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Abstract

:

At a local level, public authorities’ decision making has a significant influence on the development, structure and spatial configuration of the city. For this reason, it is considered essential to combine political positions with urban sustainability criteria, particularly in cities that have been declared World Heritage Sites by UNESCO. The objective of this research is based on establishing an analysis of the formal relationship between sustainability and spatial morphology in the city of Cáceres, taking into account the urban planning conditions in two areas of study: The Historic Centre (PCH) and the city as a whole. The methodology applies a series of urban indicators from four different fields, namely land use, public space, mobility, and urban complexity, with later GIS analysis using a 1 ha grid pattern. Results show correlation exists between historical zones and the degree of some indicators like density, compactness, acoustic comfort or street proportion, and streetscape, while others seem to depend on further conditions. The case of Caceres provides new findings in the Human Heritage Cities research field for Spain and Southern Europe. Grid pattern analysis has shown to be useful to most of the indicators, although some would require different approaches in the future. The authors consider the use of geoinformation tools as an opportunity for mid-sized and similar historical cities’ policymakers, with our ultimate goal being achieving further equity in urban quality conditions. In conclusion, it is considered that there is a knowledge gap regarding the existence of multiple open data sources belonging to different public administrations and the transformation of these data into useful parameters for their practical application at the citizen level.
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1. Introduction


Sustainability concerns for our cities are an issue that is increasingly present on the political agenda; although it has origins beyond the last decade, the last ten years are showing a paradigm shift in the way the urban fact and its externalities understood [1], such as physical and climatic conditions, urban vitality and social interaction, land use, proximity economy, mobility and logistics, health and time management and noise, among many others. In 1961, the journalist Jane Jacobs [2] described the effects of urban infrastructures on the lives of their inhabitants, understanding urban planning as the backbone of the rest of urban sustainability policies. Nel·lo [3] analyses how planning can segregate or socially integrate the urban environment in the context of Iberian cities. In this sense, we understand sustainability as a state in which the environmental, economic and social needs of future generations are not compromised [4], so a sustainable city must take these three issues into account. In relation to the concept of sustainability and its relationship with the natural environment, one of the most important documents is Charter of European Cities & Towns Towards Sustainability [5], which states the need to measure sustainability in cities for two fundamental reasons: on the one hand, citizens’ access to information and, on the other hand, to provide technicians and politicians (decision-makers) with real data to be able to show them [6].



Internationally, in Europe and more specifically in Spain, it was found a very specific city typology [7,8,9,10]: World Heritage Cities with a defined historic centre, generally in the centre, accompanied by a diversity of fabrics in its periphery, normally developed since the 19th century with two or three key moments in the evolution of building typologies and the urban fabric, namely: the industrial revolution, the developmentalism of the 1960s and 1970s and, finally, the period 1996–2008 marked by low compactness and, in some cases, low-density urban developments, although centred on large housing units sometimes without the minimum social facilities [11]; to this urban fabric of the real estate bubble must be added another series of economic and demographic circumstances that mean that numerous municipalities have been in a situation of shock and stagnation in their evolution since the 2008 crisis, especially in the interior and west of the Iberian Peninsula [12]. To this end, the municipality of Cáceres has been chosen as it has very clear examples of this urban development, with the aim of analysing indicators of quality and sustainability of the existing urban area as a whole and of its historical area, as well as the viability of the territorial and urban planning instruments in force in the creation of a quality urban space.



The urban sustainability of cities has been approached from different perspectives, but with the objective to put in place urban planning policies that allow cities to develop in a sustainable way while at the same time protect their immediate urban environment [13,14]. Therefore, urban restructuring can solve problems associated with overpopulation of cities, which leads to increased social and economic needs that cause resources to be consumed more rapidly [15]. Urban growth has been leading to the deterioration of historic city centres, which need to be protected in order to preserve the historic roots of cities [16] and provide for a more compact city model, thus supporting urban sustainability in terms of mobility and accessibility to services [17]. Thus, in these historic centres, commercial revitalisation policies have been established to try to solve the existing problems of abandonment, contributing to the future subsistence of these areas [18].



Qualitative studies point to dense, compact and diverse urban fabrics as those with a higher perceived quality of public space, commercial vitality, social dynamism and sense of security. Simó, Casellas and Avellaneda determine in [19] that diverse perceptions are found on the urban fabrics of pedestrian centres, where economic vitality is related to association factors and trading strategies, in addition to the physical change of the city. Interviews conducted in Vitoria-Gasteiz gave greater relevance to issues such as real-time information, weather, climate or walking distance [20]. At the same time, the quality of the environment defines the behaviour of the inhabitants and their relationships with the city [21]. Other studies have linked the density and high social use of public space, typical of Mediterranean cities, with certain challenges for parts of the population in terms of noise and coexistence on public roads [22,23].



Moreover, quantitative studies have calculated and quantified the quality of public space with different methodologies of georeferencing, geoinformation and Geographic Information Systems. Authors Gómez-Varo, Declós-Alió and Miralles-Guasch carried out in [24], a quantitative analysis based on the ideas put forward in [2] using the “Jane’s index” with the aim of quantifying the quality of space in a district of Barcelona using a GIS grid analysis system. This type of grid analysis is commonly used in quantitative studies to evaluate and quantify existing services, as developed in [25] or, where appropriate, the potential for the application of new services and infrastructures in a given territory, as applied in [26,27] for the cities of Santiago de Chile or Thessaloniki in Greece. Other studies have used irregular polygons in order to evaluate the urban fabric, as in the case of the Spanish city of Burgos, taking into account the division into neighbourhoods [28] or the analysis of networks by means of spatial syntax, as applied by the authors in [7] for the urban fabric of a series of blocks in the city of Valdivia, Chile.



In this way, GIS are tools that can help in the management and urban planning of cities because they are able to manipulate, join, store and visualise geographically referenced information. This data processing facilitates the study of the sustainability of cities, allowing the organisation of information from different data sources and its integration in projects that contribute to the realisation of sustainable urban development strategies.



Justification for the Study


Although there are numerous studies applied to large cities, the specific case of Spanish World Heritage Cities presents an extensive bibliography that has focused on a historiographical and heritage review of their urban planning, as well as the methodologies applied to the conservation of the surroundings, the landscape, the aesthetics and their cultural and tourist use. Some clear examples similar to our area of study are Santiago de Compostela, Toledo, Segovia and Salamanca [29].



