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Abstract

:

Eco-spatial indices are commonly used tools to improve the quality of the environment in cities. Initially modelled on the Berlin BAF, indices have evolved to address current challenges, particularly climate change adaptation. The Ratio of Biologically Vital Areas (RBVA), introduced in Poland in the mid-1990s, is an early planning tool for implementing Nature-based Solutions (NbSs) at the site level. This research aimed to assess the effectiveness of the RBVA in Poland compared to its counterparts in Oslo and Malmö. The study employed a serious simulation game developed under the Norwegian-funded CoAdapt project, testing six development scenarios, varied in terms of applied NbSs, for a typical multi-family housing estate. The adaptive potential of the tested scenarios was assessed based on the values of five environmental parameters calculated in the game; that is, air temperature, oxygen production, CO2 sequestration, rainwater harvesting, and biodiversity. The findings revealed that the RBVA, in its current form, has limited effectiveness in supporting climate adaptation. Its two-dimensional nature makes it less effective than the more comprehensive Green Factors used in Oslo and Malmö. The research presented in the article proves that better-constructed indices result in the efficiency of applied NbSs and consequently better adaptation to climate change.
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1. Introduction


The year 2023 has been identified as the warmest on record since observations began in 1850, according to the Copernicus Climate Change Service [1]. In urban areas, which house the majority of the global population, the effects of climate change are particularly severe. Numerous studies highlight the impact of changes in radiation balance due to the high proportion of impervious surfaces [2], reduced vegetation, and limited water resources, which in turn affect oxygen production and exacerbate air pollution [3,4]. Additionally, there has been an increased frequency of extreme events, including recurring droughts and floods. These factors not only threaten the health of residents but also degrade the overall quality of daily life [5]. The above reasons clearly indicate the need to implement climate change adaptation solutions in cities to mitigate the impacts of climate change on the economy, society, and the environment. Examples of adaptation measures include spatial planning tools aimed to implement various forms of green infrastructure, ranging from regional-scale ecological networks, through urban systems of parks and green spaces, to specific Nature-based Solutions (NbSs) like green roofs or sustainable drainage systems. Basic planning tools for implementing NbSs are green space factors [6], which are also known as eco-spatial indices [7] or green area indicators [8]. These measures are designed to introduce various types of green and blue elements in densely urbanised areas [9]. The first of its kind in the world was the Biotope Area Factor (BAF), introduced in Berlin in the early 1990s [7,10,11]. It is expressed by the share of the area occupied by different eco-friendly elements (from vegetation growing on the ground, green roofs and green walls, to various types of permeable surfaces) to the total land area. The adopted system of weighting factors adequate to the ecological effectiveness of each element allows for a very flexible and site-specific design [7,12].



Over the past thirty years, eco-spatial indices have been implemented in many places around the world, e.g., in Poland [7], Malmö [10], Stockholm [13], Helsinki [13], London [14], Vienna [15], Seattle [16], Melbourne [17], Seoul [16], and São Paulo [18]. Most of them originally were modelled on the Berlin BAF [7,16], but consequently, they have been creatively developed by adding new components to meet today’s challenges. Initially, the priority was to improve the functioning of urban ecosystems, and now more attention is focused on issues related to adaptation to climate change, e.g., flash floods [19] and microclimate regulation [12]. It should also be added that over time, qualitative elements began to be added in addition to quantitative ones related solely to the area occupied by each element. For example, in Helsinki, it is related to ensuring habitat connectivity and the sustainable management of rainwater, and, e.g., in the case of Malmö and Seattle, the vertical structure of vegetation is considered [16,19]. As a result, the scope of NbSs used in urban planning is constantly expanding, evolving with advances in eco-spatial indices.



Nature-based Solutions (NbSs), as defined by Bulkeley et al. [20], are approaches that draw inspiration from and are supported by natural processes. These solutions are characterised by their economic cost-efficiency, the range of environmental, economic, and social benefits they provide, and their role in aiding climate change adaptation [21]. According to the International Union for Conservation of Nature (IUCN) [22], NbSs are efforts to conserve, sustainably manage, and restore natural and modified ecosystems in ways that effectively and adaptively address societal challenges to ensure both human well-being and biodiversity benefits. Thus, NbSs can be treated as an overarching concept encompassing other significant ideas and discussions, such as ecosystem-based adaptation, green infrastructure, and nature’s contributions to people [23,24]. NbSs are now broadly recognised as a crucial foundation for creating resilient and liveable cities. These include green infrastructure interventions that can be implemented at various scales, from site-specific solutions like green roofs and green walls to citywide measures such as parks and urban forests [25]. At the neighbourhood scale, the NbSs refer to diverse vegetation, social gardens, rain gardens, bioswales, green roofs, etc.



