was systematised in the context 
of the functions and benefits provided by each BGI 
element. The database was supplemented with a 
document of the European Commission ‘Green In-
frastructure – Increasing Europe’s Natural Capital’ 
(2013) which concerns the BGI issues. To further an-
alyse data compiled identifying the characteristics 
of BGI elements, types of solutions, technical struc-
ture, role in rainwater management, impact on wa-
ter quality, role in improving the landscape, and the 
quality of life of residents. 
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Figure 3. Procedure of literature search and selection applied in this study. Source: own study.

Figure 4. The share (%) of publications on selected BGI elements. Source: own study based on Web of Science Core Collection 
database.
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2.2 Selection criteria of BGI elements
The analysis of literature database comprised both 
technical and natural elements of BGI. To show tem-
poral changes in popularity of the subject the re-
sults were divided into three time-span categories: 
publications issued before 1999, in 2000-2010, and 
2011-2021. The first category was the period before 
the US report on the BGI concept (1999). The sub-
sequent categories were the following ten-year in-
tervals to assess the trends at the turn of the last 
decades. In each category, the shares of publications 
were defined concerning (among others): bioreten-
tion basins/swales, lakes, ponds, watercourses, wet-
lands, rain gardens, green roofs, vertical greening 
systems (VGS), permeable pavements, and under-
ground constructions. 

BGI have often been reported as a remedy for ur-
ban areas, where natural water cycling is disrupted 
e.g., through the limited permeability of the ground. 
Considering this, the BGI as an effective tool for ur-
ban water management has attracted many scien-
tists who have presented both technical (48) and 
hydrometeorological (71) approaches. Quantitative 
analysis of literature on BGI showed rain gardens 
as the most popular subject of publications both 
before 1999 and in the period from 2000-2010 (41, 
and 50%, respectively) (Figure 4). In the period from 
2011-2021 the highest interest (38%) met green 
roofs. Besides, from various man-made construc-
tions, the highest popularity gained vertical greening 
systems and permeable pavements. 

From various BGI solutions reported in the literature, 
the four most popular BGI elements were selected 
for detailed analyses: rain gardens, green roofs, VGS, 
and permeable pavements. According to Versini et 
al. (2018), these four elements were the most im-
portant and popular due to a number of benefits for 
urban spaces. The description of each solution com-
prised a definition, types, and classification criteria. 
The importance of each element was presented in 
the relation to its role for water management.

3 Results and discussion

3.1 Blue-green infrastructure elements in urban 
areas 

As a result of the literature analysis, it was found 
that a coherent vision of the BGI concept, that has 
attracted much research attention in recent years. 
The resources of the Web of Science (June 8, 2021) 
showed that the concepts of GI, BI, and BGI have 
been gradually gaining popularity in the literature 
since ca. 2000, which correlates with a US report 
(1999) indicating that BGI is one of the key strategies 
for sustainable development. The first references to 
GI appeared in 1995, and about BI in 2006, while the 
first publication about BGI was made relatively late, 
as it was published in 2013 by Rozos et al. According 
to the Web of Science - Core Collection database, 
until June 2021 the number of publications was as 
follows: 3,568 publications about GI, 130 about BI, 
and 92 about BGI. The year of 2020 had the most 
abundant papers on GI, BI, and BGI, when 687, 25, 
and 31 were published, respectively. From three 
research concepts, comparing the number of pub-
lications before 2019 and those published later, the 
highest increase in interest showed a BGI of +59%. 
Most works were devoted to the role of BGI in miti-
gating climate change or urbanisation. 

Among the various solutions of BGI, emphasise 
would be given to four elements, which combine 
knowledge of hydrological and hydrodynamic pro-
cesses, and design solutions used in water manage-
ment systems: rain gardens, green roofs, vertical 
greening systems, and permeable pavements. Below 
provide their characteristics, types and features that 
enable effective support for water management in 
the cities. It should be noted that their potential re-
sults from the possibility of installation in a dispersed 
manner, tailored to the individual characteristics of a 
given area.

