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Abstract: The aim of the research was to valorise the analysed urbanized area in the direction of
determining the hierarchy in the order of interventions aimed at increasing the share of biologically
active area and natural field retention, the potential impact of green roofs on the valorisation of
the studied urbanized areas. The research covered the Gajowice estate in Wrocław. The scope
of the research included the division of the area into working cells, for which valorisation was
carried out using the point method based on the criterion of the degree of covering the land with
vegetation and the degree of covering the area with various types of buildings. The valorisation result
was determined on the basis of a comparative matrix taking into account the results of the partial
assessment of vegetation and building cover. The impact of green infrastructure (green roofs) on
valorisation was simulated by proposing their location on buildings with the so-called big plate. The
introduction of green roofs on selected buildings improved the valorisation result in some research
cells, reducing the number of cells requiring intervention. This raised the valorisation assessment by
even two classes, which resulted in a significant reduction in the number of critical areas, with too
much hardened surface, and increased the number of areas with a satisfactory level of biologically
active surfaces.

Keywords: green roofs; green infrastructure; urban ecosystem; biologically active area; valorisation;
urbanized area

1. Introduction

Urban greenery plays an essential role in shaping local climate. It plays the role
of urban air conditioning that cools down the environment and balances temperature
through evapotranspiration [1]. Green infrastructure (GI) is defined as areas that maintain
natural ecological processes, support air resources, and foster health and quality of life [2].
Phenomena related to climate changes, such as heatwaves, droughts, and floods, have a
negative influence on urban and rural areas throughout the world [3–7]. Due to that, the
main idea of GI consists in using natural or semi-natural infrastructure to minimise the
risk of occurrence of the harmful natural phenomena mentioned above [8].

The climate is one of the most sensitive elements of the natural environment, which
strongly reacts to changes in land use and management. Urbanization and industrialization
cause wide changes in the climatic environment. Which consequently leads to emergence
in urban areas and islands of: Urban Heat Island (UHI), air pollution, precipitation, as
well as changes in air circulation [9]. Considering the above, one should link the scope
of changes in the climate environment with the urban agglomeration that interferes with
the natural environment, being the direct cause of these processes. According to scientific
forecasts and the prognoses of increasing global urbanisation, in 2014 urban areas were
inhabited by approximately 54% of the world’s population, and it is estimated that this
number will grow even more, to reach 66% in 2050 [10]. As a result of such rapid process,
natural land cover is being replaced with developed, impermeable surfaces. Large areas of
artificial horizontal and vertical surfaces prevent rainwater from infiltrating the soil. City
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centres in particular, being areas of dense, sealed, and often high development, modify air
flow, and thus determine heat and vapour exchange. Apart from that, industrial, transport,
and municipal activities result in the emission of pollutants in form of dust and gases.
This affects the solar irradiation balance and the emission of heat from fuel combustion
processes [11,12]. As a result, the created environment is completely different from natural
areas. The phenomenon of heat collection in urban areas results in the emergence of
UHI, which means that city centres are warmer than the surrounding suburban and rural
areas [13–15]. According to the Report of the Intergovernmental Panel on Climate Change
(IPCC) of 2007, the UHI will become one of the main and most important problems in the
21st century.

2. Literature Review
2.1. Problems of Urban Areas

As the population of large cities is constantly increasing, it will become necessary
to broaden the development of research on the climate of urban areas [16]. Skilful use
of green areas and building arrangements, with the aim to thin out dense development,
increasing horizontal and vertical air exchange and land drainage may, in the future, lead to
a significant improvement of the city’s microclimate and the living conditions of inhabitants.
One of the related actions was the Sustainable Urbanization Strategy that was adopted in
2016 with the support of the United Nations Development Programme (UNDP). However,
due to the rapid urbanisation process, new buildings are often located in areas threatened,
e.g., by floods, including on riverbanks and flooding areas, which increases the risk of
disasters [17]. The use of GI, including both intensive and extensive green roofs (GR) is
an economic and environmental investment [18,19]. Each surface, whether horizontal or
vertical, where GI and GR are applied, plays the role of a filter that cleans the air, while
producing oxygen at the same time [20,21].

GI is a vital element of the urban infrastructure, which contributes to reducing the prob-
lem of UHI. The European Strategy on Green Infrastructure defines GI as “a strategically
planned network of high quality natural and semi-natural areas with other environmental
features, which is designed and managed to deliver a wide range of ecosystem services
and protect biodiversity in both rural and urban settings” [22]. The implementation of GI
enables to better adapt to climate changes [23], in particular if local authorities and the
municipality are involved in promoting and implementing the policy and practices that
support GI [24].

2.2. Urban Heat Island in Wrocław

In Wrocław, the UHI occurs mostly at night, during cloudless, calm weather [25]. The
highest intensity of UHI is noted in the city centre, with medium UHI in high development
areas and the lowest in single-family housing areas. The most intensive UHI is observed
during summer nights. The phenomenon occurs more frequently in summer than in winter.
In summer, the intensity of UHI in Wrocław increases between 6 and 9 p.m., when the
buildings that have accumulated heat during daytime start to release it. The maximum
intensity of the phenomenon is noted between 10 and 12 p.m. [9]. Then the UHI starts to
decrease around 6 a.m., to reach the minimum at 9 a.m. [26–28].

2.3. Biologically Active Surfaces and Biodiversity

The actions to support biodiversity and the protection of rare species are the subject
of numerous declarations and strategies [29,30]. In 2009, the Ministry of Development of
Singapore started a movement to support the introduction of a City Biodiversity Index (CBI)
for cities. Due to the adopted climate and environment policies, 35 cities from all around the
globe became involved. The aim of this project was to monitor the statues of biodiversity
in urban areas and to support its reconstruction. In Poland, the Act on Environmental
Protection is executed in the provisions of local spatial development plans and in economic
and investment activities. These actions are sup-ported by recommendations concerning
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the sustenance of ecological processes, ecosystems, saving habitats, as well as the protection
and reclamation of greenery in cities [31].