As Chausson et al. [12] pointed out in their review paper on the effectiveness of Nature-based Solutions in adapting to climate change and minimising hydrometeorological risks to humans, most authors described positive impacts of NbS use on climate change adaptation. Moreover, NbS measures are equally or even more effective than traditional grey infrastructure [26,27]. Many articles detailing specific efficiency results regarding NbS functionality focus on extensive green roofs. These studies highlight the roofs’ ability to retain rainwater, mitigate the effects of heavy rains (such as reducing peak flow), and lower air and indoor temperatures, which subsequently reduces energy costs for cooling or heating. Green roofs reflect 20–30% of solar radiation and absorb up to 60% through photosynthesis, transferring less than 20% of heat to the ground. Depending on the climate zone, they reduce heat flow to the ground by 70–90% in summer and 10–30% in winter. The higher albedo of green roofs compared to bituminous roofing (0.7–0.85 vs. 0.1–0.2) helps mitigate the urban heat island effect [28]. Green roofs can lower surface temperatures by 7.3 °C and air temperatures above them by 0.5 °C [29] and reduce mortality during heat waves [30]. The large-scale, citywide use of green roofs can reduce air temperature by 0.3 °C to 3 °C [28]. According to research by Liu et al. [31] average annual roof retention is higher in dry continental climates (73.8%, Lanzhou) than in humid climates (48.9%, Beijing). On the other hand, empirical studies of the assessment of the retention capacity of a 6 cm roof in a Mediterranean climate have shown that the retention ranges from 32 to 54% of precipitation, and interestingly, no significant improvement in retention was observed when increasing the substrate layer (up to 15 cm), which leads to the conclusion that a roof of 6 cm is sufficient in this climate [32].



Studies on green roofs as a strategic solution, like Zölch et al. [33] for Munich, show that covering 50% of the city’s land with green roofs could reduce surface runoff by 80.9%. The effectiveness of NbSs is influenced by city-specific factors, as shown in comprehensive research like the study by Cortinovis et al. [34], which modelled various NbS scenarios and their climate impacts in cities such as Barcelona, Utrecht, and Malmö. For example, densely built Barcelona has a high potential for green roofs, while Malmö, with more open spaces, benefits more from street and park plantings. The best adaptation results from a combination of NbSs, with green roofs reducing surface runoff and tall vegetation in parks mitigating heat waves. However, unsealing car parks showed relatively small benefits. These findings align with Majidi et al. [35], who tested NbSs in Bangkok to reduce flood risk and improve thermal comfort. Among the five scenarios, green roofs were most effective at reducing surface runoff and precipitation peak, while rain gardens with trees best improved thermal comfort. In turn, Vojinovic et al. [36] found that large-scale solutions like retention reservoirs and canal reconstruction, when combined with traditional grey infrastructure, offer the highest level of safety during heavy rains. Single NbSs, such as green roofs or bioretention basins, are less effective on their own. The best flood protection results from integrating both small-scale and large-scale NbSs with traditional flood protection measures. American research [37] on green infrastructure solutions to mitigate flooding in residential areas confirms the effectiveness of comprehensive implementations. Using a system of combined bioretention basins, artificial wetlands, and green roofs, surface runoff was reduced by approximately 36.4% over a 2-year period. Additionally, the size of the rainfall event was the strongest predictor of retention for all systems.



Another frequently studied issue is the impact of green and blue infrastructure (GBI) on lowering city air temperature. A notable study by Zuvela-Aloise et al. [38] simulated the effects of GBI on urban cooling in Vienna. Adding about 350 hectares of parks, either centrally or on the outskirts, was analysed, and parks in central areas had a more significant cooling effect, impacting over 8000 hectares around them, while parks on the outskirts had a lesser impact on surrounding temperatures. Additionally, water reservoirs (at 18 °C) were found to cool the environment more effectively than parks of the same size and location, with green infrastructure being more efficient in windless conditions. These results are consistent with the results of studies on the effect of vegetation cover on the temperature of the ground surface, in built-up areas and on the outskirts of the city, in conditions of extreme summer heat, obtained by Ossola et al. [39]. In the city of Adelaide (AU), tree canopies, and to a lesser extent grass and low vegetation, reduced ground temperatures by 6 °C during the day, though not at night. In built-up areas away from the coast, even small patches of vegetation in courtyards and gardens lowered ground temperatures within 30 m. Also, Marando et al. [40] highlight the benefits of tree canopy coverage in reducing urban temperatures, with an average decrease of 1.07 °C and up to 2.9 °C in some cases. Their study, involving spatial, mathematical, and statistical modelling for 601 European cities with populations over 50,000, found that at least 16% tree canopy coverage is needed to achieve a 1 °C reduction in temperature. In contrast, empirical studies on the effect of linear parks on thermal comfort found a temperature reduction of only 0.5 °C compared to nearby built-up areas, with a minimal impact on the urban heat island effect. However, user surveys revealed a significantly higher level of satisfaction, with respondents reporting a noticeable improvement in thermal comfort within the park [41].