3.2 Rain gardens
Rain gardens are also called bioretention/bioinfil-
tration cells (DelVecchio et al. 2020) or biological 
retention pools (Li et al. 2018). They are created in 
natural or formed depressions in landscapes (Zou et 
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al. 2018). The location of such facilities is of strate-
gic importance, which is why they are most often 
placed near storm sewers (Siwiec et al. 2018). Yuan 
et al. (2017) recommended locating them alongside 
roads, sidewalks, or buildings as these gardens have 
the ability to effectively retain rainwater. The con-
struction of a rain garden has a complex structure 
(Figure 5). A layer of gravel requires their placement 
on properly prepared soil (Zou et al. 2018) and the 
substrate should be covered with a mulch layer. The 
upper layer consists of carefully selected plant spe-
cies (Muthanna et al. 2008), which allows the main-
tenance of the rain garden in a visually attractive 
form and makes it a fully functional object. According 
to Ishimatsu et al. (2017), due to the natural capacity 
to absorb and store water by the soil-plant system, 
rain gardens are supposed to be self-sufficient in ir-
rigation and fertilisation. Perennials and shrubs used 
in rain gardens adapt to local climatic conditions and 
are resistant to periodic flooding and droughts (Yuan 
and Dunnet 2018).

Three moisture zones in rain gardens can be distin-
guished both vertically and horizontally (Figure 5). A 
central part of the rain garden, with the largest de-
pression and the highest soil moisture, is its base. 
The slope of the rain garden is an area with moder-
ate soil moisture. Usually, decreasing moisture gra-
dient towards the edge of the garden is observed. 
The margin of the garden usually has the highest lo-
cation (Yuan and Dunnett 2018).

Rain gardens are primarily used to mitigate the ef-
fects of excessive rainfall by collecting and treating 
rainwater. It is estimated that rain gardens retain 
about 30% more water in the ground than lawns 
(Siwiec et al. 2018). They improve water retention, 
which is of great importance in mitigating the effects 
of climate change (e.g. urban heat islands) through 
increased air humidity and temperatures decreased 
by 10°C (Zou et al. 2018; Iwaszuk et al. 2019). Ac-
cording to Ebrahimian et al. (2019), the evapotran-
spiration rate ranging from 19-84% tended to be 
most significant in rain gardens. Many authors have 
agreed that rain gardens reduce rainwater runoff, 
however, reported rates vary from 1.93-42% of the 
total (Yang et al. 2009; Li et al. 2018).

3.3 Green roofs
Green roofs are carefully selected layer systems that 
provide suitable conditions for growing plants (Pęcz-
kowski et al. 2016). The green roof layers (Figure 6) 
include, above all, a waterproof membrane, root 
barrier, drainage layer, substrate, and plant elements 
such as perennials, shrubs, and bushes (Saadatian 
et al. 2013). Selected plants also limit the choice of 
substrate (Baryła et al. 2018) and its depth (Shafique 
et al. 2018). They may be treated as compensation 
for vegetation destroyed during the building’s con-
struction (Rowe 2011).

Green roofs have been divided into three main types 
(Figure 6) according to the type of plants used and, 

Figure 5. Layers and moisture zones of a rain garden. Modified from Yuan and Dunnet (2018).
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as a consequence, the thickness of the substrate lay-
ers: intensive, semi-intensive, and extensive (Besir 
and Cuce 2018). 

Intensive green roofs, due to the variety of plants 
and advanced structures, require constant and labo-
rious maintenance. Such roofs are spaces that can 
be open to the public are intended for recreation-
al use. However, due to high costs, they have been 
built mainly on residential buildings, hotels, and 
underground parking lots (Rowe 2011, Saadatian et 
al. 2013). Due to the thickest layer of the substrate, 
diverse vegetation, including a variety of trees, 
shrubs, and perennials, can be used here. To avoid 
the risk of damage to the roof construction by plant 
root systems, a root barrier layer is usually installed 
(Shafique et al. 2018). Intensive green roofs are suit-
able for placing various technical infrastructure el-
ements on them, such as solar panels. This type of 
roof garden significantly loads the roof compared to 
the other types. The total height of these layers is 
150-400 mm, and the weight is 180-500 kg/m2 (Be-
sir and Cuce 2018). 

