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Abstract

:

When developing a sustainability plan in a complex and heavily urbanized territory, one of the most relevant options available is installing rooftop photovoltaic (PV) panels. Thus, it is essential to determine the amount of available surface and the potential impact of such installations on the energy and emission budget of the area. Instead of processing remotely sensed imagery, which is a long process and does not allow considering the buildings’ ownership, this study develops an approach based on a cluster analysis of the urban/morphological characteristics of the municipalities. Once a clear group diversification is obtained, the roof surface of the center of gravity of each cluster is extrapolated to all similar settlements. This, together with the information of local solar irradiation, allowed us to compute each cluster’s potential solar energy production and its capability to respond to the local energy demand, a key parameter to decide about the possibility of a local smart electricity network. Finally, the emissions avoided thanks to solar PV development are computed in terms of carbon dioxide and other relevant pollutants. This approach is applied to the residential rooftop of Lombardy, a Northern Italy region with a wide variety of urban morphologies and landscapes. The potential production of rooftop PV exceeds the estimated electricity consumption of residential buildings and would allow sparing almost 4 M ton of CO2 equivalent or 5% of the overall regional emissions.
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1. Introduction


According to the latest IPCC report [1], energy use is responsible for about two-thirds of global greenhouse gas emissions. The situation is even worse at the European level, accounting for 3348 million kg of CO2eq emissions from combustion for energy production, about 75% of the total emissions [2]. Therefore, when developing a strategic and sustainable plan on a large scale, one cannot avoid considering the implementation of energy efficiency measures and, above all, the transition to renewable energy sources. As outlined by the Exponential Roadmap 2019 [3], solutions to halve energy sector emissions by 2030 are available, and the transition has already begun.



As the world becomes more urban, with 54% of the population living in metropolitan areas [4] responsible for 60 to 70% of anthropogenic greenhouse gas emissions [5], cities themselves must become sustainable in their resources and demands. With limited available installation space, renewable energy generation within urban areas poses particular challenges [6].



One key solution to attain the established energy and environmental objectives is photovoltaics (PV), which has evolved rapidly and has ample room for growth [7]. The faster and broader expected growth of PV compared to other energy sources is primarily due to the accessibility of the resource, the solar radiation [8], and, second, to a unique advantage over other RES systems: solar systems can be installed decentralized on a small scale. Electricity consumers can self-generate at least some of the electricity they use, making this technology an attractive solution for private owners. In addition, while, initially, the cost balance between installing a PV system and the energy produced made this technology uncompetitive, these costs have reduced significantly over time. The price of energy from PV has fallen below grid parity in much of the world: this means that, on average, over the lifetime of the PV system, the electricity it generates is cheaper than the electricity from the grid [8,9].



Numerous studies have been conducted analyzing the factors and context that affect the performance of PV systems. Some are location-specific, such as solar irradiance, air temperature, and wind speed. Others depend on the type of technology used, such as the angle of reflection and module efficiency, and finally economic factors, such as the demand for electricity, its grid price, and the cost of materials [10,11,12]. As the sector developed, those papers have also been complemented by studies regarding the potential and capability of PV systems [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29]. Most current studies on the performance of PV systems base the analysis on building’s models or remotely sensed imagery to obtain the rooftop area and digital spatial information. They elaborate statistical data sets of building-related information, such as floor area, number of floors, total number of buildings, with big geo-data of solar irradiation, through GIS software. Enongene et al. [13], for example, compute the PV potential of Lagos City in Nigeria starting from the analysis and modelling of typical buildings. Peng and Lu [14], following previous work by Gutschner et al. [15], estimated the PV-suitable rooftop area in Hong Kong from a buildings’ ground floor area by using factors of solar suitability and architectural suitability. Hong et al. [16] propose a method for estimating the rooftop solar PV potential by analyzing the available rooftop area through Hillshade analysis. Hofierka and Kanuk [17] and Bergamasco and Asinari [18] both assess the PV potential computing rooftop area through a 3D modeling of the urban area developed from orthophoto analysis. Brito et al. [19] and Jakubiec and Reinhart [20] both utilized LiDAR technology to develop a 3D model of a city to be combined with solar radiation data through GIS software. Kodysh et al. [21] perform a similar application over a larger area (Knox County, TN, USA) using LiDAR information and radiation maps to compute individual building radiation values. On a national scale, Miranda et al. [22] assess the technical-economic potential of installing PV in the Brazilian residential sector combining simulation tools of socio-economics characteristics and geographical information system. Rosas-Flores et al. [23] performed an energy savings analysis in urban and rural homes in Mexico by using an interconnected photovoltaic system network at a large scale, showing an achievable energy savings of 39,750 GWh, which would mean a 3% reduction of the annual Mexican CO2eq emissions. Finally, Bodis et al. [24] developed an assessment of the potential PV electricity production across the European Union, estimating 680 TWh of solar electricity annually.