However, these bibliographical reviews are informative and sometimes informative and historiographical in nature, although they include a certain concern for the specific issues that add to the fact that many of these cities suffer from a secular population and economic stagnation, especially in the west of Spain and the interior, with the exception of the city of Madrid [12,30]. Among these factors, as pointed out by the same institutions that bring these cities together, are less urban vitality in the historic centres, which translates into less productive infrastructure, relocation of economic activities, less social interaction and degradation of urban centres, not in terms of aesthetics and heritage, but in terms of their facilities and uses, with the exception of some administrative and tourist buildings [31] and especially in the abandonment of old fabrics. In the case of the city of Cáceres, these aspects are analysed by Sánchez in [32]. Such studies, coupled with the COVID-19 pandemic and its implications for tourism, have raised concerns about public spaces and the revitalisation of dense and compact urban fabrics that call for their evaluation, especially in cities with such characteristics. This article is therefore justified both locally and internationally.



The objective of this research is to establish an analysis of the formal relationship between urban sustainability and spatial morphology in a world heritage city using urban indicators and the application of geographic information systems (GIS) tools. The methodology used combines the calculation of sustainability indicators (which allow for an in-depth analysis of the city) with GIS techniques that make it possible to generate useful graphic information for public authorities.



The analysis of sustainability has been considered of great interest when comparing the historic centre (PCH) with the entire city. This makes it easier to evaluate the variation of the calculated indicators to compare consolidated urban structures with new urban developments. The purpose of this article would be to be able to extrapolate the results obtained in the research to other World Heritage cities of a similar size, population size and urban structure. In summary, the main objective of the research is to analyse the degree of sustainability of the city of Cáceres in conjunction with the consolidated urban structure (urban design) using GIS tools and urban indicators. In this sense, it is observed that there is a knowledge gap regarding the existence of information from open data sources of multiple origin belonging to public administrations. The key factor is based on the transformation of these data into useful parameters for their practical application at the city level for society.





2. Materials and Methods


2.1. Study Area


Cáceres (Figure 1) is in the centre of Extremadura, between the Tagus and Guadiana rivers, with a population of about 95,000 inhabitants (INE 2021). It is the capital of the province of the same name, of which it accounts for about 30% of the population; 80% of an urban functional area in a centralising phase of about 125,000 people [12]. The city is bordered to the east by the Ribera del Marco and the Sierra de la Mosca, to the west by the Sierra de Aguas Vivas and to the north and south by the Trujillo-Cacereña peneplain. The urban core under study is administratively divided into 4 districts: centre, north, south and west [33]; it also has some districts that will not be taken into account for the analysis. The study area is therefore 2352.81 ha. For the historic centre, the study limits correspond to the 78 ha of the Historic Cáceres Plan, 3.3% of the total area.



The historic centre of Cáceres is recognised worldwide, and the monumental city was declared a World Heritage City by UNESCO in 1986. This status is mainly due to its excellent heritage conservation, being the best-preserved monumental complex in Spain and the third best-preserved in Europe. As for its four districts which Cáceres is divided present relevant differences in terms of their history, urban fabric, building typology and demography. Basically, it can be said that there is a densely populated district (centre) made up of the historic quarter inside and outside the city walls, as well as neighbourhoods typical of the widening of Spanish cities between 1960 and 1990 [32]. Beyond the central district, there are three districts with lower density and greater zoning: the western district, eminently residential and low-density, the northern district, with greater diversity, with residential areas and university campus and other peri-urban facilities, with a large area based on high-capacity road infrastructures and the southern district, which also has a very low-density urbanisation of a peri-urban nature, housing estates and small industries and a greater diversity of land uses in the areas closest to the centre. In addition, the railway line divides some neighbourhoods with a marked social segregation, such as the industrial mining town of Aldea Moret [35,36], while other traditionally popular neighbourhoods of peripheral origin have been integrated into the compact urban fabric, such as Las Trescientas or Llopis Iborra. These 4 districts are mainly structured by a series of radial road infrastructures, present in the urban planning since 1923, which converge in the centre district, in the Plaza de América, as well as by a series of ring roads proposed by the planning of 1979 and developed with the planning of 1998 and 2010 [37].



Therefore, the city under study presents a typical urban fabric in the national panorama, with a historic centre accompanied by a dense urban development and a series of expansion areas, well visible in its General Plan, which have resulted in an increase in occupied space 5 times greater than the increase in population since 1965. In this respect, the historic centre of Cáceres has suffered a subtraction of everyday facilities in favour of peri-urban spaces, especially during the last 30 years, as well as a refunctionalisation of a sector of housing and heritage in favour of tourist uses [32,38,39]. These bibliographic studies are added to the geographical information available for the city of Cáceres, which allows us to elaborate a quantitative study to evaluate the quality conditions of the city. Comparatively, it is of interest to explore the hypothesis of possible disparate results between two specific areas: the Historic Cáceres Plan (PCH) and the built-up city.




2.2. Variables and Data Sources


In order to address the ideas of sustainability/quality of the urban environment in the study area in an applied manner, the criteria proposed by the Spanish Government have been adopted, as expressly defined on the website of the Ministry of Transport, Mobility and Urban Agenda (MITMA) and reflected in the document entitled “System of Indicators and Conditions for large and middle-sized cities” [40]. This work defines a system of urban sustainability indicators that is divided into seven groups or areas of work: 1. Land occupation, 2. Public space and habitability, 3. Mobility and Services, 4. Urban Complexity, 5. Green Spaces and Biodiversity, 6. Urban metabolism and 7. Social cohesion. The authors of [41] discusses the need to identify urban indicators in order to quantify the degree of sustainability of cities and which could additionally serve as an additional support for political decision making. In this sense, urban indicators are postulated as one of the most appropriate ways to achieve this objective.



In this research, considering the relationship between sustainability and urban morphology as the object of analysis, it has been decided to synthesise the principles to be evaluated into 11 indicators belonging to four areas, as shown in Table 1:



Data input for the calculation of the different variables have been obtained from the continuous census of the National Institute of Statistics (INE), Municipal Cadastre, Municipal GIS, Spatial Data Infrastructure (SDI) of Cáceres, Open Data Cáceres, National Plan of Aerial Orthophotography of the National Centre of Geographic Information (CNIG), Historic Cáceres Plan. The following flow chart (Figure 2) shows the methodological process carried out.



