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Abstract: The increasing level of antropopression has a negative impact on environmental resources
and has reached the level of our planetary boundaries. One limitation is land use change caused
by urbanization. Global policies prove the need to undertake action in order to develop more
sustainable human settlements, which would be adapted better to potential future climate change
effects. Among such changes are the increase of average temperatures and extreme events like heat
waves. Those changes are more severe in urban areas due to land use development, and result in
the urban heat island effect (UHI), which has a negative impact on the thermal comfort of citizens.
The paper presents a decision support system that can be used for the assessment of areas to the
potential exposure to the UHI effect. The system integrates scenario analysis, land use modelling in
cellular automata (Metronamica), and an indicator-based assessment in a geographic information
system (ArcGIS). The applicability of the model is illustrated through developing scenarios for the
future land use allocation of the Wrocław Larger Urban Zone (Poland). The results of the calculations
show which scenario is the least vulnerable to UHI effects. Moreover, for each scenario, cores of
urban areas were identified, in which certain urban design patterns accounting for adaptation to
climate change could be implemented. The study provides a guideline for local authorities on where
to focus actions in order to create more sustainable urban structures and to better adapt to climate
change and environmental extremes.

Keywords: decision support system; sustainable urbanization; climate change; environmental
management; urban heat island; Wrocław Larger Urban Zone

1. Introduction

The problem of climate change and the need to define environmental restrictions for human
activity was already raised in the early 1970s by the Club of Rome. Their report from 1972 broadly
describes the issues of the use of non-renewable natural resources and environmental pollution, as well
as the necessity to define boundaries to growth and the state of balance for future development.
Thes issues are still valid today, as evidenced by the Report for the Club of Rome to commemorate
the 40th Anniversary of “The Limits to Growth”. The vision of development included in the report
refers to the horizon of the year 2052. According to the current view, many factors influence the
condition of the environment, including both direct factors affecting natural resources or the climate,
as well as a number of indirect factors that affect the whole environment. These indirect factors
include, inter alia: emissions to the environment, consumption, inequalities and social tensions, energy
consumption, life expectancy and fertility, and population and lifestyle. We can measure many of
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these aspects effectively [1–4], which is necessary for the effective management of available resources.
Therefore, when assessing the state of the environment, the elements related to the environment should
also be considered. The report noted that the basis for these changes in the next years will consist of
two basic factors: urbanization and healthcare services [5]. The concept of including developmental
limitations is being developed by many scientists under the name of ‘planetary boundaries’ [6–9].
One of the limitations is the change in land use. Researchers estimate that the threshold of this
component has not yet been reached [10], although it is already near to the estimated limit (Figure 1).
Therefore, there is an urgent need to limit current the consumption patterns of spatial resources and
for a rational use of the areas that are subject to the processes of urbanization.

Figure 1. The concept of planetary boundaries [10].

However, changing the functioning model of local communities on a global scale requires theories
and concepts that are supported by real actions overseen by the governments of all countries in the
world. In order to reach it, in 1992 the United Nations Earth Summit in Rio de Janeiro adopted
the United Nations Framework Convention on Climate Change [11], defining the assumptions of
international cooperation to limit global warming. Since 1995, annual Conferences of the Parties
(COP) of the UNFCCC have been organized. The COP is the highest UNFCCC body responsible
for the overview of the implementation of UNFCCC provisions. One of the best-known COP
effects was the Kyoto Protocol (COP 3 in 1997) and the Paris Agreement (COP 21 in 2015). In 2015,
over 150 countries agreed also on 17 ambitious Sustainable Development Goals, which are included
in the 2030 Agenda for Sustainable Development [12]. These goals concern sustainable cities and
communities, responsible consumption and production, health and well-being, as well as climate
actions. In the Agenda, the importance of interactions between individual goals was emphasized,
and attention was paid to the phenomenon of synergy between the implemented activities. Taking into
account the aforementioned planetary boundaries that are related to changes in land use, one of the
actions in this matter is the Sustainable Urbanization Strategy adopted in 2016—the UNDP’s support
for sustainable, inclusive and resilient cities in the developing world [13].