All these studies originated from the awareness of the significant contribution this system can have on meeting the world’s energy needs and the complicated economic, political, and strategic challenges brought about by its implementation. The majority of these potential assessment studies focuses on urban scale or specific building types in order to maintain the high level of accuracy given by the previously mentioned methodology. On the other hand, it is necessary to address this topic and plan on a large-scale basis coping with increasing computation difficulties. Clearly, as the study area becomes larger, the detailed techniques of remote sensing imagery come with also with a heavy and time-consuming computational process and high demand of data: for example, the LiDAR analysis over Knox County, an area of 1362 km2, performed by Kodysh et al. [21] resulted in a corresponding DEM file size of 10 gigabytes. Another issue that prevents the implementation of rooftop PV assessments based on extrapolated values of a single building or neighborhood detailed analysis is the complexity that comes with a larger territory. This often means going beyond the classical definition of complex terrain used in meteorology or air pollution modelling, and addressing, besides geographical differences with various elevation and expositions, diverse urban morphology, sparse and concentrated settlements, and, most of all, different housing typology. All factors resulting in lower precision and accuracy the more complex the territory where the extrapolation is assumed.



The present study develops an alternative methodology to assess PV potential on a large and complex territory, proposing a less computationally intensive process based on cluster analysis of the building stock characteristics. This procedure allows us to overcome the computational burden of large-scale/high-accuracy methods. Indeed, it allows, once the clusters are identified, to focus the computation of the characteristics (roof area, energy demand, emissions,…) only on a few representative settlements and to extrapolate the outcomes to the whole territory only in the end. The choice to implement a mathematical classification based on easily accessible data of the urban morphology and characteristics of the studied area enables a good level of accuracy to be maintained even on a large territorial scale, going beyond the purely administrative division in municipalities or provinces.



It has been chosen to develop this approach on the residential sector of the Lombardy region in Italy, which is undergoing a significant change due to the current policies on energy efficiency in buildings (zero energy or zero power buildings [30,31]). It presents a highly diversified territory and urban morphology and characteristics of population and energy demand that can represent the whole country. After an illustration of the cluster approach, in the next section, we present a detailed analysis of the region’s demographic, geographic, and morphological characteristics. Then, we proceed by computing the available residential rooftop area through the application of the cluster analysis to the municipalities and the extrapolation of the center of gravity values. The power produced by the typical PV system was obtained using the online software PVGIS [32] and used in Section 3 to show the capability to satisfy the energy demand of the region and produce a consistent social-environmental benefit in terms of emissions saving. The outcomes are finally compared, in Section 4, with other studies and the advantages and limitations of the approach are discussed.




2. Materials and Methods


2.1. The Cluster Approach


As presented, the proposed method aims at finding a partition of territorial entities (municipalities, in the following case study) that are characterized by a strong diversification in terms of the resident population, altitude, and urbanized area. This variety is reflected in a set of structural data that represent the settlements’ morphology, such as those characterizing the residential building stock in terms of number of houses, age of construction, and number of residents.