2.2.1. Land Occupation


The sustainable land use model configures compact cities that reduce land consumption and maximise resource efficiency, with integrated and preferably dense growth, but with a degree of diversity in building types to accommodate specific and collective needs, considering energy efficiency related to the physical conditions of the environment. Two measurement indicators have been considered for land occupation: density of dwellings (Ddwelling) and absolute compactness (Cabs).



Within the same space, the first indicator used (Ddwelling) aims to bring together a sufficient critical mass of inhabitants for social and economic relations to exist, as well as efficient public transport and basic infrastructures and facilities to provide for a larger population in its area of influence. A population balance is established between 220 and 350 inhabitants per hectare, which translates into a minimum value (>80 dwellings/ha) and a desirable value (>100 dwellings/ha), although the number depends on the degree of occupation of the municipality.



As for the second indicator (Cabs), it looks to promote efficiency in the use of natural resources and to bring distances between different uses closer, developing patterns of proximity that allow for active travel, neighbourhood relations and the probability of contact between the agents that make up the city, understood as a meeting point. A minimum value of (5 m for 50% of the area of consolidated urban land or land for development) and a desirable value of (5 m for 75%) are established. Table 2 defines the expressions used for the calculation of each indicator in the field of “Land use”.




2.2.2. Public Space and Habitability


The liveable city model is related to variables of comfort and other activities typical of cities developed on a human scale that allow a measurement of vitality and the degree of collective coexistence to be established, prioritising habitat for people and not for vehicles. In this way, a minimum of 10 m2 of living space per inhabitant is sought. The maximum expression of quality in the urban environment is proposed through the superblocks, rebalancing the dichotomy of the 20th century. At the same time, habitability defines those public spaces where an evaluation of the conditions considered favourable for the physiological, physical and psychological well-being of the people who live in cities must be established. To determine the aspects concerning public space and habitability in the city of Cáceres, the following indicators have been used: corrected compactness, air quality, acoustic comfort, road accessibility and proximity of the population to basic services.



Corrected compactness (Ccor) aims to compare the built volume with those public living spaces that are in a specific area, correcting the calculation of absolute compactness (since excessive compactness can cause important problems of congestion and urban saturation). In this way, the main objective of this indicator becomes the search for a balance between built spaces and open spaces, establishing an adequate proportion between areas related to the activity and organisation of the urban system and those spaces that are oriented towards satisfying the recreational needs of the population. Therefore, for this indicator, a desirable value between 10 and 50 m of public recreational space per dwelling is established.



Additionally, air pollution (Cair) represents an environmental threat to public health. The current model of urban mobility based on the massive use of private vehicles already considers road traffic as the main source of pollutant emissions. Improving urban air quality requires the implementation of mobility and public space plans that involve a shift in distribution from private vehicles to less polluting modes [63]. This indicator uses the values of the air quality index provided by the Ministry for Ecological Transition and Demographic Challenge (MITECO) [64], as a reference, in order to know the impact on the population of different polluting particles, namely: nitrogen dioxide (NO2), tropospheric ozone (O3), suspended particulate matter (PM10) and sulphur dioxide (SO2). Table 3 shows the values that categorise air quality according to each of the pollutants analysed.



Another of the fundamental aspects at the urban level would be to identify the degree of noise pollution present in the streets. To determine the areas and population exposed to noise levels that alter the quality of life of citizens, the acoustic comfort indicator (Cacoustic) is applied. Externalities are usually related to congestion caused by vehicle traffic, and a solution to the acoustic impact can be found through the application of different measures such as: the restriction of public roads for vehicles, the reduction of speed in streets with priority use for pedestrians or the use of sound-absorbing pavements. In order to detect those areas where noise levels could be higher, noise measurement data provided by the Cáceres City Council’s OpenData platform were used.



The reduction or elimination of the physical barriers present in the daily movements of people in a municipality is a major issue. Through the estimation of the indicator (Aroad) it is intended to weight the accessibility of street sections according to the width of the pavement and the slope of the layout sections to know the areas that could limit the movements of citizens and, mainly, of those people with reduced mobility. In this way, assessment criteria are based on the basic accessibility requirements for people with reduced mobility in terms of the slope and width of pavements, the general criterion for which is that pavements with a width of more than 90 cm and a maximum slope of 5% are accessible.



To complete the analysis of the area of public space and liveability, it is important to know the degree of proximity of the population to public services. One of the main objectives for a spatially cohesive city would be to have adequate access to basic services. Based on this premise, the indicator (Pservices) ims to study the number of services that are located less than 10 min’ walk from the user, establishing a range of 600 m to determine those areas that the citizen can reach on foot. In this sense, the degree of simultaneous accessibility to the four types of basic services considered will be assessed:




	
Basic equipment (<600 m);



	
Proximity commercial activities (<300 m);



	
Mobility networks (<300 m);



	
Green spaces (<200 m).








Table 4 sets out the formula used for the calculation of the indicators for the “Public space and habitability” domain.




2.2.3. Mobility and Services


Urban modelling should make a priority of a system that operates with minimum values for energy consumption, air pollution and noise emissions, which would appropriately increase safety and reduce road accidents. In this way, urban mobility policies of public administrations should be based on the use of sustainable modes of transport (alternative to the private vehicle), since in a city that is moving towards sustainability, the percentage of trips by private vehicle should not exceed 10% of total trips and the percentage of street occupation by motorisation should not exceed 25%, with pedestrians dominating the remaining space. Mobility and services are analysed in this research using the following indicators: population travel mode, distribution of public roads and off-street parking for private vehicles.



Cities must commit strongly to a sustainable mobility model based on the use of soft modes of transport as an alternative to the private car. The first indicator studied in this area (RMprivate) reflects the distribution of citizens’ travel mode and aims to analyse the city’s situation with the objective of reducing dependence on the private vehicle to reverse its growth in terms of modal distribution.



The second indicator (Vpedestrians) values the importance of public space for pedestrian mobility and the quality of life of citizens to promote pedestrian networks where there is no friction with private vehicles. The aim is to achieve values of pedestrian public road surface of more than 75% in relation to the total road surface, as well as to allocate a maximum of 25% of the public road surface for the circulation of cars and public transport. Therefore, pedestrian streets, promenades and pavements will be counted as public roads for pedestrians, while public vehicular roads will be carriageways, car parks and traffic dividers.