Due to rapid urbanization, new development is very often located on hazard-prone sites,
including river banks and flood plains, which increases the exposure and vulnerability to climate
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and disaster risk [13]. This vulnerability to climate and disaster risk is also driven by socio-economic
variables, which include poverty [14], access to social safety nets [15], and other inequities [16].
Therefore, the Sustainable Urbanization Strategy highlights that cities should institute effective
planning and administrative systems to avoid the continued development in inappropriate
locations [13]. In the case of some countries, there are statutory land development and allocation
procedures in the context of sustainable urban renewal [17]. Unfortunately, legal regulations are not
available in all countries to effectively support sustainable development [18]. However, even without
such regulations, local governments should strictly control the scale of land use and limit the
disorderly expansion of urban boundaries to make the cities grow smartly [19]. It is predicted
that further investments and efforts will be directed towards adaptation interventions, which will
essentially translate into new investments in infrastructure designed to relocate vulnerable populations
and activities into safer locations [20]. As urban development is driven by a large variety of
factors [21], there is no single appropriate solution. Therefore, different approaches that are
based on scenario analysis and indicator-based impact assessment are often used in land use
modelling [22,23]. Land use modelling can be based on the use of descriptive methods, such as
stock-flow diagrams [24], or mathematical relations that can be presented in formulas [25], which are
categorized as spatial econometric methods [26–28]. In case of the use of spatial econometric
methods, it is possible to incorporate decision support systems to optimize problems, which refer to
geographical dimensions [29]. The use of spatial decision support systems should always be based on
the spatiotemporal analysis of land use change, which is a common field of academic research [30–32].
Based on those analyses, one is able to determine urban growth patterns [33]. This is crucial to
predict potential future changes, and to incorporate decision support systems in environmental
management [34]. As decision support systems are not independent systems and they are used by
decision-makers, there is a need for these technological solutions to be supported by a methodological
framework [35] that describes how such systems can be used by people. Or, in other words, what kind
of information do they provide?

The use of projections of the future state of decision support systems can successfully integrate
drivers of climate and land use changes and enable their impact assessment [36]. One of the most
common relations between land development and climate issues in the urban heat island (UHI) effect.
Although the UHI phenomenon was first documented over a century ago, the effect of the UHI on
the urban climate and environment has only been the focus of research for the last three decades [37].
As one of the key causes of the UHI is urbanization, urban sprawl, and population increase [38], there is
a need to include it as a potential effect of urban development during the planning process. The UHI
interacts in different scales, from the human body to city size [39] and therefore its impact should be
analyzed using a more complex approach. Due to the spatial and temporal distribution of UHI the
range of temperature increase can vary from 2 ◦C to over 7 ◦C [40]. In order to better understand the real
impact of UHI it is crucial to highlight how big an impact it has on thermal comfort [41]. It is assumed
that due to the August 2003 heatwave the additional death toll exceeded 70,000 people in Europe [42].
Obviously, a heatwave presents a different mechanism, as it refers to a temporal, quick and significant
increase in temperature. The UHI does not share the same rapid and dynamic changes, however, it does
have an influence upon increases in the usage of heating and cooling systems [38,43–45]. The UHI
modelling is a complex matter due to the multi-factor characteristics of the phenomenon [46]. In case
of already developed areas, it is possible to include drivers such as the location of each building
and the heights and shapes of all objects in the assessment [47]. Still, researchers interpret the
results with reserve. Assessing the potential impact of future developments is far less accurate,
however, this challenge should be taken up in the planning of sustainable urban structures. There are
some insights from studies that might be useful for this purpose. Firstly, the UHI is not related to
administrative borders and it may spread to the surrounding areas [48]. Secondly, a very important
aspect of the spatial structure is the location of bodies of water, which help to transport fresh air [49].
Moreover, the UHI can be reduced also thanks to green infrastructures, as the cooling effect of a park



Sustainability 2018, 10, 1083 4 of 15

extends far beyond its boundaries [50]. Finally, thermal stress may vary according to conditions in
the urban structure within a distance shorter than 1 km [51]. The three drivers presented above do
not support sufficient information to model the UHI in detail, but they might be helpful in decision
support systems to identify areas that are at a higher risk of the UHI. As a result, people living in those
locations might be exposed to the negative environmental impacts of climate conditions. This, in turn,
influences their thermal comfort and their quality of life, which are key indicators in describing the
living conditions of human living [52].