Semi-intense roofs require a moderate thickness 
of the plant substrate, mainly in the form of diges-
tive plants, herbs, and shrubs (Vacek et al. 2017). 
The thickness of this system is 120-250 mm, and 
its weight is 120-200 kg/m2. They are mainly used 
to improve the aesthetic value of spaces (Besir and 
Cuce 2018). Therefore, they are installed in exposed 
places, and, thanks to their relatively low weight, 

they can even be used on renovated roofs (Vacek et 
al. 2017). 

Extensive green roofs are often installed on steep 
roofs and places where access is restricted or denied 
to the public. It is the lightest green roof construc-
tion (60-150 kg/m2) with a total height of 60-200 mm 
(Besir and Cuce 2018). The substrate layer here is the 
thinnest among the green roof types, which requires 
plats with a shallow root system, which grow slowly, 
although they spread quickly. Therefore, on this type 
of roof mosses, herbs, sedum, and grasses are pre-
ferred. Although the number of species suitable for 
this type of roof is lower, their biodiversity is usually 
greater than that of intensive roofs (Rowe 2011). 

Green roofs have been reported to be one of the 
most effective in terms of rainwater storage or retar-
dation. Rainwater retention on a green roof depends 
on the annual rainfall, air temperature, climate, and 
plant selection (Getter et al. 2007; Liu et al. 2019). 
Roof parameters such as slope gradient and slope 
length affect infiltration, runoff, and total flow. As the 
gradient of the slope increases, infiltration decreas-
es, and runoff increases. In contrast, lengthening the 
slope increases infiltration and reduces runoff and 
total flow (Cai et al. 2020). The water outflow from 
the green roof undergoes the same processes as in 
natural systems: part of the rainfall is captured by 
the vegetation layer, while part of it infiltrates into 
the deeper layers where it is stored; the remaining 
part undergoes evaporation and transpiration pro-

Figure 6. Schematics of green roof constructions. Modified from Saadatian et al. (2013), Besir and Cuce (2018).
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cesses (30-86% of rainfall) (Ebrahimian et al. 2019). 
As a result, green roofs reduce surface runoff by 
2-100%, depending on the depth of the substrate 
and the plants used; the deeper layer of the sub-
strate provide better results than a standard roof by 
about 5-69% (Soulis et al. 2017; Li et al. 2019).

3.4 Vertical greening systems
Vertical greening systems (VGS) are living vertical 
gardens that are self-sufficient (Perez et al. 2017). 
They are based on various construction systems, 
depending on a type of vertical garden (Coma et al. 
2017). The structures are attached to the external or 
internal walls of the building (Radic et al. 2019). They 
may occupy entire walls, although smaller empty 
spaces can also be converted into vegetated walls 
(Perez et al. 2017).

The number of plant species suitable for such con-
structions is much smaller than the number of spe-
cies that can be used on green roofs (Perez et al. 
2017; Radic et al. 2019). Most often, VGS are divid-
ed according to the growing method into two main 
types: living walls (green walls) and green façades 
(Figure 7) (Coma et al. 2017; Radic et al. 2019). 

Living walls (green walls) are called ‘double skin 
green facades’ (Perez et al. 2017) because the plants 
are placed and rooted on these with a technical de-
sign. The entire technical installation is mounted 

on the wall of the building (Radic et al. 2019). Liv-
ing walls are made of panel modules. Each module 
is filled with a substrate that allows plants to grow 
properly. The modules use, for example, soil, foam, 
and perlite. There are four types of living walls ac-
cording to their base: planter boxes made of HDPE, 
felt layers, foam substrate, and mineral wool layers. 
Living walls are filled by perennials, herbs, grasses, 
or small shrubs which do not naturally grow verti-
cally (Perini and Ottelé 2014). Plants in construction 
brackets draw water and nutrients from this level 
without direct contact with the ground level (Radic 
et al. 2019).