Leveraging this type of data, the cluster analysis allows a non-trivial simplification of the subsequent steps to evaluate the potential PV energy. It allows extrapolating the common urban characteristics identified for each cluster’s centroid to the whole territory, disregarding the traditional classifications based on territorial proximity or administrative subdivisions. To reach this goal with a reasonable computational burden, the proposed procedure goes through the following steps:




	
A linear correlation between couples of attributes (each value representing a characteristic of the settlement) allows to exclude features that are strongly correlated and thus do not provide significant new information.



	
A principal component analysis (PCA) determines whether linear relationships between all attributes exist and points out peculiar individual situations.



	
The clustering of remaining data partitions the settlements into sets with very similar urban (and, thus, energy) features.



	
The settlement closest to the center of gravity of each cluster is examined in depth to determine its key features (in the case at hand, the available roof surface and its potential productivity).



	
The results obtained for this “central” settlement are extrapolated to its entire cluster, using the most significant attribute.








Despite the simplicity, and thus the general applicability, of such an approach, it must be noted that it implies a few “subjective” choices. They include: the value of the correlation that represents a “strong” link between features that allows discarding some of them; the variance explained by the first principal components that express a “sufficient” linear relation; the clustering algorithm itself and the measures that determine the optimal number of clusters. As in most statistical approaches, this type of choices can be reasonably made only with reference to the specific application domain. It is also important to remember that the approach is intended to provide a first estimate of the potential PV energy (and consequently of the reduced emission) in a large territory where there are significant differences of the urban structures and, on the other side, field data on the roof surface are either unavailable or require a high computational effort. Therefore, a precise validation of the model is not possible and only some comparisons can be made. Following these comparisons, one still has the choice of determining the precision threshold that makes the model acceptable. Notwithstanding these limitations, the approach may be useful not only to determine the potential roof surface and the consequent PV energy but also to extrapolate other energy characteristics of the residential buildings (e.g., the total energy use, the fuel type and amount, the use of hot water,…) that are closely linked to the urban features.




2.2. Application to Lombardy


Lombardy is a Northern Italian region with a surface area of around 24,000 km2 and a population close to 10 million inhabitants. It is characterized by a high number of municipalities with quite different housing typology. Its territory can be subdivided into a northern mountainous area representing about 40% of the surface (maximum elevation at 4000 m a.s.l.) and a central flat agricultural area (the Padana plain) that represents another 40% of the region. In between, there is a hilly territory rich in rivers and the largest Italian lakes, with the foothills of the Apennines mountain range at the South. The average elevation of the region is around 280 m a.s.l. This highly varied physical territory determined, along the history, the development of small municipalities in the mountainous area and much larger urban centers in the plain. A consistent urban sprawl is still taking place. Overall, the region is subdivided into about 1500 municipalities, as shown in Figure 1. This number has been changing in recent history due to the aggregation of some very small adjacent administrations. Figure 2a shows how these municipalities are distributed in various parts of the region. It represents the number of municipalities whose centers lies in a specific elevation range. Almost half of the municipalities are in the plain area, but several tens are located at more than 1400 m of altitude. Most municipalities are small. As shown in Figure 2b, about 600 have less than 500 residential buildings, and only one, the capital city of Milan has more than 40,000.



Another interesting piece of information is provided by Figure 2c, which shows the distribution of the average number of residents per building (from which the average size of the buildings can be inferred). In about 60% of the municipalities, the average number of residents per building is five or fewer. In all the region, the number of residents per building is 10 or less, with only very few exceptions. A clear sign that most buildings are small with just one or two dwellings.



A further interesting feature of these residential buildings is portrayed in Figure 2d, which shows the distribution of the building ages across the municipalities. Very few settlements are recent, and most have an average building age of 60–70 years. The boom of construction was around the sixties of the past century, simultaneously with a strong growth of the general economy.