The spatial distribution of on-street and off-street parking (APVehicles) is calculated to show the relationship between the number of on-street parking spaces and the number of parking spaces in other locations. For the calculation of this indicator, the information available on the car parks in the city of Cáceres that are located on public roads, as well as those located in public and public-private (off-street) parking areas, has been used to represent them graphically using a 100 × 100 m grid.



The expressions used for the indicators used in “mobility and services” are listed in Table 5.




2.2.4. Urban Complexity


The degree of urban organisation of a territory (urban complexity) is key to improving the efficiency of urban systems. In both natural and urban systems, an increase in complexity implies an increase in organisation, contributing to the stability and continuity of these systems, in which an advanced society can reach a degree of organisation that favours the development of a competitive strategy based on information and knowledge to reduce the impact on natural resources. The following indicator has been used for this area: balance between activity and residence.



The balance between public space and the activities carried out by the population in their daily lives affects the dynamics of citizen mobility; if the physical properties of the residential fabric contain sufficient work and commercial activity, it is relatively likely that mobility will be reduced, establishing synergies between the place of residence of citizens and their place of work within the same area of the city. In this sense, the indicator (Eqact) calculates the total built-up area of tertiary use in relation to the total built-up area, finally represented by a 100 × 100 m grid. Table 6 shows the expression used for the “Urban Complexity” indicator.





2.3. Spatial GIS Analysis


In this research, GIS tools have been used as a method of formal representation of the results that have been obtained from the calculation of the indicators. The use of GIS facilitates the identification of those areas of the city where the calculated values are included within the sustainability standards. The proper management of geographic data allows GIS tools to integrate maps and represent the necessary information in order to spatially identify the results of the analysis. In other research projects, GIS have been used in order to analyse the morphology of the city and support the design of sustainable urban planning for public administrations.



The methodology carried out initially consisted of collecting spatial data from different documentary sources to later proceed to calculate the different sustainability indicators using GIS tools. To approach the calculation, a grid with an area of 1 ha × 1 ha was created and placed over the urban centre of Cáceres and the PCH in order to be able to represent the sustainability values of the study area. In this way, the calculation of the indicators was applied to the grid, which later allowed the graphical representation of the results obtained.





3. Results


The results obtained in the research are presented below through the spatial representation by means of maps produced with GIS tools. The graphs provided allow a complete visualisation of the indicators analysed in the two study areas (PCH and the entire city). Based on these results, the degree of adaptation to the desirable sustainability objectives set out in the methodology of the article for each indicator is evaluated, with the aim of diagnosing the level of adaptation of the current situation of the municipality with respect to the previously defined model. In a complementary manner, the results are discussed to put the values obtained into context.



3.1. Land Occupation


3.1.1. Dwellings Density


City dynamism can be identified with the number of people that are in certain areas of the urban nucleus. For an urban fabric to have adequate tension, it is necessary to have enough people to provide it with life. For this reason, there must be a balance in the range of density in order to achieve a sustainable scenario, where there are not very disparate or extreme values of the indicator used. Thus, if there are areas where there is a higher concentration of dwellings, this could result in a cost to the population in terms of competition between users for the same public space and services; on the other hand, those areas where the building typology is too dispersed lead to a greater use of resources, which means that there is not enough tension to allow urban functions to develop normally



Figure 3 shows the result obtained from the analysis of the density of dwellings in the city of Cáceres and its specific situation in the delimitation of the PCH.



The urban core of the city of Cáceres shows higher dwelling density values in the areas located in the epicentre of the commercial and administrative activity of the municipality, with values of over 100 dwellings/ha. There is also a high density of dwellings in areas located to the north and southwest of the city, those areas of expansion where a high concentration of population has been established, allowing the city to grow. This high rate of housing density is closely related to the areas of the city where a greater number of basic services are concentrated as a priority.



Much of the urban core shows density values of less than 20 dwellings/ha, distributed mainly in the peripheral areas of the city, which correspond to neighbourhoods where the main building typology consists of single-family dwellings.



At the scale of the PCH, the lowest values of housing density are located around the banks of the Marco (to the east of this delimitation) and the Paseo Alto Park (to the southwest of the same), both areas being clearly influenced by their orography and not having a preferential residential use. To the west of the PCH delimitation there is a higher concentration of housing density, with values of more than 50 dwellings/ha. In the centre of the delimitation there are areas with a density of less than 20 dwellings/ha, a situation which corresponds to private ground floor properties or ancestral buildings of high historical or monumental value inside the walled area, in which a large part of them have lost their original residential use.



Therefore, the area of occupation of the PCH concentrates a percentage of housing density higher than 100 dwellings/ha in more than 45% of the territory. As for the urban core of the city, 20% of the area analysed has values higher than 100 dwellings/ha. This fact is attributed to the fact that most of the city’s dwellings are in the central area, which covers part of the boundaries of the PCH, mainly in the areas surrounding the walled enclosure on the western side.




3.1.2. Absolute Compactness


The use of this variable is designed to analyse at a morphological level the building situation of the city and, above all, of the urban centre, determining the places of preferential social contact, exchange and communication, as elements that define the essential nature of a city. This indicator can be considered a fundamental axis of urban sustainability, as it has direct implications on the morphology of the city, its functionality and the organisation of mobility and open space networks.



With the calculation of this parameter, the idea was to locate those areas where the compact city model is most developed, which pursues the efficiency of land (a basic, non-renewable natural resource). This model aims to promote the social cohesion of the city’s inhabitants, as well as the renunciation of functionalist zoning, increasing the multi-functionality of uses as an efficiency strategy to minimise the pressure generated by the diffuse city model.



Figure 4 shows the results obtained from the GIS analysis of the absolute compactness, both at the level of the whole city and the PCH:



In relation to the calculation of absolute compactness at the level of the urban core of the entire city, it is shown that the building intensity is concentrated in the city centre, fundamentally in the areas close to the main streets and commercial avenues that form the structure of the city, where compactness is maintained at values of over 5 m. As the distance from these central areas increases, the value of compactness decreases, with some slight upturns in figures between 2 and 5 m, which correspond to the industrial estate to the west of the city, as well as in the north of the city.



On the other hand, in the area comprising the PCH, a large part of its delimitation has a building intensity of more than 5 m. The values of less than 0.5 m are in areas where there is hardly any type of building, being identified with green areas or riverbanks. Thus, the area covered by the PCH has a building intensity of more than 5 m in more than 53% of the territory. In the case of the urban area, the percentage decreases considerably to around 12%.