Green façades are called ‘traditional green facades’ 
since the walls are covered with climbing vegetation, 
and one plant species or compound of species often 
dominates. In this type of VGS, the plants uptake wa-
ter and nutrients directly from the soil because they 
are rooted there (Perez et al. 2017). Creepers can be 
placed directly on a building’s wall or on addition-
al constructions such as cables or nets (Koch et al. 
2020). Supporting structures can be made of various 
materials, with the most popular being steel, wood, 
plastic, and aluminium (Perini and Ottelé 2014).

VGS have been reported in the literature as having a 
positive effect on urban hydrology by improving the 
water cycle. They retain 45-75% of rainfall (Kew et 
al. 2014; Lau and Mah 2018). The retained water can 
be used to irrigate these installations. Despite this, 

Figure 7. Types of Vertical Greening Systems. Modified from Perini and Ottelé (2014).
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they require an additional irrigation system, which 
is necessary during periods of water deficits. Due to 
high losses of water through evapotranspiration (ca. 
23%), local storm sewer systems are not overloaded, 
which is important for urban areas (Van de Wouw et 
al. 2017; Lau and Mah 2018). 

VGS have been reported to reduce rainwater runoff 
by 4-87%, depending on the type of substrate and 
the duration and intensity of precipitation (Lau and 
Mah 2018; Radic et al. 2019). The research by Lau 
and Mah (2018) indicated that, considering only the 
type of substrate, sand was the most effective in re-
ducing surface runoff (55.1%) The other assessed 
substrates, i.e. loamy sand, sandy loam, and loam, 
obtained similar results (54.6-54.8%). 

3.5 Permeable pavements
Permeable pavements are an alternative solution 
for impermeable surfaces used in residential, com-
mercial, and industrial areas, for parking, roads, or 
pedestrian paths, especially where the traffic is low 
(Sanicola et al. 2018; Sun et al. 2018). This is an ef-
fective way to improve hydrological and ecological 
properties in urban areas (Sanicola et al. 2018; Lu et 
al. 2020). Permeable pavements have been report-
ed to perform four hydrological functions: storage of 
rainwater, reduction of surface runoff, outflow delay, 
and the delay of peak outflow (Fassman and Black-
bourn 2010; Lin et al. 2014).

The construction of permeable pavement consists 
of four layers (Figure 8). The subgrade layer, namely 
the existing soil being covered by a base layer made 

of open-graded aggregates. Right above it, there is 
the bedding layer, whilst the top layer is made of 
paving material (Scholz and Grabowiecki 2007; Lin et 
al. 2014; Saadeh et al. 2019). Permeable pavements 
can consist of various materials, characterised by 
high porosity and a void-rich structure so that rain-
water can freely infiltrate through the layers. Ac-
cording to the literature, the most suitable materials 
include porous asphalt, porous cement, permeable 
interlocking concrete pavement, or advanced poly-
urethane mixtures (Sun et al. 2018; Lu et al. 2020).

Three main types of permeable pavements are dis-
tinguished in Figure 8: a permeable pavement sur-
face, a semi-permeable pavement, and a fully per-
meable pavement (Lin et al. 2014; Sun et al. 2018; 
Lu et al. 2020). The division is related to the permea-
bility rate in the pavement structure. The permeable 
pavement surface does not allow water to infiltrate 
the substrate. This type of construction keeps the 
water in the pavement structure. The semi-perme-
able surface allows for the partial infiltration of wa-
ter into the substrate, but most of it is stored in the 
pavement structure. In constructions of this type, 
the top layer is made of highly porous materials and 
the lower layers are impermeable. The full perme-
able pavement enables the complete infiltration of 
rainwater into the substrate and further down into 
the groundwater.