However, at that time, the norms about energy saving in residential buildings were much less stringent than today’s ones. Indeed, the analysis of the data in CENED2 [34], an extensive database of the energy performance of about one million individual dwellings, shows that the average total energy consumption went from 340 kWh m−2y−1 for houses built before 1960 to 287 for those of the period 1961–1992, to 215 in 1993–2005, and to 161 kWh m−2y−1 for those built afterwards [35]. This corresponds to a parallel decrease of CO2 emissions as well as those of traditional pollutants such as NOx and PM.



Presently, about 87% of the heating systems in the region use methane and other portions are covered by wood (7.1%), gas oil (3.3%), and liquefied petroleum gas (LPG) (1.5%). Solar energy enters the energy budget of the households for the production of hot water but covers just 0.8% of the dwellings.



Figure 1 also displays another relevant characteristic of Lombardy municipalities: the density computed as the ratio of resident population over the urban area. The land surface is not always explanatory of the extent of the settlement over the different municipalities of the region. In mountainous municipalities and in the cities of lower Lombardy strongly marked by agriculture, there are many concentrated urban centers much smaller than the territorial surface, with the remaining part of the land used for fields, pastures, or forest. This motivates the choice of including this parameter in the following analyses. It was calculated from the data available in the multi-temporal geographic databank Destination of Agricultural and Forest Land Use (DUSAF) [33], which classifies the territory based on the main types of land cover and land use, available for download on the Geoportal of the Lombardy Region. This density is an insightful proxy for the municipality’s urban morphology: high values of density are expected in those cities with a high concentration of multi-family buildings. The map shows the significant variability in Lombardy, ranging from a density of 0.013 inhabitants/km2 (San Giorgio di Bigarello, Mantua Province) to a maximum of 1.39 inhabitants/km2 (San Giorgio di Lomellina, Pavia Province), where a population of 11,873 is concentrated on an urban surface of only 0.85 km2. This makes the density value higher than the big Lombardy cities, where there are much higher numbers of residents and urbanized surfaces of at least an order of magnitude larger, and demonstrates, once again, the peculiarities of the territory under analysis.



The reference dataset for the analysis was constructed on readily available structural data showing the key characteristics of the region from a demographic, geographic, and urban/morphologic point of view. They derive from the 15th General Census of Population and Housing 2011 [36], the 6th General Census of Agriculture 2010 [37], and the Annual Statistics provided by the National Statistical Institute [38]. The overall data matrix was composed of 1507 rows, each corresponding to a municipality, and 11 columns of attributes, representing:




	
Population (number);



	
Altitude of the urban center (m a.s.l.);



	
Land area (km2);



	
Urban surface area (km2);



	
Density of the urban area (inhabitants per square km–inh km−2;



	
Six classes of the number of dwellings per building (one—Class 1, two—Class 2, three or four—Class 3, five to eight—Class 5, nine to 15—Class 9, 16 or more—Class 16).








The results of the correlation analysis are presented in Table 1, where low correlated attributes (i.e., with all coefficients lower than 0.80) are shown on white filling. They indicate that urban areas and some classes of the number of buildings can be discarded because they are strongly correlated with the population or other building classes.



The PCA was performed on the six remaining uncorrelated attributes, which also allowed a graphical representation of any possible grouping in the domain of the first two principal components. The analysis results (performed using R programming language using the library functions stat and factoextra) are reported in Figure 3.



The graph on the left shows the percentage of the variance of the data explained by each principal component (PC). The first two components explain together about 65% of the variability in the data, while 80% is reached also considering the third PC. The first PC mainly weights data about population and number of buildings, while the second elevation and land area. The graph on the right represents the scatterplot of the data in the space of the first two PCs. It makes evident the relevant difference of the single observation on the right with respect to the rest of the data. This point is the capital city of Milan, which presents characteristics strongly out of scale compared to the remaining municipalities in the region and not even in line with the remaining main towns. For this reason, the capital city has been excluded from the clustering analysis and all the subsequent evaluations. Additionally, the graph shows that other municipalities are not aligned along either PC, and thus that a more sophisticated analysis is necessary to partition them correctly.