3.2. Public Space and Habitability


3.2.1. Corrected Compactness


There must be an acceptable proportion between the areas destined to the activity of the urban system and the recreational areas to satisfy the recreational needs of the citizen to find a balance between the built-up area and the open spaces in a given area. In this way, Figure 5 shows the distribution of the built volume, as well as those public recreational spaces present in each area of the city.



Related to the previous section, corrected compactness makes it possible to identify those areas of the city where there is a relative balance between built and open spaces. In comparison with absolute compactness, the corrected compactness parameter shows a notable reduction in those areas of the city centre where the values are more sustainable in terms of building intensity. Even so, in the most dynamic areas of the city, which are located around the main avenues, the corrected compactness values are higher than 10 m, and there are areas where the figures can be higher than 50 m. Although there are areas with desirable values for this indicator, it is considered necessary to point out that a large part of the city is below 5 m.



Based on the results obtained in the PCH, the eastern and south-western areas of this delimitation show values of less than 5 m in the area located in the Plaza Mayor (the true historic centre of the city), while in the outlying streets figures of more than 50 m are observed, with the rest of the grids in the range of 10–50 m.



A comparison between the two study areas under investigation both in the PCH and in the entire city, the corrected compactness shows a distribution much lower than the absolute compactness. For those areas with a corrected compactness value greater than 50 m, a figure of around 8% is obtained for the PCH, and 5% for the entire city. This means that there are few areas in the city of Cáceres where there is a real balance between built spaces and free spaces for citizens, and these are distributed unevenly throughout the municipality.




3.2.2. Air Quality


The air quality index is a qualitative value assigned to the municipality under analysis. It is based on the suitability of the air for breathing and is a specific measure of quality, depending on the effects on human health of the different exposures of the citizen to the urban environment, given that the daily activities of the individual can cause different levels of air pollution. Figure 6 shows the results obtained for the quantification of air quality in the city of Cáceres. For the analysis, the values of particulate pollutants NO2, O3, PM10 and SO2 for the period from 1 April to 30 September 2022 have been selected.



Figure 6 shows the evolution of air quality in the city of Cáceres considering the values between April and September 2022 for the four pollutants considered and collected by the ministry to assess the conditions existing in Spanish cities. In this way, a significant variability of the results can be seen, especially the values obtained for O3 and PM10, which show significant increases. In these cases, the air quality data can reach values that are considered unfavourable. About the evaluation of NO2 and SO2, the results obtained confirm that the analysis carried out in the period considered provides good air quality for these pollutants.



Figure 7 shows in detail the fluctuation of air quality in the city of Cáceres in terms of O3 and PM10 pollutants due to their greater variability and impact on the data collected.



Figure 7a shows that most of the results show a reasonably good air quality, with values ranging from 50–100 µg/m3. Similarly, during a period of 15 days the limit of 100 µg/m3 has been exceeded, which implies that the air quality category of the city of Cáceres has been regular. In relation to Figure 7b, which refers to PM10, the results obtained are characterised by significant variability, with most of the values being in the range of good (0–20 µg/m3) or reasonably good (20–40 µg/m3) air quality. It should be noted that the highest PM10 values were reached during the month of June, due to the intrusion of air from the Sahara.



Therefore, although there are some specific time periods in which values higher than those set out in the World Health Organization (WHO) guidelines have been reached, the air quality in the city of Cáceres is considered good enough to achieve the values set by the WHO and reduce the risk to the population of suffering from acute and chronic illnesses (externalities derived from air pollution).




3.2.3. Acoustic Comfort


Using data obtained from the official Opendata website for the city of Cáceres, the acoustic comfort of the municipality was analysed and graphically represented in Figure 8.



The colour map shows the areas where there is a greater exposure of the population to different levels of noise nuisance, making it possible to determine possible locations where there could be greater problems of traffic congestion generated by the continuous traffic of vehicles. A georeferenced spatial representation of the values of each of the acoustic control points on the open data platform of the city of Cáceres has been carried out, showing that the highest values (above 69 dB) correspond to the main streets of the city, which are home to commercial and administrative enclaves. The rest of the city exhibits values between 48 and 55 dB. On the other hand, as can be seen in Figure 8, results covering the entire urban core of the city of Cáceres are not available due to the lack of data at source, which makes the analysis slightly more difficult.



Looking exclusively at the PCH, there is a location where the acoustic comfort levels exceed 75 dB, identifying this point as the priority place for road access to the historic environment from more dynamic areas where private vehicles, public transport and pedestrian mobility coexist. The rest of the PCH delimitation shows figures between 48 and 55 dB, mainly due to the fact that it is a pedestrian zone with a single platform section, in which the passage of vehicles is almost exclusively for people living inside the walled enclosure, as well as for public services and the hotel and catering trade. This is an area where fewer and fewer people live, partly due to the loss of residential use of certain buildings in favour of foundations, the tertiary sector or gentrification processes.




3.2.4. Road Accessibility


Improvement of accessibility in cities is considered a priority to provide a better quality of life for citizens. In this sense, it is essential to reduce as far as possible the possible physical barriers existing in urban centres. These obstacles directly affect people’s daily movements and their access to the different types of buildings, basic urban services, parks and any other public space. Figure 9 shows the stretches of pavement in the city of Cáceres with a greater or lesser degree of accessibility, considering the width of the pavement and its slope.



In the urban core of the city, it can be observed that a large part of the pavement sections has a gradient of less than 6%, mainly located in the areas of development and expansion of the city. These areas are characterised by large avenues where the width of the pavement is more than 2 m. Because of the orography of the city, there are also areas where the slopes are above 9%, which is most characteristic of the area delimited by the PCH. Considering the considerations set out in Order TMA/851/2021, of 23 July, which develops the technical document on basic conditions of accessibility and non-discrimination for access to and use of urbanised public spaces, the width of pavements must not be less than 1.80 metres and the maximum longitudinal slope may not exceed 6%.



Since the urban morphology of the PCH is influenced by the orography that characterises this area of the city, a large part of the pavements within this delimitation are below the minimum width that guarantees accessibility for all citizens. Similarly, a considerable part of the road has a gradient of over 12%. Even so, in recent years, public administrations have tried to solve these accessibility problems by creating coexistence traffic zones (single platform) in which pavements have been eliminated to prioritise mobility on foot.