The examples indicated above show the many benefits that can be derived from using NbSs. And while individual NBSs are being studied, there is an observed scarcity of studies that evaluate them in the context of eco-spatial index effectiveness. Although the literature on comparisons of the indices themselves is quite rich [12,42,43,44,45,46], the studies conducted usually involve a comparison of the selection of components that make up the index and the weighting factors assigned to each component.



To fill this knowledge gap in our research, we focus on comparing the effectiveness of three eco-spatial indices: the Ratio of Biologically Vital Area (RBVA) used in Poland [7,47] and two indices used in Scandinavian cities, i.e., Malmö Green Factor (MGF) [48] and Oslo Green Factor (OGF) [49].



The eco-spatial index that was introduced in Poland during the mid-1990s is one of the first of its kind used in the world just after Berlin’s Biotope Area Factor (BAF) [7]. In contrast to the abovementioned Scandinavian eco-spatial indices, RBVA is used in the whole of Poland and is defined in national law [47]. It should also be emphasised that of the three indices examined, it is the least complex index, considering only the quantitative aspects of NbSs and not the qualitative ones.



The research presented here aims to assess the environmental effectiveness of RBVA in comparison with its counterparts applied in Oslo and Malmö. This comparison will make it possible to assess to what extent the current index in Poland effectively enforces planning provisions favourable to residential areas from the point of view of their climate change adaptation. This assessment is of great practical importance since it seems that the existing index in Poland is less effective due to its quantitative character than the Scandinavian ones.



To evaluate the environmental effectiveness of studied eco-spatial indices, we applied a serious simulation game, “Neighbourhood with Climate”, developed as part of a Norwegian-funded CoAdapt project. Using a typical multi-family housing estate as an example study area, we tested different development scenarios, each based on the feasible NbS specific to each of the indices analysed.




2. Materials and Methods


2.1. Research Background


The research on eco-spatial indices was performed as a part of the Norwegian-funded project CoAdapt–Communities for Climate Change Action that dealt with the possibilities of the adaptation of residential areas to climate change with the application of NbSs. Therefore, the selection of indices, the tool for evaluating adaptation potential and the test area are linked to this project. To evaluate the effectiveness of eco-spatial indices as a measure for developing the adaptive potential of multi-family housing estates, three indices were selected—one quantitative and two qualitative, discussed in detail in Section 2.2. To determine the adaptation potential of the spatial solutions (including various NbSs) resulting from the application of each index, the serious computer game “Neighbourhood with Climate” (described in Section 2.3) was used. To fulfil the research aim, we selected a multi-family housing estate in Warsaw (characterised in Section 2.5), which served as the tested area.




2.2. Eco-Spatial Indices under Consideration


A key objective of eco-spatial indices (ESIs) is to set a minimum standard for the proportion of blue and green elements that must be incorporated into a developed area [8]. Although ESIs may differ from each other, the way they are calculated is similar and is expressed as a ratio of the area covered by greenery, open water, permeable paving, stormwater infiltration, etc., in relation to the total site area [43]. Therefore, the following general formula for their calculation can be given:


  Eco − spatial  index  value =    areas  of  green  and  blue  elements × weighting  factors   total  site  area     











What makes them different is the number of elements taken into account and the size of the weighting factor attributed to each element (see Table 1).



RBVA was introduced into Polish planning practice in the mid-1990s and Polish law in 2002 as a mandatory element of local spatial development plans [7]. From 2023 onwards, national standards for a minimum value of the index were introduced [50]. The calculation of the index considers areas covered by vegetation, water, and roof gardens, giving the first two a weighting of 1, and for roof gardens half the value of vegetation on the ground, i.e., 0.5.



In Malmö, the green factor was introduced in 2001 in connection with the Bo01, the international housing exhibition fair. The positive results led to the instrument now being used in the city’s new construction projects, primarily via its inclusion in the green building programme [51]. Principles for calculating MGF are set out in the municipal guidelines [48]. MGF takes into account vegetation on the ground, vegetation on underground constructions (where the weighting factor depends on the depth of the soil), areas covered with climbing plants, drainage from sealed surfaces to green areas, and permeable and semipermeable pavements. In addition, the variation in vegetation cover is considered by adding an additional area for each tree and shrub.



The most complex of the indices studied is the OGF. The OGF was first introduced in 2014 and was designed as a tool to facilitate the integration of blue and green structures in building and landscape architectural design at the property level [52]. The latest guidance for calculating the Oslo index from 2023 [49] besides components of the index calculated by area occupied and by area per piece, takes into consideration additional fixed variables related to vegetation and water management. This last component concerns the physical expansion of the existing blue–green structure, the restoration or establishment of new habitats for biological diversity, the collection of stormwater for irrigation and other reuse, the coordination of measures with adjacent areas and/or owners of neighbouring lands, and the reopening of closed waterways, streams, and rivers in pipes. In the case of the OGF, it is noteworthy that existing vegetation is given prominence in the calculation of the index; this applies to existing vegetation on the ground and existing trees. An additional characteristic of the OGF is the division of trees into small, large, and medium-sized and considering retention basins where stormwater can be diverted and infiltrated through a permeable surface.