Permeable pavements are an important element of 
BGI due to their better than impervious surfaces in-
filtration conditions (from 130 to several thousand 
mm/h) resulting in an increase in groundwater re-

Figure 8. Types of permeable pavements. Modified from Scholz and Grabowiecki (2007), Lu et al. (2020).
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sources (Sanicola et al. 2018). Along with the infil-
tration process, rainwater undergoes purification 
(see section 3.6, Table 1). Otherwise, it would sup-
ply the storm water system, and thus surface water 
recipients (watercourses and lakes). It has been re-
ported that the permeable pavement retention of 
water during rainfall reduces the total outflow to 
20%, thus limiting the risk of flooding. Moreover, 
due to the restored soil permeability, the role of 
the subsurface component of the hydrological cycle 
is increasing. This part of the water cycle is getting 
longer (Lin et al. 2014; Sanicola et al. 2018; Sun et 
al. 2018). Permeable pavements also affect the at-
mospheric phase (evaporation) of water. They lower 
not only the surface temperature of the pavement 
by 6.7-9.4°C but also the ambient temperature by 
0.2-1.8°C, which contributes to the reduction of the 
phenomenon called an urban heat island (Lin et al. 
2013; Liu et al. 2018). 

3.6 Benefits of BGI elements for urban water
BGI, due to the multifunctionality and possibility to 
integrating solutions (Fritz 2017b), provides several 
benefits. Usually, the benefits from various fields 
occur simultaneously, and regardless of the environ-
ment, the number of BGI elements, and the size of 
the area within their reach. However, sometimes, 
one effect can exclude others (Andrew 2017). 

Since BGI is a combination of engineering elements 
with soil-plant components, cities at risk of flood-
ing gain new possibilities to manage surface runoff 
during such weather events, which leads directly 
to a lower risk of flooding (Fritz 2017b; Morakinyo 
et al. 2017). This has been attributed to plants and 
soils, which are able to store large amounts of wa-
ter (Shafique et al. 2018). BGI elements, thanks to 
their specificity, also effectively improve rainfall infil-
tration (Francis and Jensen 2017). This is particularly 
important, for example, in bringing the groundwater 
to the right level (Brears 2018). 

BGI has beneficial effects on rainwater management 
and water quality. However, the literature review 
showed that these solutions contribute to the im-
provement of the structure of urban water balance 
to a different degree. According to the literature 
listed in Table 1, the highest effectiveness reaches 
up to 100%, while rainwater reduction reaches 86%. 

Rain gardens have been reported to show the high-
est potential in the peak flow reduction (by 70%). 
Rain gardens also appear to be a primary solution 
for improving infiltration rates (up to 60%). A wide 
range of results from the studies on evapotranspira-
tion from BGI was reported: from 19-84% of rainfall 
for rain gardens, from 51.5-83% for green roofs, and 
23% for VGS. 

BGI elements effectively absorb contaminants from 
rivers, lakes, and other water reservoirs, and directly 
from the rainwater contributing to its purification. 
They are capable of removing a range of heavy met-
als (i.e., Cu, Cd, Pb, Zn, Cr) by ca. 80-90%, phosphorus 
by ca. 65%, and total suspended solids by ca. 90%. It 
has also been reported that BGI significantly reduces 
the risk of erosion and sedimentation (Brears 2018; 
Shafique et al. 2018). 

3.7 Landscape and social effects of BGI in cities
The implementation of BGI elements to urban spac-
es due to their water-related benefits also has other 
positive effects, particularly for the quality of life of 
residents, for the landscape, and aesthetic values. By 
transforming some areas with impermeable proper-
ties into green areas, the public is given relief from 
ubiquitous concrete, which improves their mental 
and physical health (Shafique et al. 2018). Unlimited 
access to natural elements leads to an increase in 
life satisfaction and increase in productivity, which 
often affects success in professional life and reduc-
es the risk of illness (Fritz 2017b). Plants can absorb 
noise, which in cities is a stress factor (Abhijith et al. 
2017; Fritz 2017b; Morakinyo et al. 2017). According 
to Peck and Kuhn (2001) the use of BGI can reduce 
noise levels by up to 40 dB. BGI elements make the 
space greener, more attractive, and improve the aes-
thetics of buildings and entire cities (Andrew 2017; 
Morakinyo et al. 2017). Moreover, well-maintained 
and frequently used spaces can also limit the crime 
rates in these areas (Brears 2018). Using BGI for 
the improvement of aesthetics and the creation of 
unique places, which groups of people can enjoy, 
strongly favours the integration of society; residents 
more eagerly engage in local activities to improve 
social cohesion and develop local attachments to 
the place (Shafique et al. 2018). 
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BGI Elements Effect Results Reference
Rain gardens Rainwater 