3.2.5. Proximity of Population to Basic Services


Identifying the proximity to the multiplicity of basic services in a city is a determining factor in order to define the city model, as it makes it possible to locate those areas of the city that have a greater degree of simultaneous accessibility to different services, and therefore those that do not enjoy this status. Figure 10 shows those areas of the city that have simultaneous coverage of public facilities, transport networks, local commercial activities and green spaces within a 10 min walk (action range of 600 m).



It is clear from the map shown that the proximity to basic services is concentrated in the central areas of the urban core, with the bordering areas barely having several of the services established in the prefixed radius of action. In the central area of the municipality, up to 10 and 11 basic services are available, due to its proximity to educational, cultural, sports, health and social welfare facilities, as well as its proximity to local commercial activities, mobility networks and green spaces. However, in the northern and southern areas of the city centre, as they are further away from the daily dynamism of the city, there are several areas that are not close to any of the services analysed.



The situation of the PCH about basic services is very optimistic, given that a large part of this area has access to all the established services and the rest of the area also has access to 9–10 services, but is further away from the cycle lane networks and green spaces.



In the case of the PCH, it is obtained that in 63% of its territory the population has access to basic services at less than 600 m, with values close to 12% at the level of the entire city. The areas outside the urban nucleus of Cáceres show a significant lack of proximity services, with values of less than 3 services in this area. However, it is determined that in the PCH the citizen has access to 9, 10 or 11 basic services of proximity in all its delimitation.





3.3. Mobility and Services


3.3.1. Population Movement Mode


The mobility trend in the city of Cáceres is characterised by an increasing use of private vehicles compared to other cities of similar size, where most short trips are made on foot. This could be attributed to the orographic characteristics of the city, which makes walking less attractive, as well as the peculiar distribution of areas in the city, which makes good public transport planning quite difficult.



The overall mobility of the municipality amounts to a total of more than 185,000 internal trips on a working day, which is almost two trips per person per day. As for the modal split, the distribution of trips can be seen in Figure 11. The data presented have been obtained from [65] and need to be slightly updated, as changes have occurred and new forms of mobility have emerged, such as the emergence of personal mobility vehicles on public roads.



The graph shows that private vehicle journeys account for approximately 55% of journeys, pedestrian mobility 34%, public transport 10% and cycling is a mere token of participation with less than 1%. These data show the population’s predisposition to travel by private vehicle, which causes problems associated with traffic congestion, worsening the quality of life of citizens in terms of occupation of public space, road safety and air quality.




3.3.2. Public Road Distribution


Conceiving public space as the central backbone of a city makes it possible to adopt actions that gradually free the road from motorised vehicles and turn the street into a space for coexistence and leisure designed for pedestrians. Figure 12 shows a comparative map of the distribution of public roads, showing the areas of the city with the highest values of pedestrian public road surface area, with optimum figures of over 75% in relation to the total surface area.



Figure 12 shows clearly that the distribution of public roads in the city is mixed, with areas (mainly on the periphery) where the percentage of pedestrian roads in relation to vehicular roads does not reach 5% of the total, and another large part of the city centre (closer to the centre) where the values range between 25 and 50% of the total city road network. The only areas with restricted access for cars are concentrated around parks and green spaces.



Moreover, the PCH shows a high percentage of public roads for pedestrians, with values from 25 to 75% in the areas corresponding to the consolidated historic centre. The old town gives priority to pedestrian mobility but must also allow access to private vehicles owned by the residents of the dwellings inside the walled area. This area of the city is characterised by the fact that it has a single platform for almost its entire length. The lack of pavements means that there is a lower percentage of exclusively pedestrian roads, with coexistence roads having grown up in which pedestrians and vehicles coexist (but with a certain preference given to pedestrian mobility



In the case of the PCH, this indicator shows that 15% of its territory offers values higher than 75% of public roads for pedestrian mobility, with only 4% for the city. These results show that in the city of Cáceres there are no large areas where pedestrian mobility is prioritised and there is no room for vehicles.




3.3.3. Off-Street Parking for Private Vehicles


The considerable occupation of public roads by private vehicles is a constant in most cities. As a result, the public space available to citizens is reduced and prevents them from fully carrying out their private leisure and recreational activities, such as staying, travelling and socialising. In this section, the distribution of on-street and off-street parking shows the relationship between the number of parking spaces located on and off the public road. Figure 13 shows the percentage of parking spaces located off the road.



As Figure 13 shows, the shortage of off-street parking spaces can be a significant challenge for sustainable urban mobility in the city. There are a limited number of areas suitable for both public and private vehicle parking within the urban core. In this sense, the grids with the highest percentage of off-street parking (over 75%) are located on sites where there is already some form of private covered or open-air parking or in existing public car parks. The material impossibility of counting the parking spaces associated with private individuals in their homes (private garages), means that a large part of the urban core shows a value of 0% of available off-street parking.



Additionally, in the area covered by the PCH, off-street parking areas exceeding 75% (of the ratio of off-street parking spaces/total parking spaces) are in both private car parks and public car parks.





3.4. Urban Complexity


Balance between Activity and Residency


With the need to achieve a balance between residential and commercial public space, patterns of proximity between work and home are generated which, with the right measures, can improve self-containment in mobility and the satisfaction of daily needs by the resident population. Figure 14 shows the urban complexity of the city, where the mix of urban functions and uses in the same study area can be appreciated.



Figure 14 shows the existence of areas in the urban core that reveal a well-consolidated balance between activity and residence, even with areas showing values of over 75%. In the rest of the urban core there is a predominance of values below 7.5%, although higher percentages appear in some specific areas.



The area within the interior of the PCH is dominated by areas where the balance between residence and activity is above 25% (places where the coexistence between residence, office and shops is integrated to a greater extent, allowing these spaces to accommodate activities of different typologies), but not in the perimeter sites of this delimitation, where the values are below 7.5%.



This indicator shows how a large part of the territory of the city of Cáceres offers a low percentage of balance between activity and residence, with values just over 13% in the urban area and 11% in the PCH. It could be said that this indicator is the only one that has shown higher values in the total of the city of Cáceres compared to the PCH, which could possibly be attributed to the fact that a large part of the work activities is located outside the delimitation of the historic centre of the city.