The term “biologically active surface” (BAS) is defined in § 3 (22) of the Ordinance of
the Minister of Infrastructure of the 12 April 2002 as “an area whose surface is arranged in
a way that ensures natural vegetation of plants and rainwater retention, as well as 50% of
the surface area of terraces and flat roofs with such surface and other surfaces that ensure
natural vegetation of plants, of a surface area not lower than 10 m2, as well as surface water
in this area” [32]. As a result, for the purposes of excluding the surface area of the real
property from BAS it should be assumed that BAS is an area with a surface arranged in a
way that enables natural vegetation of plants and rainwater retention.

The methods and coefficients used to determine the proportion of developed surface to
the area of BAS vary across different countries (Table 1). The parameters used, as well as the
factors that are taken into consideration when calculating and assigning weights to those
proportions also vary. This study presents selected elements of biological activity based on
the examples of three cities: Berlina, Malmo, and Seattle, which will be compared with the
Polish version of the coefficients, proposed by the team led by Alina Pancewicz [31].

Table 1. Comparison of factors [author: Kamila Pawłowska (K.P.), based on: Pancewicz (ed.), 2014].

Factor

Element Berlin Malmo Seattle Poland

Impermeable surfaces 0.0 0.0 — —-

Surfaces with vegetation connected
with the ground (e.g., lawns with

taller greenery)
1.0 1.0

0.1–0.8
(depending on the height of
greenery and the size of the

occupied area in m2)

0.7–1.0 *

Green walls (e.g., with climbers or
vertical gardens) 0.5 0.7 0.7 0.8

Green roofs (intensive or extensive) 0.7 0.6 0.4–0.7
(depending on substrate thickness) 0.5

* Additionally: 0.1
Drought-resistant or native plants

* 0.7—lawns on native soil and other greenery on native soil; 1.0—greenery on native soil with trees and shrubs whose crown projection
will occupy at least 60% of the surface 5 years after planting, also surface of water reservoirs whose bottom is not isolated from native soil.

Certain countries have introduced legislation that regulates land development in the
context of sustainable recreation of the city structure [33]. However, such legal regulations
are not available or enforced in all countries [34]. Still, even if local self-governments
can-not rely on such legal regulations, considering the pace of climate changes, they should
closely monitor the scale of land use and limit the uncontrolled spread of city borders so
that the cities will develop in an optimum, smart way [35].

Berlin has developed the BAF Biotope Area Factor [36–39]. Its most important el-
ements are the native soil as well as selecting plants that match local environmental
conditions and the rainwater infiltration capacity. The aim of this regulation is to ensure
beneficial microclimate conditions and to improve the aesthetic quality of the city. The
authorities of Malmo created the Green Space Factor (GSF) [40]. The definition and scope
of this factor are similar to those of BAF, but apart from that, it takes into account the
structure of greenery and the size of trees and bushes that enable to add further area to
the calculation. The Green Factor (GF) developed in Seattle [41] includes native plants and
the resistance to droughts. The city also promotes visual accessibility of residential estate
greenery and designing cultivation areas, such as decorative vegetable gardens.

In Poland, the Ordinance of the Minister of Infrastructure requires at least 25% of
the plot surface to be designated for BAS [32]. This is considered to be the ratio of the
BAS to the total surface area of the plot. The principles of calculating the coefficients were
defined by Alina Pancewicz et al. [31], assuming that the following criteria are important:
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connection to native soil, the presence of water sur-face, native species connected to type
of greenery.

The systems for calculating BAS [42] are dominated by two properties, namely rain-
water retention capacity and coverage of land with greenery.

Natural water retention is the ability to retain water and to store it in the environment,
which results in improved water balance in the catchment and enables to stop or slow
down the water discharge also, which fosters the development of the natural environment.
Water retention in soil reduces the risk of drought. The water is released slowly, so it
stays in the ground for a longer period, supplying the ground waters [43–51]. Such water
management prevents flooding in cases of torrential rain. These types of solutions that
promote retention are applied in GI in cities. Some examples are raingardens irrigated with
rainwater, plant passages, GR, open-work pavements, water absorbing crates installed
below parking lots or rainwater collection tanks.

The main aim of the study is an attempt to optimize the system of BAS in the urban
ecosystem by designating areas with the potential for GR on existing buildings. In addition,
also on the example of the Gajowice estate in Wrocław: designating zones of high greenery
in the city; high buildings and land sealing; zones with GR potential.

The designated optimization action is determined on the basis of, inter alia, legal
provisions that define the amount of surface that must be allocated to a BAS. Knowledge
about UHI in Wrocław is also used, as well as the quality and type of development in the
selected area. The result of the implementation is the identification of problem areas, after
using the Biotope Area Factor indicator proposed for Poland. Problem areas in which the
installation of GR on existing facilities will be justified, due to the need to increase BAS in
places where there is such a potential. The article is divided into a methodological part,
which includes the division of the estate into buildings and greenery, point bonitation
method, assigning classes to areas; and the result part, describing the summary assessment
of the area with quality classes and the correlation of critical points with potential areas.

3. Area and Methodology of the Study
3.1. Research Area

Wrocław (Figure 1) is situated in south-western Poland, in the Silesian Lowland. The
Odra River with four main tributaries flows through the city. Wrocław has the fourth
largest population in Poland with over 640,000 inhabitants. It also has the fifth largest
surface area: 292.82 km2. The city, with the surrounding villages, is considered to be the
centre of the growing Wrocław Agglomeration, which, according to estimates, is inhabited
by approx. 1.25 million people. About 31.4% of the city area is occupied by developed
areas, mainly residential estates, industrial buildings and warehouses. The other part
includes urban green areas (36.6%), agricultural areas (28.9%) and water (3.1%) [1].