With regard to the target minimum value of the index in the case of RBVA and MGF, it depends on the land use, and in the case of OGF, on the zone in which the site is located. For residential areas, the index values are RBVA—0.3 and MGF—0.6. For Oslo—in the central part—0.7, and in the peripheral part of the city, 0.8.




2.3. Simulation Tool


Serious computer games are increasingly being used as tools to test new, often experimental solutions in land use as well [53,54]. Such a game is the computer game “Neighbourhood with Climate” (https://coadapt.pl/en/game/, accessed on 9 August 2024) [55]. It is a strategy simulation game in which players adapt a selected neighbourhood to climate change by introducing Nature-based Solutions (NbSs). The game is based on the Open Street Map combined with an elevation model. The menu of the game includes 37 diverse NbSs that have been parameterised, e.g., trees, shrubs, flower meadows, orchards, green roofs and walls, permeable pavements, and raingardens, and create different adaptation scenarios.



Parameterisation algorithms were based on literature indicators [56,57,58,59,60] including published environmental calculators [61] and research conducted within the CoAdapt project. The game allows to learn about the effectiveness of NbSs and the benefits of adaptation to climate change, which is included in the information layer and the post-game summary.



Parameterisation also allows to estimate the overall benefits that result from the NbS introduced in the game: environmental (climate, hydrological, biodiversity), social, and economic.



In the conducted study, the game was used as a tool to assess the potential of the settlement to adapt to climate change by introducing various NbSs with reference to eco-spatial indices. Five environmental parameters were analysed: air temperature, oxygen production, CO2 sequestration, rainwater harvesting, and biodiversity. These parameters indicate how the tested area is prepared for heat waves or heavy rains, which are the most crucial problems related to climate threats in Poland.




2.4. Research Framework


2.4.1. Calculations of Eco-Spatial Indices


The first step of the research was calculating the values of three eco-spatial indices, i.e., RBVA, MGF, and OGF, for the existing state of the studied housing estate, according to the rules specific to each of them. All data necessary for the studied index calculations were compiled on the basis of topographic data retrieved from the National Database of Topographic Objects (in Polish, abbreviated as BDOT) [62], orthophotos [63], and fieldwork performed in July 2024. The inventory comprised all development elements, including architectural objects and vegetation, i.e., buildings, pavements, existing trees, hedgerows, groups of shrubs, and lawns. The calculations of the area occupied by buildings, pavements, and vegetation were made in ArcGIS Pro 3.3.1 software. Next, we determined whether the calculated RBVA met the minimum amount of biologically active area required for residential development in Warsaw and whether it would meet the required ratio for such development in Malmö (MGF) and Oslo (OGF). When calculating MGF and OGF values, we use conversion factors for existing inventoried development elements in agreement with the practice for the specific index [48,49]. According to the planning guidelines for Malmö and Oslo, the assumed minimum value of the indices was 0.6 for MGF (in regards to residential areas) and 0.8 for OGF (in regards to peripheral urban zones).




2.4.2. Scenarios Building


The second step of the research was the development of variant versions of scenarios for the spatial development of the test housing estate in order to meet the required minimum level of MGF and OGF. Altogether, six different scenarios (that is, three for each index) were developed, characterised by using a different array of NbSs (e.g., vegetation elements on the ground only, solutions on architectural surfaces, and a more diverse combination of NbSs). For the correctness of calculations, the area of climbing plants or vertical gardens was counted only up to the 3rd floor (up to 9 m of facade) and reduced by the area of both windows and doors, and the area of green roofs accounted for 0.7 of the total roof area, due to existing chimneys and structural elements.




2.4.3. Simulation Phase


The third step was a simulation phase, in which the “Neighbourhood with Climate” game was applied with the purpose of assessing the adaptation potential of the test housing estate, both in the existing way it is developed and for the 6 studied scenarios. The adaptive potential was assessed based on the results of the values of the 5 environmental parameters calculated in the game; that is, air temperature, oxygen production, CO2 sequestration, rainwater harvesting, and biodiversity. The application of the “Neighbourhood with Climate” game as a simulation tool first required, from the NbS menu, the selection of the elements that are variables of the analysed eco-spatial indices. Table 2 shows a relationship between the NbSs used in the game and the variables applied in the indices studied. It is worth noting that MGF takes into account trees with a stem girth of more than 35 cm, calculated for the maximum area of 25 m2 for each tree, which is compatible with a “medium tree” in the “Neighbourhood with Climate” game. Also treated differently are shrubs, which are only considered for MGF if they exceed 3 m in height, while when calculating OGF, shrubs up to 2 m are relevant.