As stated above, a very important element of the urban structure that can help mitigate the
problem of the UHI is green infrastructure. The European Strategy on Green Infrastructure defines
green infrastructure 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” [53]. By implementing green infrastructure
it is possible to better adapt to climate change, which means learning to live with more frequent
and extreme weather events and everyday conditions [54]. Through the municipal involvement to
incorporate it into policies and practices, it is possible to reduce the overall heat stress vulnerability [55].
Green infrastructure has become such an important element of the urban structure that Meerow and
Newell [56] have designed a spatial planning model focused strictly on it. Their approach allows for
the identification of trade-offs, synergies, and hotspots for future green infrastructures, and the model
can be implemented in other cities [56]. Opposite to the UHI, there is an approach that calculates the
so-called Park Cool Island (PCI). Based on studies conducted in Sweden, The Netherlands, Portugal,
and Israel, depending on local conditions, the PCI can decrease the urban temperature from 1 ◦C
up to even 6 ◦C [57]. It is also connected to spatial planning patterns and traditions. According to
Nastran et al., the share of forest does not affect the UHI in all European countries in the same way.
However, their study showed that a higher share of forests is associated with a lower UHI magnitude
in Southern and Eastern Europe, however, they did not observe such a relation in Western Europe [58].

Based on the literature review, there is a lack of practical applications of UHI assessments in
decision support systems used for spatial planning purposes. Therefore, the aim of the research
is to propose an assessment method for urban areas in relation to their exposure to the UHI effect.
The applicability of this assessment model is illustrated through a scenario-based approach to study
changes in land development, in which the case of the Wrocław Larger Urban Zone (Poland) [59] is
presented. The model uses a decision support system based on cellular automata, which is currently
used as a highly specialized knowledge-based tool [60,61]. Each scenario was assessed according to the
possibility of UHI appearance in specific parts of the area. The study area includes suburban zones in
order to analyze the impact of different land uses to thermal comfort conditions [48]. The final effect of
the analyses was the indicator-based assessment of built-up areas that are exposed to the UHI impact.

2. Materials and Methods

The research was based on a four-step methodology: (1) modelling of trends in urban development
changes based on cellular automata, (2) development of scenarios of different policy implementation,
(3) projection of potential future land uses according to defined scenarios, and (4) urban structures
assessment (core analysis) of the context exposure to the UHI impact.

The study area is the Wrocław Larger Urban Zone (WLUZ), which includes the city of Wrocław
and 10 surrounding communities: 3 urban-rural municipalities and 7 rural municipalities (Figure 2).
The WLUZ area is a common study area of other research on urban development studies [59,62].
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Figure 2. Land uses in Wrocław Larger Urban Zone.

2.1. Cellular Automata Modelling

The modelling of trends in urban development changes was carried out using Metronamica
software (version 4.3.0). Metronamica is a spatial decision support system based on cellular automata,
which allows for the preparation of projections of potential future changes in land use in different
scenarios [61,63]. Each scenario can be assessed based on indicators that are calculated from a raster
format of the used data [60]. The calibration and verification stages require two separate time-horizons
of land use changes [64]. In the research the CORINE Land Cover (CLC) data for three different years
were used, namely 2000, 2006, and 2012. For the calibration stage, 2000–2006 land use changes were
applied, and for the verification stage, 2006–2012 land use changes were used. The resolution of satellite
images used for the CORINE Land Cover project was different for each time horizon. For instance
the last CLC 2012 used High Resolution Layers, reaching a 20 m × 20 m resolution [65]. However,
the data converted to CLC 2012 was later verified by the European Environmental Agency in the
100 m × 100 m resolution [65]. Therefore, the most precise resolution for the 2000, 2006, and 2012 CLC
is 100 m × 100 m. The same resolution was used for the cellular automata modelling in this research.