management
Runoff reduction by 42% Yang et al. (2009)
Runoff reduction by 12.7-19.4% Autixier et al. (2014)
Runoff reduction by 1.93-9.69% Li et al. (2018)
Peak flow reduction by 70% Yang et al. (2009)
Peak flow reduction by 7-56% Autixier et al. (2014)
Infiltration: 60% Zhang et al. (2019a)
Evapotranspiration: 19-84% Ebrahimian et al. (2019)

Improving 
water quality

Heavy metals reduction: 90% of Cu, Pb, Zn Dietz and Clausen (2005)
TKN reduction by 68%
N(NH3-N) reduction by 87%
NO3-N reduction by 24% 
Heavy metals reduction: 80-90% of Cu, Zn, Cd, Pb Siwiec et al. (2018)
PAHs reduction by 70-90%
Phosphate reduction by 63%
Particles reduction by 90%

Green roofs

E-extensive, 
SI-semi-in-
tensive, 
I-intensive.

Rainwater 
management

Runoff reduction 50-100% Rowe (2011)
Runoff reduction 2-100% Soulis et al. (2017)
Runoff reduction 40-80% Xing and Jones (2019)
Runoff reduction 5-69% compared to standard roofs Li et al. (2019)
Evapotranspiration: 51.5% Besir and Cuce (2018)
(E) Evapotranspiration: 83% Ebrahimian et al. (2019)
Retention of rainfall: 30-86%

Improving 
water quality

(SI) Heavy metals reduction: 99% of Pb, 99% of Zn, 99% of Cu, 98% 
of Cd (summer) 

Berndtsson (2010)

(SI) Heavy metals reduction: 68% of Cu, 2% of Zn, 88% of Cd, 94% 
of Pb (winter)
(E) Heavy metals reduction: 97% of Cu, 96% of Zn, 92% of Cd, 99% 
of Pb (summer)
(E) Heavy metals reduction: 44% of Cu, 72% of Zn, 62% of Cd, 91% 
of Pb (winter)
Heavy metals reduction: 61% of Cr, 24% of Mn, 93% of Pb, 8% 
of Zn (loads in precipitation =100%)

VGSs Rainwater 
management

Runoff reduction 20-87% Lau and Mah (2018)
Runoff reduction 4% Radic et al. (2019)
Retention of rainfall: 45-75% Kew et al. (2014)
Retention of rainfall: 45-75% Lau and Mah (2018)
Evapotranspiration: 23% Van de Wouw et al. (2017)

Permeable 
pavements

Rainwater 
management

Runoff reduction 1-40% Hu et al. (2018)
Peak flow reduction by 42.9-57.2% Lin et al. (2014)
Peak flow reduction by 7-43% Hu et al. (2018)
Total outflow reduction by 10-20% Lin et al. (2014)

Table 1. Summary of the effects of blue-green infrastructures based on the available literature.
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It is worth mentioning that the effects of introducing 
more modern green elements and complementing 
existing green spaces improves a region’s image. BGI 
significantly improves recreational and tourist condi-
tions in cities, as it provides public spaces that have 
been improved for its users (Andrew 2017). Thanks 
to this, entrepreneurs willingly invest and devel-
op companies in these areas (Shafique et al. 2018) 
which favours the development of tourism and rec-
reation. These areas can be used to promote wildlife 
and encourage the introduction of nature into cities 
(Shafique et al. 2018). On the long-term perspective, 
a city may also gain local distinctiveness against the 
background of larger administrative units (Landscape 
Institute 2013). Even the creation of places for urban 
agriculture thanks to BGI can make a society self-suf-
ficient (Shafique et al. 2018). As a result, the city can 
create local spaces for food production, which can 
also be used in educational activities for children 
and youths in the field of food production, on their 
own and the life cycle of plants (Brears 2018).