3.2. Gajowice—Analysed Area

The research area is the residential district Gajowice, situated in the southern part
of Wrocław (Figure 1). This area (Figure 2) reaches out to the north to the railway line to
the Wrocław Główny railway station and Swobodna Street. It is limited by Zaporoska
and Gajowicka Streets to the east, Haller Avenue to the south, and by the Cargo Bypass
Railroad of Wrocław and the Sports Stadium, allotment gardens, and the Pafawag Hill
to the west. Gajowice are a medium-height development zone, up to 18 m, and the city
centre increased height zone [52]. The distinctive element of the western part of the area are
apartment blocks with free spaces between blocks and quarter interiors. The eastern part is
dominated by high buildings with yards. The southern part contains single-family housing
with gardens and terraced houses. In the studies developed by the Municipal Office of
Wrocław, Gajowice were characterised as a Complete Estate, i.e., such that satisfies the
basic needs of inhabitants, has a distinctive character and ensures access to greenery) [53].
In the area of Gajowice there are High greenery (HG) and it constitutes 4% of the area.
Medium greenery (MG) occupies about 35% of the area. Low greenery (LG) covers approx.
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11%. High-rise, multi-storey and prefabricated “Plattenbau” buildings from the 1970s
and 1980s cover 7% of the land area. Single-family and terraced houses constitute approx.
1% of the area, post-war townhouses approx. 10% of the area and paved surfaces cover
approximately 32% of the studied area.

Figure 1. Position of the analysed area. Author: Kamila Pawłowska (K.P.), based on OpenStreetMap.

Figure 2. Map of greenery and development in Gajowice. Author: K.P.
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The UHI phenomenon in Wrocław has been investigated and described on the basis
of research conducted since 1997. Studies on microclimate demonstrated the occurrence of
UHI in the analysed area [54–56]. According to the results of spatial management modelling
and the assessment of exposure of Wrocław urban areas, places that are prone the UHI
phenomenon large urban clusters that are not separated by GI or water reservoirs [57]. The
analyses have demonstrated that the highest intensity of the UHI is noted in the centre of
Wrocław, in areas with high buildings and dense residential estates. This also covers the
Gajowice district. Due to the multi-layered structure of the district, where each layer is
characterised by different properties, Gajowice experienced the full range of temperatures
that occur in the Wrocław UHI (Figure 3). As a result, the highest temperature is noted in
the north-eastern part of the district that is situated closer to the city centre, with dense
development up to 5 storeys high, and small amounts of greenery between developed
areas. On the other hand, the presence of green areas (a cemetery and allotment gardens) to
the west of the riverbed of the Old Odra, in the south-western part of the Gajowice district,
leads to the emergence of the “cool lake” phenomenon [27,54,55].

Figure 3. UHI in the area of Gajowice. Author: K.P., based on the map developed by Professor Szymanowski.

The Gajowice district was selected for the analyses presented here, because it is
situated in the area that includes the Wrocław UHI, various types of development and
land management, such as townhouses, high buildings (so-called Plattenbau) prefabricated
apartment blocks, single-family and terraced houses, various examples of GI, and because
of its status of a “complete district”.

3.3. Research Methodology

The study is based on information and maps obtained from the field inspections
by Google Street View (GSV); publicly accessible database of topographic objects (www.

www.geoportal.gov.pl
www.geoportal.gov.pl
www.geoportal.gov.pl
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geoportal.gov.pl (accessed on 22 September 2021)) updated for 2018; publicly accessible
data on the height of buildings, local plans, 2018 study, complete housing estates, nature
map, map of the solar potential, publicly accessible orthophotomap 2020 made on the basis
of digital images—Spatial Information System of Wrocław (https://geoportal.wroclaw.pl/
(accessed on 22 September 2021)); OpenStreetMap (www.openstreetmap.org (accessed on
15 July 2021)) and, as visual aid, the orthophotomap from the Google Maps portal; UHI
normalized map from 2000 developed by Szymanowski [27,28,54,55]. They were the basis
for drawing the research areas with use of ArcGis, Autocad, and Corel Draw software. The
maps were then used for analyses and evaluations at further stages of the works.

The sequence of the conducted tests and methodology are presented in the diagram
in Figure 4. Maps of greenery and urban development (stage 1a, 1b) were created for the
analysed area (Figure 5). The greenery was divided into 3 categories: high, large-surface
greenery (parks, forests, and other green areas dominated by tall trees), (Figure 5a); medium
greenery—allotment gardens, green areas, squares, and boulevards (which have not been
classified as high greenery areas) and educational gardens; and low greenery—fields, mead-
ows, lawns, football fields and sports areas with permeable paving, cemeteries, irrigation
fields, and green riverbanks. Development was divided into 4 categories: high buildings
(over 5 floors)/prefabricated “Plattenbau” buildings (these buildings were erected in the
1970s and 1980s with use of panels from prefabricated concrete) [58], single family/terraced
houses; townhouses; paved surfaces, i.e., parking lots, pavements, streets, sports pitches
with artificial lawns, tennis courts, soil areas with hardened surface (Figure 5b). The exist-
ing buildings, such as sports halls, warehouses, supermarkets, etc. were considered to be
paved surface areas where GR cannot be constructed due to structural reasons.

Figure 4. Diagram of research methodology. Author: K.P.

www.geoportal.gov.pl
www.geoportal.gov.pl
https://geoportal.wroclaw.pl/
www.openstreetmap.org
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Figure 5. Map of Gajowice divided into urban greenery (a) and developed areas (b). Author: K.P.