2.5. Case Study


The area of analysis is the Klobucka housing estate, located in a residential district in the southern part of Warsaw. The rationale for choosing this particular housing estate is that it is a typical example of contemporary multi-family housing in Warsaw, where the vast majority (88 per cent) of residents live in multi-family buildings [64]. In addition, it is a social housing development that needs to improve the quality of space and adapt to climate change. The case study represents a relatively new social housing estate that was built in 2011, covering an area of approximately 1.99 ha. The estate comprises 9 buildings ranging from 4 to 7 floors with 265 apartments. The number of inhabitants, as approximately estimated based on the calculation of the average number of people per apartment according to the indicators of the Ministry of Development and Technology for 2022 [65], is 640 people (2.42 people/apartment). The development layout is radial, and all buildings are arranged in a fan shape (see Figure 1). A good pedestrian communication system of concrete sidewalks connects the buildings, and parking lots and access roads are located at the edge of the estate. The housing estate has poor vegetation structure, mown lawns, locally planted hedgerows, and predominant young trees.



As it concerns the environmental conditions, the estate is located in an area rated as moderately exposed to the urban heat island (UHI) [67,68]. Flooding has not been reported here, although in the vicinity, in the valley of a small stream called Potok Sluzewski, a problem with rainwater pouring out of the riverbed and flooding one of Warsaw’s main streets has been observed for years [69].





3. Results


3.1. Calculations of Eco-Spatial Indices of Klobucka Housing Estate


The inventory included those development elements and surfaces that are necessary for calculating the studied eco-spatial indices. The share of individual land cover categories is shown in Table 3.



As it concerns greenery, almost the entire housing estate area, besides buildings, two playgrounds, and sidewalks, is covered with mown lawns, making the greenery cover equal to 8387.65m2. Reinforced lawns have been used at the entrances to the buildings, but their area is very insignificant at about 88m2. Within the estate, there are 38 very small trees (mainly lindens and globe maples, which, even as adults, would not reach crown sizes of more than 2 m). In addition, there are a few low hedges and individual shrubs in the estate, with a total area of about 1413 m2. Due to the predominance of very young trees, a tree canopy cover (TCC) in the Klobucka estate, is only about 4.23%.



To calculate the RBVA, the proportion of land covered by impervious surfaces, i.e., under buildings, paved sidewalks and playgrounds, was subtracted from the total area of the housing estate. In total, impervious surfaces occupy 57.78%, so the RBVA is 42.22%. The Klobucka neighbourhood does not have any areas arranged as green roofs or any vegetation placed on other architectural surfaces, so this did not affect the value of this indicator.



Among the variables affecting the MGF score in relation to the studied housing estate, only the biologically active area was applicable, characterised in MGF guidelines as an “area where the plant roots have direct contact with deeper soil layers, and water can freely percolate to groundwater level”. Other variables, such as existing trees, did not affect the value of the index, as their size is too negligible and relevant to MGF are trees with a trunk girth of more than 35 cm. The value of the MGF for the estate’s existing state is 0.42.



Regarding the OGF, more variables could be taken into account due to other methods of index calculations, i.e., permeable ground covered by grass, moss or lichen, layer of shrubs up to 2 metres high, and also reinforced lawn (that is, a lawn prepared for higher intensity of use). The OGF for the existing state of the studied housing estate is 0.6, based on the proportion of permeable surfaces covered with grass, including reinforced lawns and shrubs. The results of the three calculated indices for the Klobucka housing estate’s existing state are presented in Table 4.



The obtained values of the examined indices were compared with planning requirements, which are political decisions in each country. According to the spatial planning regulations in force in Poland, each residential development must have at least 30% of the biologically active area, hence the obtained RBVA result of 42.22% is sufficient from the point of view of the regulations. However, as for the other two indices are concerned, they are not sufficient. According to current regulations in Malmö, residential areas must have an MGF of at least 0.6. Also in Oslo, residential areas located on the urban periphery (that is, like the Klobucka estate in the context of Warsaw) must meet an OGF of at least 0.8.




3.2. Scenarios for MGF and OGF


Since the analysed housing estate does not meet the minimum values of the MGF and OGF indices, a series of six development scenarios was elaborated (three for each index), which, using different NbSs scored in the examined indices, would allow them to achieve their minimum values. The scenarios tested were differentiated in terms of the solutions used, as schematically presented in Figure 2 and described in Table 5. The MGF1 and OGF1 scenarios were based on the widest possible selection of NbSs, so they are called miscellaneous scenarios. In the second version, the scenarios were supposed to comprise only vegetation on the ground, i.e., trees and shrubs as in OGF2, while permeable pavement was added because it was not possible to achieve the desired minimum index value with the introduced vegetation elements only in MGF2. In the third version of scenarios, the choice of NbSs was limited only to those that can be applied to architectural surfaces; that is, roofs and building walls. All the developed scenarios meet the assumed minimum values of the eco-spatial indices studied.