The cellular automata modelling in Metronamica contains four basic elements that are taken
into account in future land use projections [66]. The first element is the neighborhood influence,
which describes how surrounding land uses (such as housing, industry, agriculture, forest, water, etc.)
attract or repel new cells of modelled land use. The examination is based on a so-called active modelling
of land use classes (such as housing and industry). The second element is the accessibility influence,
which may increase the potential of allocating new cells (some areas have a higher potential to invest
due to a highway that enables quick access to the city) or decrease it (such as linear infrastructure,
which is impassable and forces people to take a long detour). The third element is the suitability
influence, which may be described by different social, environmental, or economic drivers (such as
parts of an area that are prestigious while others have a bad reputation, existing flood plains that limit
or exclude areas from urban development, division into administrative units that have different real
estate tax rates). The last element is the zoning influence, which describes the legal status of an area
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(for instance, whether a specific land use class is stimulated, allowed or restricted in some locations).
Each of these four elements influence the total potential value of each cell for a specific land use class.
Once the demand for each land use class is defined by the user, new cells are located in the highest
total potential cells.

2.2. Scenario-Based Approach

The potential future urban development was described according to the scenario analysis.
Scenario methods are part of the concept of strategic management and belong to so-called
macro-analysis groups [67]. Scenario analyses take into account the subject and purpose of the scenario,
its space-time scale or the type of indicators used to assess it [68,69]. The derivation of scenarios of
urban development was based on policy implementations that were developed from spatial planning
documents. These were then adopted on national (National Spatial Management Concept), regional
(Voivodship Spatial Management Plan), and local (Study of the Conditions and Directions of the Spatial
Management of a Commune) levels.

2.3. Land Use Modelling

Based on (1) the model of trends in urban development and (2) the zoning layers describing
the administrative actions that are included in the spatial policies on different levels, the projections
of potential future land uses were prepared using three separate scenarios. All of the projections
were developed in previously calibrated cellular automata in order to integrate the first two steps.
The projections were prepared in Metronamica.

2.4. UHI Impact

The urban structure in each scenario was assessed in the context of exposure to the UHI.
Two software packages were used at this step. In Metronamica, the urban clusters indicator layer was
prepared. It presents all types of land uses, which are classified as urban development forms (in the
current research: high density housing, low density housing, infrastructures, services and industries).
The output layers were analyzed in ArcGIS (version 10.3.1) in order to identify the urban areas exposed
to the UHI. Three factors influenced the core analyses, namely:

1. The first factor takes into account wind chill, which is connected to the proximity of water bodies.
This factor is especially important in the case of Wrocław, as there are five rivers in the city,
and the main river (Odra) is divided into parallel branches in the city center, reaching around
50 m in width. Bodies of water may serve as ventilation corridors. Based on this factor,
urban areas within a 300 m buffer zone from bodies of water were excluded from the UHI
exposure calculations [49,70].

2. The second factor, similar to the first one, takes into account the temperature reduction caused
by the proximity of green infrastructure. In the case of high density green areas, these may
reduce the thermal stress as the green infrastructure does not heat up as much as the built-up
area. Shading by vegetation keeps the air cooler by acting as a solar radiation interceptor that
reflects and absorbs radiant energy [71]. As the temperature between neighboring areas tends to
equalize, urban areas in a close proximity of green infrastructure—300 m from urban green areas
and forests [50]—were also excluded from the UHI exposure assessment.

3. The third factor reflects the mechanism of warming up the centers of urban clusters. In the case
of Wrocław, it is assumed that the temperature of the area is influenced by the surrounding areas
within a range of 500 m [70]. Temperature of areas in the transitional zone can be partly reduced
by the neighborhood from one side. The temperature in areas at the urban edge is reduced by
heat fluxes (so-called city-country breezes) [71]. Therefore, in order to select urban areas exposed
to the UHI impact, a core analysis was made in two ranges: 250 m–500 m from the patch edge
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(m-UHI–moderate exposure to UHI) and more than 500 m from the patch edge (h-UHI—high
exposure to UHI). The core analysis was calculated by inner-buffer zones.