3.4. Valorisation of Urban Areas

Human beings assign a certain value to every part of space or phenomenon that
they see. Valorisation is thus a subjective relationship that occurs between the evaluating
subject and the evaluated object [59]. Space valorisation consists in attributing properties
to objects and actions, determining their meaning and assigning value, in an attempt to
classify the space for various purposes. First, the principles and the selection of properties
that characterise the analysed subject are determined. Then, the method of classifying
the evaluated values of the environment is chosen. The result of valorisation is a charac-
teristic of the distinctive types and kinds of space. Categories should be determined in
a manner that enables grouping, because the properties of the given fragment of space
determine its designation and use that meets social needs or limitations that result from
the environmental protection regulations [60].

Individual maps with marked types of urban greenery and kinds of development were
overlaid with a grid of squares (stage 2a, 2b) used in landscape studies and environmental
and life science valorisations [61–66] of the dimensions of 150 × 150 m (Figure 6). The
size of the squares was selected based on the analyses of street blocks that exist in Polish
cities. It is also similar to the square grid that is used in landscape studies [64]. The average
surface area of a quarter (block) between streets is approx. 1.1 ha, while the degree of
development of quarters and development intensity fluctuate around 80%. Such degree
of development results, among others, from war damage [67]. Classifying the urban area
as the city centre zone allows us to subject its typological image to a simple division [68].
Based on this division, linear elements are distinguished in the city plan: alley, street,
boulevard, and surface elements: yard, piazza, square. The surface area of such squares is
usually about 1 ha (100 × 100 m) [69]. On the other hand, it is also assumed that quarters
of a side length that exceeds 180 m make it difficult to travel on foot so that neighbouring
blocks become isolated areas. For quarters with larger sides, it is recommended to create
internal passages [70]. This is why, due to the low degree of development, squares of
the surface area of 150 by 150 m were selected. The surface area of each cell is 2.25 ha,
which is nearly twice as big as the average quarter. The surfaces occupied by objects from
each category of greenery and development were calculated for each square constituting
a cell (stage 3a, 3b). One 150 × 150 cm square on the map was 100% of the surface, i.e.,
corresponded to 22,500 m2 in reality. Squares where the surface does not occupy the full
area of the cell are calculated on an individual basis. Fields that occupy less than 100% of the
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overlaying cell are considered to be 100% of the area and calculated proportionally. Then,
land valorisation was conducted with use of the point bonitation method (stage 4a, 4b).
The point bonitation method consists in: using the information contained in the created
maps; selecting factors or properties that influence the valorisation of the analysed area;
assigning a score; overlaying a grid of squares onto the map; evaluating of each of the
squares being an analysed cell for the given property; at last the presentation of the overall
valorisation of the land.

Figure 6. Overlaying the grid of squares on the maps of greenery and development—distinguishing the analysed cells.
Author: K.P.

For each category, percentage thresholds were proposed that corresponded to the share
of the given land development type in the analysed cell. The thresholds were assigned
scores. The thresholds were defined based on the required size of BAS in developed
areas (25%), pursuant to the Ordinance on the technical conditions that should be met by
buildings and their locations [71] and based on the surface area that requires a water law
permit due to the reduction of natural land retention (70%) pursuant to the Water Law [72]
and pursuant to the Draft of the Act on investments aimed at counteracting the effects of
droughts (50%) [73]. Similar percentage thresholds were proposed in the Impact of GR
on microclimate to reduce UHI. For the purposes of the study, the existing urban areas
were assigned three percentage thresholds corresponding to the amount of greenery: 25%,
50%, and 75%, and its influence on the environment was calculated [74]. As far as greenery
is concerned (Table 2) the highest score was assigned to cells containing areas with high
greenery, as the most valuable type. The lowest scores were given to low greenery. If the
total value of greenery was lower than 5% 0 points were assigned for each class, if the
value exceeded 95% the score was multiplied by 1.5. For values higher than 95% the score
was multiplied by 2.0, and for values higher than 95% the score was multiplied by 2.5.
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Table 2. Point score of the valorisation of greenery in specific classes of percentage share of green areas and categories of
greenery. Author: Bartosz Jawecki (B.J.).

Categories Adopted for the Valorisation of Greenery

Greenery <25% * 25–50% 50–70% >70%

Low greenery ** 4.25 4.5 4.75 5

Medium greenery *** 5.25 5.5 5.75 6

High greenery **** 6.25 6.5 6.75 7

* If the total value of greenery is lower than 5%, assign 0 points in each class

** If the value exceeds 95%, the score should be multiplied by 1.5%

*** If the value exceeds 95%, the score should be multiplied by 2.0%

**** If the value exceeds 95%, the score should be multiplied by 2.5%

For the valorisation of developed areas, it was assumed that the assigned score de-
creases with the increase in the developed area. Moreover, in the valorisation of developed
areas it was assumed that buildings that offer the possibility to construct GR (according to
the criteria adopted for research purposes) require a higher score. Buildings characterised
by a potential to construct GR include buildings on so-called “Plattenbau housing estates”,
buildings with flat roofs, pent roofs of the maximum inclination of 30%, with a minimum
amount of ventilation shafts and chimneys. This was based on the assumption that such
roofs were originally calculated to accommodate snow load zones, which means that their
structure should be able to bear the load of a GR or that it will only require slight adapta-
tions [58]. The issues of safety and strength of the structure as well as modernization were
discussed in research on the establishment of GR on prefabricated buildings. Also roof
load capacity analysis of buildings was performed. [75–78]. For the buildings under study,
the analysis was performed based on: the technical data contained in the literature on the
structural system [79,80]; technical documentation for a typical building; the snow load
standard valid in the period of building erection [81] and the current standard adapted
to the European norms [82]. The result of the analysis was the conclusion that on some
buildings it was possible extensive GR could be introduced, provided that they are in
good technical condition. In other cases, after an assessment of the technical condition for
each roof, it is proposed to build strain relief structures in the form of steel beams. Such a
solution then would allow for the establishment of heavier GR [56].