In the MGF1 scenario, an additional 12 medium-sized trees (i.e., those with a trunk circumference of at least 35 cm and a canopy cover of 25 m2), a 30 m2 open retention pond, and climbers on the facades of four buildings were introduced in the studied estate. On the other hand, in the MGF2 scenario, only vegetation elements, i.e., trees and shrubs, were used as a base, but the addition of as many as 89 trees and 1000 m2 of shrubs (which is the maximum value in the Klobucka neighbourhood due to area shortage) did not allow the achievement of the minimum MGF index. Therefore, in this scenario, 4000 m2 of concrete pavements were also replaced with permeable sidewalks. This solution made it possible to achieve the required minimum MGF index value of 0.6. In the third scenario developed for Malmö (MGF3), only NbSs on architectural surfaces were used; that is, green facades on three buildings and extensive green roofs on eight buildings.



As the OGF is also partly based on qualitative variables, such as those related to restoring connectivity between green spaces or collecting rainwater for reuse, 20 rain barrels could possibly be incorporated into the OGF1 scenario. In addition, this scenario introduced eight more large trees, climbing plants (i.e., green facades on four buildings), and vertical gardens on another four buildings.



On the other hand, in the OGF2 scenario, only plant solutions were used, i.e., 89 large trees were introduced, which was already enough to achieve the required value of the index. In the last scenario OGF3, as in the case of MGF3, NbSs were introduced only on the facades and roofs of buildings. In order to achieve the index value of 0.8, it was necessary to introduce green facades on eight buildings and green extensive roofs on all nine buildings located in the studied neighbourhood.



Data on the current development of the studied neighbourhood and input data describing all six scenarios were entered into the serious game “Neighbourhood with Climate”. Sample visualisations of the existing state and individual scenarios are shown in Figure 3.




3.3. Adaptive Potential of Studied Scenarios


The adaptation potential for the estate’s current land-use state and the six scenarios studied was calculated using the “Neighbourhood with Climate” simulation game. The results obtained for environmental parameters such as temperature, oxygen production, carbon sequestration, rainwater harvesting, and biodiversity are shown in Table 6.



The air temperature was reduced the most in the OGF2 scenario (a decrease of 1.07 °C), which confirms the very clear impact of large trees, of which as many as 89 were used in this setting (see Figure 4). In the other scenarios, the temperature reduction was less significant but noticeable. A similar level of temperature reduction was observed in the OGF3 and OGF1 scenarios (0.39 °C and 0.35 °C reduction, respectively). In the case of the OGF3 scenario, green roofs placed on all nine buildings and vertical gardens (green walls) placed on the facades of eight buildings of the test estate are significant in reducing the temperature. On the other hand, a similar result obtained in the OGF1 scenario is due to the use of a combination of climbing plants, vertical gardens, green roofs, and several large trees. Among the scenarios developed for the MGF index, the most favourable result in terms of temperature reduction was obtained in the MGF3 scenario (−0.31 °C), in which NbSs were introduced only on architectural surfaces. This shows that a significant share of green roofs (here located on as many as eight buildings) and climbing plants (placed on the facades of three buildings) in terms of lowering air temperature is a more effective solution than the use of a significant number of trees, but smaller ones. In addition, the applied water reservoir in the MGF1 scenario did not substantially affect the temperature reduction, which is due to its insignificant area (only 30 m2). At the same time, it should be noted that the possibility of introducing specific NbSs is always dictated by the field possibilities in a given space. When comparing temperature reduction results, all three OGF scenarios outperformed MGF, indicating that the higher index value required in Oslo (0.8) compared to Malmö (0.6) has a positive impact.



Oxygen production and carbon sequestration are processes closely related to plant photosynthesis, and their value is influenced by the amount of biomass. The results for oxygen production and carbon sequestration are shown in Figure 5.



The highest values in this regard were obtained in the OGF2 scenario, where the increase in oxygen production is +272.69% and carbon sequestration is +137.55%. Slightly lower, but still significant results were obtained for the MGF2 scenario, where the increase was +171.91% and +81.86% for oxygen production and CO2 sequestration, respectively. In both scenarios, such a significant increase in the studied parameters is due to the introduction of a large number of large or medium-sized trees in the estate. In the other analysed scenarios, the increase in these two parameters was at a similar level, with a slight advantage for the OGF variants.



As for rainwater harvesting, there are no solutions for doing so in the current state of development of the Klobucka housing estate. The largest amount of rainwater is allowed to be collected by the OGF1 scenario (that is, 2860.35 L), which uses 20 barrels at the gutters and extensive green roofs on four buildings (see Figure 6). The application of extensive green roofs alone on all buildings of the studied housing estate, as proposed in the OGF3 scenario, allows for the collection of 1007.46 L of rainwater. The lower value of this parameter obtained in the MGF3 scenario (i.e., 793.93 L) is due to the use of extensive green roofs not on all buildings. Scenarios based only on the introduction of vegetation, i.e., MGF2 and OGF2, do not provide any benefit in terms of water harvesting.