The relatively wide range of costs of BGI, 10-2800 €/
m2, depending on the element (Perini and Rosasco 
2013; Liberalesso et al. 2020), may be a barrier for 
city residents. Consequently, states and cities are in-
troducing incentive policies to encourage residents 
to make this type of investment. Most often, cities 
offer subsidies (53% in a global context), obligations 
by law (15%), tax breaks (10%), or storm water fee 
discounts (6%) in return for placing a BGI element 
(Liberalesso et al. 2020).

4 Conclusions

The relatively new concept of BGI is gaining increas-
ing interest from scientists and stakeholders who 

can see multiple benefits for urban areas as pana-
cea for water-related problems or solutions for the 
improvement of the quality of life of residents as 
well as the landscape, and aesthetic values. It results 
from an ample of advantages performed by BGI, 
which, besides having relatively low unit costs, re-
lies on its diversity, dispersion, and relatively small 
areas, which allow for its adaptation to the limited 
urban space, existing infrastructures, as well as local 
hydrometeorological conditions. 

The presented literature review shows consistency 
about the enhancing role of a BGI in the hydrology 
of urban areas. Nevertheless, each of the BGI ele-
ments, due to its unique technical structure, size, lo-
cation, and plants used, plays specific roles. None of 
the solutions from the group of four elements – rain 
gardens, green roofs, VGSs, and permeable pave-
ments – which are reported to have the greatest 
potential in the field of water management, can be 
judged as fully universal. Since green roofs seem to 
be the most effective in reducing runoff by 100% and 
increasing retention by 86%, for technical reasons, 
they are not foreseen to significantly enhance the in-
filtration of water throughout the ground, for exam-
ple. This attribute (as well as a peak flow reduction) 
belongs to permeable pavements or rain gardens 
with an effectiveness estimated at a level of 60%.

In view of this, when cities suffer from unproductive 
and quick runoff, washing out a load of pollutants, or 
undergo local and periodic flooding, it is particularly 
important to provide them with adequate solutions. 
The most effective were “tailor-made” solutions, 
which respond to a stressor or a group of stressors. 
The greater the variety of solutions in an area, the 
more hydrological, landscape, and social benefits for 
the urban environment. 

Permeable 
pavements

Improving 
water quality

Heavy metals reduction: 84% of Pb; 77% of Cd; 73% of Zn Legret and Colandini 
(1999)

Heavy metals reduction: 99% of Zn Winer (2000)
TSS reduction by 82-95%
TP reduction by 65%
TSS reduction by 79.8-98.6% Niu et al. (2016)
COD reduction by 9%
TP reduction by 74.2%
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Bearing in mind that “small is beautiful and effec-
tive” there is still a need to assess cumulative effects 
that bring BGI. This requires a general approach on 
a watershed scale. To assess the overall hydrological 
efficiency of BGI solutions, they should be howev-
er assessed on the scale of an urban watershed, ac-
cording to the rules of the EU Water Framework Di-
rective (2000/60/WE). Two basic factors need to be 
analysed: the complexity of solutions in a selected 
area (density) and the diversity of technical-biologi-
cal solutions adapted to local hydro-meteorological 
conditions.

Due to the intensive development of urban spaces, 
BGI provides several tools that support the urban 
space management system in an effective, impres-
sive, and pro-social way. The results of BGI solutions 
functioning in cities show that this trend in urban 
planning has value not only for landscapes but it is 
also a long-term effective tool for water management 
in cities. Up-to-date experiences with implementa-
tions various types of BGI positively influencing the 
hydrological aspects in cities show that a holistic and 
co-creative approach to create blue-green networks 
should be considered in modern water management 
plans. 
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