According to the adopted criteria, high buildings (“Plattenbau”) blocks (Table 3) show
a potential to construct GR. In the methodology used, this increases the value of the land,
so they were assigned higher scores. Single-family and terraced houses are characterised
by surrounding greenery on the land plots. However, their potential to construct GR is low
or even non-existent, so this category of houses was assigned a lower score. Apartment
buildings were usually constructed before World War II, so their structure often makes
it impossible to construct GR. Besides, they are under the protection of the conservator.
The only greenery surrounding these buildings includes green roadside belts and the yard
inside the whole quarter, currently occupied only by roofed parking spaces and dumpster
enclosures. Paved areas, i.e., parking lots, pavements, streets, sports pitches with artificial
lawns, tennis courts, and squares with hardened soil surface were assigned the lowest
score. If the total development value exceeded 95%, 0 points were assigned in each class,
and for total development value lower than 5% in each group, 5 points were assigned in
each class.
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Table 3. Point score for the valorisation of development in individual classes of percentage share in surface of development
and development categories. Author: B.J.

Categories Adopted for the Valorisation of Development

Development <25% * 25–50% 50–70% >70%

High-rise/prefabricated
“Plattenbau” buildings 4 3.75 3.5 3.25

Single-family/terraced houses 3 2.75 2.5 2.25

Townhouses 2 1.75 1.5 1.25

Paved surfaces 1 0.75 0.5 0.25

* If the total value of development exceeds 95%, assign 0 points in each class.

** If the total value of development is lower than 5%, in each group assign 5 points in each class.

In order to illustrate the valorisation with use of the proposed method, a procedure
was presented for the area in cell 9C (Table 4, Figure 7). The table contains surfaces in
three categories of greenery and four categories of development, both in square meters
and percentage share. Then, the scores were assigned for low, medium, and high greenery,
as well as scores for high “Plattenbau” buildings, single-family and terraced houses,
townhouses, and paved surfaces. Finally, the values in individual categories were added to
obtain an overall score for the cell, in the greenery and development categories, separately
(Figures 8 and 9). These data were then used to assign a class to the area.

Table 4. Valorisation procedure based on the example of evaluation of cell 9C. Author: K.P.

9C High
Greenery

Medium
Greenery

Low
Greenery

High-Rise/
PREFABRICATED

“Plattenbau”
Buildings

Single-
Family/Terraced

Houses
Townhouses Paved

Surfaces Sum

Area m2 2234.62 11,297.22 1862.37 357.23 0 2633.26 4115.3 22,500

Area % 10 50 8 2 0 12 18 100

Figure 7. Valorisation procedure based on the example of evaluation of cell 9C. Author: K.P.
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Figure 8. Classes of greenery and development with a total score: (a)—greenery, (b)—development. Author: K.P.

Figure 9. Classes of the potential of BAS and natural land retention of urban areas. Author: K.P.
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At the subsequent stage, classes were assigned according to the potential of BAS and
natural land retention (Table 5). Five classes of potential were determined (Table 6): Class
I—high potential—large share of greenery, not requiring intervention, very large green
coverage, in particular high greenery; Class II—average potential—large share of greenery,
small amounts of paved or sealed surfaces, requires little intervention; Class III—neutral
potential—the area of paved or sealed surfaces is equal or lower than that of permeable
surfaces, it is recommended to take actions to increase the share of greenery; Class IV—poor
potential, paved or sealed surfaces dominate green areas, requires corrective actions to
increase the share of greenery; Class V—very poor potential—paved or sealed surfaces
significantly dominate over green areas, urgent intervention is required.

Table 5. Class ranges of the potential of BAS and natural land retention of urban areas for green and
developed areas. Author: B.J.

Potential of BAS and Natural Land Retention of Urban Areas for Green and Developed
Areas. Author: B.J.

Class Greenery Development

Large I 13.11–17.5 pts 14.01–20 pts

Average II 9.61–13.1 pts 9.01–14 pts

Neutral III 7.01–9.60 pts 5.01–9 pts

Poor IV 5.31–7.0 pts 2.01–5 pts

Very poor V 0.0–5.3 pts 0–2 pts

Table 6. Overall classification of the potential of BAS and natural land retention of urban areas. Author: B.J.

Building Indicator/Sealing

Greening Indicator 14.01–20 pts 9.01–14 pts 5.01–9 pts 2.01–5 pts 0–2 pts
13.11–17.5 pts I I II III III
9.61–13.1 pts I II II III IV
7.01–9.60 pts II II III IV IV
5.31–7.0 pts II III IV IV V
0.0–5.3 pts III III IV V V

The conducted valorisation was the basis for determining so-called critical points
(class V), i.e., areas where the BAS are too small in relation to the surrounding elements of
development or paved surfaces. Critical points were considered to be the areas that require
immediate action to thin out the development and create GI.

4. Results

The Gajowice District (Figure 10) has a surface area of ≈ 1.69 km2 (169.08 ha), including
green areas occupying ≈ 0.84 km2 (831.38 ha) and developed area ≈ 0.86 km2 (858.61 ha),
where: high greenery ≈ 0.07 km2 (6.9 ha), medium greenery ≈ 0.59 km2 (589.06 ha), low
greenery ≈ 0.18 km2 (172.33 ha), townhouses ≈ 0.17 km2 (166.44 ha), single-family and
terraced housing ≈ 0.012 km2 (11.78 ha), tall “Plattenbau” buildings ≈ 0.12 km2 (124.31 ha),
and paved surfaces ≈ 0.55 km2 (556.08 ha).
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Figure 10. Presentation of the surface areas of greenery and developed areas. Author: K.P.