3. Results

3.1. Calibration and Verification of the Cellular Automata Model

Trends in urban development modelling were defined in cellular automata based on three kinds
of rules: 13 neighborhood rules describing the influence of existing land uses on the allocation of new
land use cells, two accessibility layers describing the impact of the road network on new land uses,
and six suitability rules represented by layers differentiating the level of land use transformation
potential into other classes. The correctness of the calibration (time horizon: 2000–2006) and
verification (time horizon: 2006–2012) process was assessed by three indicators: Fuzzy Kappa
(both values over 0.97), Fuzzy Interference System (both values over 0.83), and Aggregated Cells
(both values over 0.98), which, due to the land use modelling studies, can be considered as fitting
values [72].

3.2. Development Scenarios

Subsequently, three urban development scenarios were defined based on spatial planning
documents. The first scenario (S1) was based on local policy (Study of the Conditions and Directions of
the Spatial Management of a Commune), which results in the unfavorable process of urban sprawl [73].
The second scenario (S2) was defined on regional policy (Voivodship Spatial Management Plan),
which aims to mitigate urban sprawl and stimulate the creation of sub-centers in towns surrounding
the core city. The third scenario (S3) was based on national policy (National Spatial Management
Concept), which concentrates on green belt formation around a central city. All developed scenarios
were used in a previously calibrated model as zoning rules influencing the use of land change.

3.3. Land Use Projections

Both trends in urban development and scenarios of spatial policy implementation allowed the
projection of the potential future land uses for 2030. In each scenario, the same number of citizens
was assumed, which excluded the possibility of different exposures to UHI effects due to the different
demands of the urban built-up areas. The results of the scenario projections are presented in Figure 3.

The old city center and the downtown area of Wrocław were the areas that had the highest density
of built-up areas in the starting year of the modelling period, and, therefore, the scenarios do not vary
in that part of the study area. The most significant differences that can be observed are located on the
fringe of the central city and in the suburban municipalities. Newly built-up areas are the most scattered
in S1, which is connected with suburbanization processes when citizens of the central city decide to
move from densely populated and crowded neighborhoods to less populated areas in the suburban
zones. New residential housing estates are located in smaller patches, surrounded by agricultural
areas, pastures, and forests. In the case of S2, institutional support for developing organized satellite
towns resulted in the location of high-density housing areas within two urban units. In spite of their
high density, the size of those urban clusters is small, which is significant for further UHI assessment.
S3 presents the early stage of a green belt concept, which surrounds the central city. As the green
belt creates a border that supports urban development within a delineated area, it results in locating
new built-up area in the direct neighborhood of the existing one. It leads to the form of a compact
city, which might be beneficial from the perspective of higher population concentrations. At the same
time, it is challenging for local authorities to implement actions to mitigate the negative environmental
effects that are related to climate change and the UHI [74].
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Figure 3. Land uses in analyzed scenarios.

3.4. UHI Exposure Assessment

For each land use scenario, an assessment of urban structures according to their exposure to the
UHI effect was made, based on the core analysis described in Section 2. The indicator-based results
are presented in Table 1 and in Figure 4. In order to illustrate the results of the analyses more clearly,
a detailed zoomed-in map of S3 is provided.

Table 1. The exposure of urban areas to the UHI (urban heat island) impact in the three analyzed scenarios.

Scenario m-UHI
[ha]

h-UHI
[ha]

S1 4302 1083
S2 4479 1202
S3 4742 1243
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Figure 4. Visualization of the exposure of urban areas to the UHI impact in the three scenarios.

The results of the UHI exposure assessments are highly related to the land use projections
described in Section 3.3. The land use patterns that are more scattered create smaller urban
development cores, which are identified in the core analysis. Therefore, such land use distribution
results in a lower UHI exposure level. In contrast, the more clustered urban forms result in larger
urban cores and a higher level of UHI exposure.

The highest exposure to the UHI effect was calculated for S3. This is caused by large urban
clusters, which are not intermittent with urban green areas (according to the spatial resolution of the
CORINE database). In addition, the data source does not include information about green roofs or
green walls, which can reduce the UHI effect on a local scale. In Polish conditions, such solutions
have not been very popular yet, however, for future research or international study areas it might be
relevant to incorporate data that would allow the inclusion of those elements in the city structure.