4. Discussion


Spatial analysis through sustainability indicators has corroborated how the compact city is the urban model that provides greater efficiency and habitability due to its morphology, organisation and social cohesion. It is considered that sustainable urban planning must establish a model that pursues the transformation of the elements that make up a city connected to a rational design of new urban developments that guarantee the relationship of the city with all its components. This research, developed through the use of GIS tools, has made it possible to deepen the analysis of urban sustainability through indicators, in the same way as other authors have done on a different scale [23,66].



The materialisation of this study based on the use of sustainable development parameters can be crucial, as other authors have commented [67], for the urban planning of cities, and can sometimes be very useful for the identification of the main problems suffered by the urban environment. Therefore, the indicator methodology could be considered as a tool for monitoring urban sustainability. Its application in urban planning would provide very important information regarding certain areas of the city, although, as alluded to in [68], the model used could generate significant controversy among experts. A number of research studies [1,54] have echoed the need to identify aspects of cities that can be linked to urban sustainability data. In this way, it would be possible for them to have an impact on the decisions taken by the different administrations and lead to more environmentally sustainable actions.



Gómez-Varo, Declós-Alió and Miralles-Guasch in [24] designed a model for measuring sustainability through the use of urban indicators has been proposed as a key part of promoting sustainable development at the local level. In that sense, the concept of sustainability is already in the DNA of urban management, with indicator-based assessment being a highly valued means to that end.



In this way, areas have been located where a compact occupation model is configured in which land consumption is reduced and maximum efficiency in the use of natural resources has been achieved, thus reducing the pressure of the urban system on the environment [6]. The building typologies analysed are mainly collective dwellings that bring together a significant number of citizens in the same space, promoting personal interrelationships and the services of a city, for which a territorial fit with the immediate surroundings and the different spatial scales of urban interaction must be established [9].



Cities must be designed as a more liveable place where sustainable urban planning drives the transformation of public space and guarantees the quality of life and social cohesion of its inhabitants. The elements that make up the city must be configured in a more sustainable city model with a strong link to mobility flows, comfort variables and activities that manage to dynamize the life of the city [18,28]. As has been suggested by some authors [13,69], sustainability has to seek an urban balance between those spaces that are dedicated to functionality and urban organisation and those spaces oriented towards citizens, mainly those recreational areas in which to find tranquillity and contact with the environment.



When cities have the necessary tools for the effective implementation of sustainable urban planning policies, the assessment of the quality of life of the citizen should be very present to determine the environmental, social and urban characteristics of the study area. In Europe, studies have been carried out such as by Garau and Pavan in [70] where the case study of the city of Cagliari (Italy) cannot yet be described as an example of a sustainable municipality and good urban practices through the analysis of urban indicators, even though it has implemented various urban regeneration projects that have significantly improved certain aspects of the city. Meanwhile, in [71], the situation of Vitoria-Gasteiz (considered one of the most sustainable cities in Spain) is analysed through the application of different urban indicators in order to create a more desirable city model and provide a planning tool based on sustainable development to improve the well-being of its inhabitants. More generally [72], approaches urban sustainability in Portuguese cities with the intention of showing a balance between business and city management that addresses social and environmental concerns through the promotion of an environment associated with tangible and intangible resources. Akuraju et al. makes a comparison in [73] between cities in various European Union countries, taking into account the scale of the city and showing the advantages and disadvantages of different city sizes.



Medium-sized cities are ranked as the best urban category in relation to sustainability and play a central role in the territorial structure. These cities have the potential to establish creative dynamics, however, they have some disadvantages such as lower capacity for socio-cultural diversity, worse economic competitiveness or worse access to resources.



As stated by other authors [1], the mobility model for the city of Cáceres in this case should be based on guaranteeing accessibility to all the city’s fabrics and sets of mobility poles from any mode of transport, prioritising the use of more sustainable means of transport such as public transport, cycling or walking. Thus, infrastructures must be created that allow access to the main transport interchanges, community facilities, commercial areas and free spaces throughout the city, in order to guarantee a large part of these services to its population.



Cáceres is one of the World Heritage Cities (WHC), which have increased in number all over the world, and the main problem of its management revolves around the synergy of preserving the heritage and allowing the development of the current activity of its inhabitants; recent studies show that the problem in historic centres lies in their damage due to the impact of urban development [74]. Certainly most of the models based on urban indicators are applicable to heritage cities, but they are not oriented to their state of conservation [75], nevertheless, for a historic centre to remain “liveable” and habitable it should integrate the capacity to adapt to the new habitability needs of its population. Urban indicators play a fundamental role in the model of “participatory management” of historic centres, which have three main objectives in urban management: to compare different cities in order to identify the most efficient practices; to identify the strengths and weaknesses of a given urban environment in order to develop regeneration strategies; and finally, to monitor the effectiveness of these strategies.



With the purpose of a more sustainable city model, an urban system should be implemented that configures spaces with a certain degree of compactness, centrality and accessibility, being conditions for urban maturation through the evolution of strategic planning of urban environments. Carpio and Lamíquiz refer in [53], the reduction of interurban mobility through the creation of patterns of proximity between housing and work, leisure and service activities.



Research Limitations and Future Recommendations


This work has required the collaboration of different institutions and organisations that have provided the necessary data for the analyses carried out. Thus, the implementation of a sustainability analysis based on urban indicators would serve the competent administrations as a real planning tool that would allow the application of measures that promote the improvement of the quality of life of citizens, turning the city into a much more habitable space in which the maximum efficiency of the urban system is achieved. According to [76], indicators in our urban areas as an exact tool to help us interpret the need to incorporate them into our urban environments, quantitative and qualitative tool that allows us to assess the evolution and achievement of the proposed goals and objectives.



To conclude the discussion, this study could be considered by the authors as a starting point for different research on urban sustainability, with other systems of indicators included, for example, in the Spanish Urban Agenda (AUE) or criteria for Sustainable Planning defined in the Law 11/2018 on Sustainable Land and Urban Planning of Extremadura (LOTUS). At the same time, comparative studies between different medium-sized cities or World Heritage Cities with similar socio-economic and historical characteristics would also be considered.