The average surface area (Table 7) of high greenery was 362.73 m2, ranging from 0 to
8742.6 m2, which is the lowest average value for greenery; for medium greenery it was
8259.17 m2, ranging from 0 to 18361.72 m2, which is the highest average value for greenery;
while for low greenery the average was 2036.16 m2, ranging from 0 to 14,200 m2. As far as
development is concerned: The average surface area of high Plattenbau development was
1231.67 m2, ranging from 0 to 4468.64 m2; the value for single-family housing was 101.95
m2, ranging from 0 to 2661.22 m2, which is the lowest value in the development category;
for townhouses this was 1317.88 m2, ranging from 0 to 6590.65 m2; and for paved surfaces
the value was 5515.39 m2, ranging from 0 to 19,464.67 m2, which was the highest average
value in the development category.

Table 7. Average, maximum and minimum values of the adopted land development categories.
Author: K.P.

Type Avg.± standarddeviation
min.−max.

High greenery 362.73 m2±158.23 m2

0−8742.6 m2

Medium greenery 8259.17 m2±561.23 m2

0−18361.72 m2

Low greenery 2036.16 m2±410.65 m2

0−14200 m2

High/“Plattenbau” buildings 1231.67 m2±126.13 m2

0−4468.64 m2

Single-family houses 101.95 m2±46.07 m2

0−2661.22 m2

Townhouses 1317.88 m2±165.89 m2

0−6590.65 m2

Paved surfaces 5515.39 m2±464.19 m2

0−19464.67 m2

The distribution of classes was as follows (Figure 11): out of 102 analysed cells, class
V was assigned to 23, class IV: 34 cells, class III: 25 cells, class II: 16 cells, and class I: 4 cells.
The conducted analysis demonstrated that the highest scores and, at the same time, classes,
were assigned to cells where high greenery occupied the largest surface or those with large
areas of medium greenery (Figure 12a). As far as development is concerned (Figure 12b),
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the score was the higher, the lower the percentage share of paved surfaces or buildings.
However, the score was slightly higher if the building showed potential for establishing
GR. The highest scores were noted in the vicinity of the allotment gardens, the Pafawag
hill, green squares or in areas with large amounts of street or yard greenery. Such places
were mostly found in railroad areas, near barracks and paved squares, near parking lots
and supermarkets. Areas that belong to class IV, where corrective actions have to be taken
quite soon, are mainly those that contain high and “Plattenbau” buildings, and townhouses
without a sufficient amount of green areas in their neighbourhood.

Figure 11. Distribution of classes of the potential of BAS and natural land retention of urban areas.
Author: K.P.

Figure 12. Classes of greenery (a) and development (b) marked by colours. Author: K.P.
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The results were then reassessed, Critical points were correlated with areas where the
existing development shows a potential for establishing GR. The most potential objects can
be found in areas in class IV and in class III. These are places that require urgent intervention.
Some of the marked locations are situated in critical areas that need immediate intervention
due to insufficient amount of GI. After the proportion coefficient proposed for Poland
was applied (the ratio of the total land surface area and the calculated BAS), the assigned
scores and classes differed from the initial results (Figure 13a). Significant differences were
noted for greenery. However, this did not affect the result of development analysis in itself
(Figure 13b), because scores for percentage area were assigned based on the assumption
that the score for the given cell would be the higher, the lower the surface area occupied
by development. Due to that, this did not change the score after deducting the area with
potential for GR.

Figure 13. Classes in the greenery (a) and development (b) categories after considering the proposed area of GR. Author: K.P.

Figure 14a shows the overall assessment of the site with the assignment of classes and
determination of critical points of class V (marked in red). Figure 14b shows potential roofs
that meet the criteria adopted in this study and the conditions for the construction of GR,
marked on the map. Roofs with installed photovoltaic panels were also marked, because
there are certain modern technologies that enable the construction of GR on roofs equipped
with photovoltaic panels. Thus, the installation of photovoltaic systems does not deprive
these roofs of the potential to construct GR [83]. The final stage of the analysis involved
the theoretical introduction of GR on the roofs of high apartment blocks and classifying
them as low greenery (i.e., similarly to lawns or extensive greenery). At the same time, the
surface of potential locations was reduced by 0.5 and the obtained result was added to the
category of low greenery (Figure 14c) and deducted from the surface area of high buildings
and prefabricated “Plattenbau” blocks. Then, another valorisation of the analysed cells of
the Gajowice estate was performed.



Sustainability 2021, 13, 13227 17 of 24

Figure 14. (a)—Defined classes and critical points, (b)—Roofs that show potential according to the criteria in the context of
classes and critical points, (c)—New classes assigned after establishing GR on roofs with potential. Author: K.P.

The map of greenery shows significant differences. First of all, numerous cells were
moved from class IV to classes III and II or from class III to II thanks to increased amounts
of green areas. Seven cells in class V were moved to class IV. Class I remained unchanged:
even after adding the value of greenery none of the cells met the conditions included in the
criteria for class I. As far as the development category was concerned, no differences were
noted after the application of GR in the selected locations, as the score was still insufficient
to change the assigned class. The class differences in the category of greenery are presented
in the diagram below (Figure 15).

Figure 15. Distribution of classes in the greenery category before and after the application of GR. Author: K.P.

To compare, in the total evaluation of 102 cells: initially, 23 cells were assigned to class
V, which now consists of 16 cells. Class IV included 34 cells, now 18, class III: initially
25 cells, now 26, class II: initially 16 cells, now 38, and class I: 4 cells (no changes). This
is illustrated in the diagram below (Figure 16) that presents a comparison of the number
of cells before and after the application of GR on the suitable roofs that have potential to
do so.
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Figure 16. Number of classes in the overall categories before and after the application of GR. Author: K.P.