The results of the land use modelling and UHI assessment present urban areas, which are exposed
to the UHI impact, mainly because these large urban clusters are not separated by green infrastructure
or bodies of water. The mediaeval market square is in the range of a moderate UHI impact. This area
is surrounded by the old city moat, which is presently used as a combination of green and blue
infrastructures. It is a good example of how previous functions can be replaced by new ones to
help reduce the problem of thermal stress. However, most of the high-UHI impact patches cover
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downtown areas developed in the early 20th century. Because water bodies are relatively constant,
there is a space to redesign and expand the existing green infrastructure. The results enable the ability
to identify those parts of the city that require municipal actions and public investments to design more
sustainable urban structures that are well-adapted to climate change and thermal stress. Such solutions
may—at one time—fulfil two different needs: urban adaptation to climate change and age-friendly
city challenges, as the most vulnerable group to thermal stresses are elderly people [75].

4. Discussion

The assessment of the exposure of urban structures to the impact of the UHI proves that the
most effective land use policy, from the perspective of mitigating the impact of one climate change
effect, is S1—the scenario of local development. Both the m-UHI and h-UHI indices have the lowest
values. As mentioned before, this scenario allows for the unfavorable process of urban sprawl [73].
However, in the context of UHI, the scenario guarantees built-up areas that are developed in smaller
patches. These smaller patches are located around open areas and green infrastructure. S2 and S3
are scenarios with a higher exposure to the UHI. In the case of S2, the h-UHI index was 11% higher
than in the case of S1. This is caused by a higher density of built-up areas. S3 led to an even higher
h-UHI index, which was 15% higher than in the case of S1. S3 does not change the density of the new
development when compared to S1. Because of the green belt around the city, it does not allow for the
spread of residential areas into the rural areas. As a result, residential areas are connected together and
create larger urban clusters.

On the one hand, the S1 policy provides low levels of big urban clusters, which are more vulnerable
to the effects of climate change. On the other hand, built-up areas are spread across rural areas and
this process impacts other unfavorable environmental effects [76,77]. Therefore, a holistic assessment
of the environmental impact of each of the urban developments should include a multitude of factors.
At the current scale, only land use policy was taken into account. Specific urban design patterns may
reduce unfavorable environmental effects and may improve both outdoor and indoor thermal comfort
by climate change adaptation actions, such as green roofs or green walls, single trees located along
streets, linear parks, and so on [78]. Those elements are not included in the present scale of analysis.
Therefore, the results of the study might be helpful to identify areas where it is more important to
focus on suitable design patterns.

The calculated indicators show the number of people influenced by climate change might be
different. The population density in urban areas should not be assessed based only on the density
of the housing areas. People spend a lot of time outside of their households due to their patterns
of work, shopping, recreation, and leisure. Depending on local conditions, the distance of everyday
trips may vary and exceed even 55 km [79]. Average distances are also longer on weekdays than
during the weekends [80]. Future research may want to explore the possibility of incorporating urban
metabolism analyses, which may assess the volume of people spending time in specific parts of the city.
The analyses of age distributions of a local population might also be helpful, as older adults are more
vulnerable to environmental conditions and require thermal comfort in urban areas. As Wong et al. [81]
noticed, the UHI has a significant impact on public health and UHI control measures should ideally be
incorporated into strategic planning.