The last parameter examined was the effect of the applied land-use scenarios and the introduced NbSs on the level of biodiversity. All analysed scenarios increase the level of biodiversity to a moderate degree, and the most favourable in this regard is the OGF2 variant, in which this parameter increased to a value of 1.88, which is 23.7%.





4. Discussion


Our research is embedded in the trend of research on evaluating the effectiveness of eco-spatial indices (in various approaches, from improving microclimatic conditions, in the context of the impact of the use of these indicators to ensuring a certain degree of ecosystem service delivery or improving the quality of space from the point of view of landscape issues). Over the past several years, the use of various indices has been gaining popularity, precisely because of the convenience of application, flexibility, and transferability potential.



Articles comparing eco-spatial indices have appeared since the introduction of the Berlin Biotope Area Factor (BAF). In many cities, BAF was later adapted and implemented, e.g., in Malmö, Helsinki and Padua in Europe, as well as in Seattle in the USA [43,70]. These indices have also been tested in other countries, including Greece [12], Turkey [42] and Finland [43]. Among the articles comparing indices, the study by Song and Kil [16] stands out, where they compared a modified index used in Korea with the original index from Berlin, Malmö, and Seattle. The comparison primarily focused on guidelines available on their respective homepages, particularly on the categories and their associated values. These studies were preceded by others aimed at improving the index used in Korea [44,45,71], which focused on costs, evaluations, and weights used as criteria for certifying green buildings and ecological environments.



A different approach was presented in an article by Silva et al. [46], comparing four Environmental Quotas (EQs) from São Paulo with factors from Berlin, Malmö, and Seattle. The study aimed to contribute to a better understanding of environmental quality issues, ultimately improving the EQ index in São Paulo. The research compared model solutions for the indexes on a hypothetical plot of 500 m2 with a single building, analysing selected Nature-based Solutions (NbSs) such as small trees, green roofs, green walls, and bioretention areas. This study mainly focused on the types of solutions and the area they covered, without considering the environmental impacts of their implementation. However, it provides insight into the varying effects that the application of these indexes can have.



The discussed articles, however, did not concern applying research in real spaces; they did not take into account the entire neighbourhood area but only a single building. Specific environmental values achieved through the application of the tested indexes were also not provided. Additionally, an important contribution to the discussion on comparative studies of eco-spatial indexes is the work by Ring et al. [15], which highlighted the limitations of these indexes, including an excessive focus on environmental aspects without considering socio-cultural factors, as well as the lack of consideration for floor area ratio. This omission results in a focus on the relationship between built-up area and plot size, without considering the size of the building.



This last element is particularly emphasised in the article, where a comparison of the indices from Malmö and Oslo with the Polish index, based solely on the relationship between built-up areas and areas covered with vegetation and water, shows how different spatial, environmental, and socio-cultural impacts can result from the use of indexes based on various components. One of the major limitations in using eco-spatial indices lies in how they are calculated. For instance, the Polish RBVA indicator considers only the area covered by vegetation or water, without accounting for vegetation structure features that are included in the indices for Oslo and Malmö, such as variations in tree weight depending on whether they are planted or naturally occurring, or the circumference of the trunk. The RBVA is limited by its narrow selection of NbS elements and the omission of these important qualitative factors. The application of different scenarios for the OGF and MGF indicators illustrates how varying the complexity of an index can lead to significantly different adaptation outcomes for the same area. It is crucial to note that the weighting of individual elements ultimately determines the results achieved.



The method by which each indicator is calculated is a strategic and political choice, which in turn influences the type of NbS that is promoted. For example, in Oslo, the high weighting of large trees significantly impacts developers’ decisions regarding the NbS they implement, as they align their projects with these scoring priorities.