5. Discussion

The key to the development of land management and integrating the “grey infrastruc-
ture” with GI is creating a system of “green infrastructure” before “grey infrastructure” in
the city [84]. Designing GI allows controlling the disorderly urban sprawl [13].

As a result of the conducted analyses, a 150 × 150 m grid was overlain on the map
of Gajowice. Points where GR may be constructed were marked, which improved the
valorisation assessment of the analysed area. Similar results were obtained in the study con-
ducted in Shenzhen, China. The potential area for the construction of GR was determined,
with a surface of 1899.40 ha. In order to present the spatial characteristic of the potential for
the construction of GR, the authors divided the city of Shenzhen into a spatial network of
ten-hectare fields and calculated the potential for creating GR in each area. Then potential
points were defined as key implementation areas. These points were considered to be GR
on specific buildings, which were referred to as basic units. The results demonstrated a
significant improvement of the valorisation of the city in terms of the potential for the
application of GR [66]. In strongly urbanized regions of China, the use of roof spaces and
the optimization of roofs for the construction of GR have become very popular [85,86].

In our study, buildings and areas with a potential for the construction of GR were
determined, but they were also assigned classes IV and V, which means that they require
immediate intervention. These are mainly points located in densely developed areas
close to the city centre, which are covered with high, multi-family houses. On the other
hand, single-family and terraced houses showed lower potential for the construction
of GR and a less urgent need to introduce GI. Similar conclusions were achieved by a
group of scientists who conducted research in the area of the city of Braunschweig in
Germany. It was calculated that 8596 buildings (8.6% of the total number of structures)
were classified as having potential for the application of GR. The central part of the city
of Braunschweig is referred to as the Hot-Spot of GR potential. This means that it offers a
higher percentage of benefits in comparison to single-family and suburban houses. The
author of that study proposed a method of improving the valorisation of the city for the
purposes of determining priority areas for the installation of GR in urban areas [87]. Apart
from that, several studies provide a quantitative determination of the way in which a GR
positively influences thermal climate, air quality, rainwater retention, and biodiversity if
applied on a city scale [88,89].
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The authors note that GR in the analysed area will influence its valorisation assessment
and their location within the UHI may limit its intensity and thus its disadvantageous
effects on humans. The study conducted by Umberto Berardi in the outdoor microclimate
benefits and energy saving resulting from GR retrofits confirmed that, due to the large
number of buildings in the Ryerson University campus in Toronto, GI should be introduced.
The installation of GR will reduce energy consumption, greenhouse gas emission, and
operational costs. Ultimately, the implementation of GR for a larger number of buildings
on the campus would have a significant influence on the city microclimate and ensure a
real possibility to reduce the influence of UHI in the campus area [90]. In addition, another
aspect that reduces the adverse effects on humans and climate is that GR are influenced by
the amount of water they are able to retain to evapotranspiration and thus reduce the UHI
and it will influence its valorisation assessment. Based on research conducted by many
groups of scientists, including from France or Poland (in Warsaw and Wrocław) it can be
seen that GR are one of the measures to mitigate problems with excessive surface runoff
in urbanized areas. The quality of the subsoil, the drainage layer and the vegetation used
affect the quality of the runoff. In Wrocław, as in many Polish cities, snowmelt and heavy
rainfall contributes to the development of local flooding in urban areas [48]. Therefore, it is
even more important to pay attention to the creation of the GR potential on the very dense
building grid of the Gajowice housing estate. GR serve a number of functions in highly
urbanized areas, such as climate change mitigation, e.g., UHI, air quality improvement and
reducing noise levels [49]. GR are valuable solutions for rain management improvements
in urban areas as they manage the quantity and quality of the runoff and they can partly
store and delay rainfall water [50,51].

As for the changes in temperature and UHI in the light of GI and GR, the study on
Impact of GR on microclimate to reduce UHI led to the conclusion that if 25% new greenery
is added to existing areas, the amount of heat will decrease by 6%. Moreover, if 50%
greenery is added, the amount of heat in the environment will fall by 10%, and the addition
of 75% greenery may reduce the heat even by 20%. The study suggests that combining 50%
of paved surfaces with 50% GI and GR may reduce local heat by 25%. The proportion of
50% paved surfaces to 50% GI may result in an average decrease in heat by 30% during
daytime [74]. Similar parameters were adopted to determine the scores in each category of
development and greenery in the Gajowice District. When the development occupies less
than 25% of the area, the score is higher. The score decreases proportionally when the share
of developed areas increases to 50%, and cells where paved surfaces occupy over 70% of
the area receive the lowest score. Greenery is evaluated on a reverse scale: 25% gives the
lowest score, while 70% and more—the highest.

6. Summary and Conclusions

The analysis of Gajowice revealed areas that require immediate intervention. Assign-
ing classes to areas allowed us to estimate the scale of the need to implement GI. The
conditions that building structures have to meet in order to enable the installation of GR
were defined. This allowed us to select and mark potentially suitable buildings whose
roof structure makes it possible to construct at least extensive GR. Further research on the
analytical model may ultimately support the selection of areas for new investments, based
on the assumption that GR will be installed in adequate proportions. It may also become
a template for local authorities to set the directions of optimization of the system of BAS
in the urban ecosystem, for example as an element that helps modern cities to adapt to
climate changes.