5. Conclusions


The principal objective of this research consisted of analysing the urban sustainability of the city of Cáceres (declared a World Heritage Site by UNESCO in 1987) in the areas of: (a) land occupation, (b) public space and habitability, (c) mobility and services, and (d) urban complexity, with emphasis on the results obtained in the area delimited by the historic city (PCH). The results obtained in terms of sustainability (considering the indicators proposed) show an important contrast in the urban core of Cáceres. It is observed that, at a complete city level, the city centre shows more appropriate parameters in terms of housing concentration, compactness, proximity to basic services, as well as an acceptable percentage of pedestrian roads, in contrast to what is observed in the outer areas of the city, where these indicators show more dispersed values that generate a greater land occupation. A greater urban compactness has been detected around the main roads that converge towards the administrative centre, with higher values of housing density, absolute compactness and corrected compactness.



Focusing on the PCH, a large part of the delimited area offers very favourable results in terms of urban sustainability for the following indicators analysed: housing density, absolute compactness, corrected compactness, acoustic comfort, road distribution and proximity to basic services, except for some areas where the lack of housing and buildings has not favoured the obtaining of sufficiently conclusive results.



The use of GIS tools for the spatial representation of the analyses carried out with the different indicators of urban sustainability has allowed for a better identification of those areas of the city that need to be improved. The fundamental intention is to reduce the problems suffered by some sectors of the population and to achieve greater social cohesion and successful management of the city. The authors consider that the application of GIS techniques in combination with resources and sources of information offered by public administrations (based on the principles of transparency) and the methodology of calculation through urban indicators is a powerful tool for public decision-making, especially when the aim is to relate the concepts of sustainability and urban morphology with the firm premise of social equity. Therefore, it is argued that the main limitation in carrying out this type of research is the large volume of initial data necessary to consider the study viable, irrespective of other considerations.
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Figure 1. (a) Study area location; (b) PCH panoramic image; (c) Historical centre of Cáceres, 3D image [34]. 
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Figure 2. Flow chart of the applied methodology. 
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Figure 3. Dwelling density comparison. 
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Figure 4. Absolute compactness comparison. 
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Figure 5. Corrected compactness comparison. 
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Figure 6. Variation in air quality in the city of Cáceres. 
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Figure 7. (a) Air quality assessment for pollutant O3; (b) and PM10. 
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Figure 8. Acoustic comfort comparison. 
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Figure 9. Road accessibility comparison. 
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Figure 10. Proximity of population to basic services comparison. 
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Figure 11. Travel modes of the city of Cáceres (PIMUS). 
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Figure 12. Public road distribution comparison. 
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Figure 13. Off-street parking for private vehicles comparison. 
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Figure 14. Balance between activity and residency comparison. 
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Table 1. Study indicator system.
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Scope

	
Indicator

	
Description

	
References






	
Land

occupation

	
Dwellings density

	
It determines the potential population of a territory and the efficient development of urban functions.

	
[42,43,44]




	
Absolute compactness

	
Ensures resource efficiency, less pressure on systems and greater social cohesion.

	
[9,45,46]




	
Public space and habitability

	
Corrected compactness

	
Calculate the balance between built-up and living space.




	
Air quality

	
Calculates exposure to nitrogen dioxide (NO2), tropospheric ozone (O3), particulate matter (PM10) and sulphur dioxide (SO2).

	
[21,47,48]




	
Acoustic comfort

	
Detects the areas where the population is exposed to the greatest noise impact, mainly due to transport.

	
[49,50]




	
Road accessibility

	
The width and gradient of the pedestrian walkway is measured considering people with reduced mobility.

	
[51,52]




	
Proximity of population to basic services

	
It defines simultaneous access to basic facilities, commercial activities, sustainable mobility networks and green infrastructure.

	
[53,54]




	
Mobility and

Services

	
Population movement mode

	
Calculate the sustainability of the modal split of the population.

	
[55]




	
Public road distribution

	
Calculate the proportion of public space allocated to pedestrians.

	
[56,57,58]




	
Off-street parking for private vehicles

	
Calculates the percentage of off-street parking spaces with access to the network.

	
[59,60]




	
Urban

Complexity

	
Balance between activity and residency

	
It defines the mix of urban functions and uses in the same residential space, generating patterns of proximity to everyday needs.

	
[61,62]
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Table 2. Indicators used in the scope of Land Occupation.
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Scope

	
Indicator

	
Calculation Formula






	
Land

occupation

	
Housing density

	
Ddwelling (dwellings/ha) = number of dwellings/ha




	
Absolute compactness

	
Cabs (m) = Built-up volume/ha
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Table 3. Air quality index Category [64].
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SO2

	
PM10

	
O3

	
NO2

	
Index Category






	
0

	
100

	
0

	
20

	
0

	
50

	
0

	
40

	
Good




	
101

	
200

	
21

	
40

	
51

	
100

	
41

	
90

	
Reasonably good




	
201

	
350

	
41

	
50

	
101

	
130

	
91

	
120

	
Regular




	
351

	
500

	
51

	
100

	
131

	
240

	
121

	
230

	
Unfavourable




	
501

	
750

	
101

	
150

	
241

	
380

	
231

	
340

	
Very unfavourable




	
751–1250

	
151–1200

	
381–800

	
341–1000

	
Extremely unfavourable
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Table 4. Indicators used in the scope of public space and habitability.
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Scope

	
Indicator

	
Calculation Formula






	
Public space and habitability

	
Corrected compactnessm

	
Ccor (m) = Built-up volume/public living space




	
Air quality

	
Cair (μg/m3) = Levels of NO2, O3, PM10 and SO2




	
Acoustic comfort

	
Cacoustic (dB) = Acoustic comfort levels




	
Road accessibility

	
Aroad (m) = Street sections (linear meters) with sufficient, good or excellent accessibility




	
Proximity of population to basic services

	
Pservices (Nº of services) = Simultaneous coverage of basic facilities, local commercial services, mobility services and green space services.
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Table 5. Indicators used in the scope of Mobility and services.
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Scope

	
Indicator

	
Calculation Formula






	
Mobility andServices

	
Population movement mode

	
RMprivate (%) = Journeys by type




	
Public road distribution

	
Vpedestrians (%) = Pedestrian road surface area/Public road surface area




	
Off-street parking for private vehicles

	
APVehicles (%) = Off-street parking spaces/total number of spaces
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Table 6. Indicator used in the Urban Complexity scope.
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	Scope
	Indicator
	Calculation Formula





	Urban

Complexity
	Balance between activity and residency
	Eqact (%) = Superficie construida (m2c) de uso terciario/Superficie construida total
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