The proposed model has some limitations, which must be discussed. First of all, the calculation
method does not include detailed analyses at the architectural level, focusing on single building
locations or small green infrastructure solutions, like green roofs or green walls. Such detailed
assessment is possible [38,47], however, it is not suitable to incorporate such assessment types into
existing spatial decision support systems. Metronamica, which was used for the land use change
projections, is predesigned for larger areas. The type of data used for such purposes is generalized,
and can be used to assess mesoscale climate conditions [71]. Therefore, the suggested solution is to
focus on the land use level rather than on the architectural level. A similar scale of the UHI phenomenon
is used in other studies as well [46,82]. The next limitation is connected with wind conditions.
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The present study takes the heat flux [71] and ventilation of linear corridors in urban space [49] into
account. However, it does not include the dominant wind direction resulting from regional conditions.
On the one hand, it could improve the results by allowing for the identification of urban districts that
might be chilled by the air that comes from the non-urbanized areas. On the other hand, it would
require data that are not commonly used in decision support systems, which are predominantly used
by urban planners. Therefore, such a solution would be less applicable in the practice of land use
planners. The UHI effect is a complex phenomenon that is influenced by many factors (daily variation
of UHI [51], used surface materials [38] or more complex sub-indicators [40] and so on). Due to the
inter-domain character of indicator-based matrices used in supporting land use planning, there is
a need to include one simple and easily understandable UHI factor. Lastly, the uncertainty of future
land use projections is also a very important limitation. The cellular automata land use model is
calibrated and verified based on 2000, 2006, and 2012 time horizons. It effectively presents the land
use distribution patterns based on current trends. However, future projections may be subject to
change, if there is a significant change in the drivers influencing new urban developments, such as
life style (change in dream destinations from suburbs to downtown), economic conditions (prices of
petrol may increase so that long everyday trips from home to work may become too restraining), legal
regulations (new laws supporting urban development in locations which were restricted), and so on.
Therefore, land use projections are reliable for as long as the external drivers remain stable.

The basic output for urban planning practice is the identification of those parts of the city that
have the highest exposure levels to the UHI effect. In all scenarios the most vulnerable part of the study
area were the early 20th century areas in downtown Wrocław. As that part of the city is unlikely to be
rebuilt and the urban design pattern is rather positively assessed by people, there will not be much
expansion of green infrastructure initiatives in terms of cover area in those 20th century neighborhoods.
That is why it would be important to invest in high greenery, as it is more effective in temperature
stress reduction. The proposed solution can be used outside of the study area because the parameters
used in the methodology (Section 2.4. UHI impact) are also defined for other areas.

5. Conclusions

The study presented an approach of the indicator-based assessment of the exposure of built-up
areas to the UHI. Three different scenarios of urban development based on spatial planning documents
were analyzed. The lowest impact of UHI was observed in the scenario that was based on local
documents. However, the local scenario allowed for an unfavorable urban development process of
urban sprawl. Therefore, the integrated assessments of land use policy should be applied.

The results of the study might be helpful in the identification of areas where actions for the
improvement of the built environment are particularly important. The land use analysis defined
cores of built-up areas in which architectural design patterns should be implemented. Such an
implementation should follow the idea of sustainable urbanization. Reducing the UHI effect in those
places would be crucial for improving the thermal comfort of residents and users of the outdoor space.

Land use change caused by ongoing urbanization processes is dangerously approaching our
planetary boundaries [10]. In order to follow the patterns of sustainable development and to avoid
a situation where our consumption exceeds our ability to renew resources, there is a need to limit
further quantitative land use development. There are certain ways to assess how much we can grow,
without exceeding the planetary boundaries. One of them is the assessment of environmental carrying
capacity, which can be measured on a local scale by comparing the ecological footprint and the
biocapacity. There are preliminary studies available for the Wrocław Larger Urban Zone to evaluate the
relation between those two elements [83]. So far they have been focused on food production services.

Currently there is no clear answer to reaching the boundaries of our land use system. Due to
the precautionary principle, current actions should focus on improving existing urban structures.
This study shows that using the former city moat as a green infrastructure helps to reduce thermal
stress in the city center. The biggest challenge right now is to plan appropriate green infrastructures in
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the downtown area. It should be considered as a priority in order to make the city more sustainable and
better adapted to climate change. It is also important that the design takes place in all three dimensions,
as high greenery has a favorable impact on the climate on the mesoscale.

Sustainable urbanization should include different aspects of suitable land use location, and in
the context of accelerating climate change patterns, adaptation actions should be incorporated into
the process of urban planning. The use of a decision support system allowed for the construction
of a local model for the scenario-based analysis of the impact of the UHI effect on potential future
urban structures.
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