Actions aimed at improving the valorisation value of land have a decidedly positive
influence on the amount of BAS and reducing the occurrence of UHI. Installing GR im-
proved the natural value and increased the amount of BAS. The introduction of GR also had
a positive influence on valorisation;the number of developed areas decreased, giving way
to green areas. The determination of critical points enabled taking action. The introduction
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of GR increased the valorisation score even by two classes. Even if the reduction coefficient
0.5 was applied (i.e., the value was reduced by 50%), the results still remained satisfactory.

However, both before the coefficient was applied and the potential roofs were qualified
as BAS, and after these actions, the problem of the lack of BAS in the dense network
of buildings was still visible. If GI was installed on the selected buildings, where the
construction of GR is justified due to the need to increase BAS in areas that have the
potential, the situation would be improved, yet still not perfect. Due to that, in locations
where it is impossible to install GR, other forms of GI should be applied, e.g., by unsealing
paved surfaces, constructing parking lots with permeable surface, or underground parking
lots with GR, by additionally applying living walls, green acoustic screens, green ventilation
shafts, etc.

The results of the research allowed to define the character of the landscape in a given
area and its evaluation, in the future they will be used to determine the directions of
spatial development of Wrocław. They will be the basis for local urban policy and space
planning in modern cities. The result of the research will be a universal model, showing
the potential change in the city’s climate after introducing green roofs on as many housing
estates as possible.
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Toruń: Toruń, Poland, 2010; pp. 46–59. Available online: https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&
cd=&ved=2ahUKEwjeta60wLP0AhXFwosKHUmAC7oQFnoECAQQAQ&url=http%3A%2F%2Fkak.sggw.pl%2Fimages%
2Fstories%2FPublikacje%2FOsiedla%2520mieszkaniowe%2520w%2520strukturze%2520przyrodniczej%2520miasta.pdf&usg=
AOvVaw2RuLLehzNYRlBVEaj8j3JD (accessed on 5 November 2020).

38. Kazmierczak, A.; Carter, J.; Adaptation to climate change using green and blue infrastructure. A Database of Case Studies.
Berlin: The Biotope Area Factor Climate Change Impacts Addressed. 2010. Available online: https://orca.cardiff.ac.uk/64906/1/
Database_Final_no_hyperlinks.pdf (accessed on 18 August 2021).

39. Peroni, F.; Pristeri, G.; Codato, D.; Pappalardo, S.E.; De Marchi, M. Biotope Area Factor: An Ecological Urban Index to Geovisualize
Soil Sealing in Padua, Italy. Sustainability 2019, 12, 150. [CrossRef]

40. Kruuse, A. The Green Space Factor and the Green Points System. Available online: https://nextcity.nl/wp-content/uploads/20
17/01/1701256-Malmoe-Tools-c-Annika-Kruuse.pdf (accessed on 5 June 2021).

41. Hirst, J. Functional Landscapes: Assessing Elements of Seattle Green Factor. Berg. Partnersh. PS 2008. Available online:
https://www.scribd.com/document/180251845/Functional-Landscapes-Assessing-Elements-of-Seattle-Green-Factor (accessed
on 21 September 2021).
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67. Wojtas, L. Próba Waloryzacji Śródmieść Miast Tworzonych Na Przełomie XIX i XX W. (Na Przykładzie Miast Górnośląskich)
(Attempt at Valorization of City Centers of Cities Created at the Turn of 19th and 20th W. (On the Example of Upper Silesian
Cities), Zeszyty Naukowe Politechniki Śląskiej, Seria: Architektura Z. 19, 1992, Nr Kol. 1110. Available online: https://delibra.bg.
polsl.pl/Content/30136/BCPS_33334_1992_Proba-waloryzacji-sr.pdf (accessed on 19 September 2021).
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Quarters in the Context of City Shrinking). Współczesne Wyzwania, Studia Miejskie Tom 23. 2016. Available online: https://www.
studiamiejskie.uni.opole.pl/wp-content/uploads/2017/03/S_Miejskie_23_2016-Lamprecht.pdf (accessed on 10 October 2021).

71. Regulation minister of infrastructure of 12 April 2002 on the technical conditions to which the buildings should correspond
and their location. J. Laws 2019, 1065. Available online: https://www.global-regulation.com/translation/poland/3353940/
regulation-of-the-minister-of-infrastructure-of-12-april-2002-on-technical-conditions%252c-which-should-correspond-to-the-
buildings-and-their-location.html (accessed on 10 October 2021).

72. Water Law. Journal of Laws 2017, 1566. Act of 20 July 2017 New Water Law (Journal of Laws 2017, item 1566), in Force as of 1
January 2018, Excluding Some Provisions, as Defined by the Act. Available online: https://apgw.gov.pl/en/legal-acts (accessed
on 10 October 2021).

73. Polish Waters Devise the Drought Effects Counteracting Plan; Parliamentary Document No. 13444. Nr Projektu: POIS.02.01.00-00-
0015/16. Available online: https://stopsuszy.pl/en/drought-effects-counteracting-plan-decp/ (accessed on 10 October 2021).

74. Dwivedi, A.; Mohan, B.K. Impact of green roof on micro climate to reduce Urban Heat Island. Remote. Sens. Appl. Soc. Environ.
2018, 10, 56–69. [CrossRef]

75. Knyziak, P. The Quality and Reliability in the Structural Design, Production, Execution and Maintenance of the Precast Residential
Buildings in Poland in the Past and Now. Key Eng. Mater. 2016, 691, 420–431. [CrossRef]

76. Kozłowski, A.; Rybka, A.; Plewako, Z. Improving Safety–Safety Evaluation of External Sandwich Panels in Large-panel
Buildings. In COST C16 Improving the Quality of Existing Urban Building Envelopes: Structures; Di Giulio, R., Bozinovski, Z.,
Verhoef, L.G.W., Eds.; IOS Press: Amsterdam, The Netherlands, 2007; pp. 211–220. [CrossRef]
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