5. Conclusions


In summary, the conducted analyses underscore that the structure of the applied Nature-based Solutions (NbSs) is a critical aspect when comparing different spatial indices and working on improving urban planning tools aimed at enhancing the quality of life in cities. The characteristics of the NbS structure, such as the type of solutions used and their assigned weight, can lead to significantly different environmental outcomes. This is particularly evident in the rather flat, two-dimensional index used in Poland, where an appropriate proportion of lawn often suffices to meet environmental requirements. In contrast, comparisons with more complex indices like those in Malmö or Oslo clearly show that environmental benefits, including improved thermal conditions and rainwater harvesting, are achieved when a more sophisticated NbS structure is considered. This is highlighted by the scenarios applied, such as focusing exclusively on elements integrated into the architectural structures of buildings (as preferred in some indices like Malmö) or placing greater emphasis on preserving large trees (as in Oslo). The research presented in the article demonstrates that well-constructed indices lead to more efficient Nature-based Solutions (NbSs), thereby enhancing adaptation to climate change. A review of only three eco-spatial indices reveals significant differences in the outcomes of their application. Expanding the analysis to include the effectiveness of other eco-spatial indices would undoubtedly be of great interest, particularly in the context of improving urban environments and, consequently, the quality of life—a key objective of the Sustainable Development Goals 2030.
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Figure 1. Existing condition of the Klobucka housing estate showing the spatial layout and distribution of buildings, permeable surfaces, and vegetation structure. Diagonal aerial photo up to date for 2022: [66]. 
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Figure 2. Idea diagrams of the tested scenarios. 
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Figure 3. The Klobucka housing estate as visualised in the “Neighbourhood with Climate” serious game: (a) the existing state of the Klobucka housing estate; (b) OGF1 scenario visualisation; (c) OGF2 scenario visualisation; (d) MGF3 scenario visualisation. 
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Figure 4. Impact of scenarios on the air temperature reduction. 
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Figure 5. Impact of the scenarios on oxygen production and CO2 sequestration. 
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Figure 6. Impact of scenarios on water harvesting. 
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Table 1. Comparison of studied eco-spatial indices.
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Characteristics

	
RBVA

	
MGF

	
OGF




	
Weighting Factors






	
Components of the index calculated by area occupied




	
Vegetation on the ground

	
1.0

	
1.0

	
1.0–1.4




	
Vegetation on underground constructions

	
-

	
0.6–0.8

	
-




	
Green roofs

	
0.5

	
0.8

	
0.3–0.9




	
Green walls

	
-

	
0.7

	
0.3–0.6




	
Open water

	
1.0

	
1.0

	
3.0




	
Retention basins

	
-

	
-

	
1.0




	
Sealed surfaces runoff to green areas

	
-

	
0.2

	
0.2




	
Permeable pavements

	
-

	
0.2–0.4

	
0.2–0.4




	
Components of the index calculated in area per piece




	
Trees

	
-

	
0.4 1

	
1.0 2




	
Shrubs

	
-

	
0.2 3

	
-




	
Constant variable counted, if any, for the area




	
Vegetation and water management

	
-

	
-

	
0.05–0.15




	
Minimal target value

	
0.2–0.5

	
0.5–0.6

	
0.7–0.8








1 The maximum area of 25 m2 for each tree; 2 the maximum area of 20–70 m2 for each tree (depending on existing and planned trees); 3 the maximum area of 5 m2 for each shrub.













 





Table 2. Relationship between NbSs used in the game and the variables applied in the indices studied.
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	NbS Categories
	“Neighbourhood with Climate” Game Menu
	RBVA
	MGF
	OGF





	Areas covered by vegetation on the ground
	
	☐
	☐
	☐



	Large trees
	☐
	
	
	☐



	Medium trees
	☐
	
	☐ 1
	☐



	Small trees
	☐
	
	
	☐



	Shrubs
	☐
	
	☐ 2
	☐ 3



	Unmown lawn
	☐
	
	
	☐



	Mown lawn
	☐
	
	
	☐



	Groundcovers
	☐
	
	
	☐



	Retention pond
	☐
	☐
	☐
	☐



	Infiltration basin
	☐
	
	
	☐



	Rainwater harvesting
	☐
	
	
	☐



	Green facades
	☐
	
	☐
	☐



	Green walls
	☐
	
	
	☐



	Green roofs 4
	☐
	☐
	☐
	☐



	Permeable pavement 5
	☐
	
	☐
	☐



	Reinforced lawn
	☐
	
	
	☐







1 Taking into account the tree parameters indicated in the calculation of the index in Malmö, trees were classified as medium. 2 Shrubs higher than three meters: calculated for the maximum area of 5 m2 for each shrub. 3 Shrubs up to 2 m. 4 In the case of Oslo, the weighting factor for extensive green roofs is taken into account (due to the actual feasibility of such a solution in the test housing estate). 5 For Malmö and Oslo, surfaces with the highest weighting factor are taken into account.













 





Table 3. Share of various surface types in the studied housing estate.
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	Land Cover Categories
	Area (m2)
	Share in a Total Housing Estate Area (%)





	Buildings
	4441.57
	22.37



	Impervious surfaces
	7026.34
	35.39



	Greenery
	8387.65
	42.24



	Total area
	19,855.56
	100.00










 





Table 4. Values of studied indices for the existing state of Klobucka housing estate.
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	RBVA
	MGF
	OGF





	Spatial planning requirements
	Min. 30%
	Min. 0.6
	Min. 0.8



	Existing state
	42.24%
	0.42
	0.6










 





Table 5. Characteristics of MGF and OGF eco-spatial index scenarios developed for the Klobucka housing estate as compared to the existing state.
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	“Neighbourhood with Climate” Game Menu
	Existing State
	MGF1

(Miscellaneous)
	MGF2

(Vegetation on the Ground, Pavements)
	MGF3