The cluster analysis was then carried out again using R programming language and environment, after standardization of the data to make variables comparable. The hybrid hierarchical-K-means clustering algorithm [39] was adopted since it combines the classical K-means and the hierarchical clustering, coping with their main drawbacks. The procedure was applied recursively to improve its identifying power. Each iteration involved four steps:




	(1)

	
The most reasonable number of clusters was identified, comparing the values of 30 indices of distance in the data (R function NbClust). Then the hybrid clustering algorithm was applied (hkmeans function) using NbClust results as input;




	(2)

	
The resulting clusters were validated using internal measures to evaluate the goodness of the partitioning obtained. These measures, formulated to reflect the compactness, connectedness, and separation of the obtained partitions, use internal information from the clustering process (e.g., minimum or maximum distance between objects or between clusters) to evaluate the goodness of fit of the clusters without referring to a priori or external information.



Such measures were:




	
The average distance within each cluster M of m elements, which must be as small as possible:


  d . w i t h i n =   2   ∑   i = 1  m    ∑   j = 1  m       (   x i  −  x j   )   2      m  (  m − 1  )       with    i ≠ j ; x ∈ M ;  



(1)







	
The average distance between each couple of clusters M and P (of m and p elements, respectively), which must be as large as possible:


  d . b e t w e e n =     ∑   j = 1  m    ∑   k = 1  p       (   x j  −  y k   )   2      m p     with   x ∈ M ;   y ∈ P ;  



(2)







	
The average silhouette width of the cluster measures how similar an object i is to other objects in its cluster compared to those in the neighboring cluster. Its value is between 1 and −1, with a value of 1 indicating a perfect partition. The average silhouette width of the observation i is defined by the formula:


   S i  =  (   b i  −  a i   )  / max  (   b i  ,  a i   )   



(3)




where    a i      is the average dissimilarity between i and all other points of the cluster to which it belongs and    b i    is the dissimilarity between i and its “neighbor” cluster.









	(3)

	
Finally, the outermost cluster has been graphically identified and excluded from the sample data to be processed in the following iteration.









Six iterations were performed, obtaining a partition of the region’s municipalities into seven clusters (plus the city of Milan constituting an eighth separate cluster). The results of each iteration in terms of validating measures demonstrate the appropriateness of the iterative process and the correctness of the clusterization results. In particular, the ratios of average within distances are always half of the between distances and the Silhouette Index is positive, which indicates a good performance, and increases its value from 0.29 to 0.35 through the iterations. Figure 4 displays the seven clusters in the space of the first two PCs (a) and as a dendrogram (b).



The centroid municipalities were identified as those closest to the center of gravity of each cluster. By reducing the study area to the centroids only, it was possible to perform an accurate calculation of the residential rooftop area, ultimately extrapolated to the whole settlements based on the key hypothesis of similarity of objects in the same cluster. This roof surface estimate was computed by detailing the number of buildings of a certain age of construction and a certain number of dwellings, then defining each class’s typical value of rooftop area.



These values have been obtained from the TABULA European project [40,41,42], which determined the structural and energy characteristics of prototypical buildings in many European countries. For Italy, the Polytechnic of Turin carried out the study and identified 32 archetypal building categories based on their age and size. The estimation was also compared with the Database Topografico Regionale (DBTR) [43], a geo-referenced database describing topographic objects of the territory. Such a database, which does not cover the entire region, provides another approximation of the roof surface.



The roof surface estimation obtained on the centroids was then extrapolated to the entire clusters using the urban density as an independent variable: this proved to be the approach providing the most similar results (a deviation around 7%) on several other municipalities randomly sampled from the DBTR.



Finally, for the calculation of the rooftop PV potential in the region, an online software made available by the European Commission, PVGIS [32], was used. It allows calculating the energy produced, considering the available roof area and the internal relationships between the different components that affect the output of PV (system losses, orientation, location...). Seven separate evaluations were performed on PVGIS, one for each cluster, entering as study coordinates those of the centroid municipalities. As for the parametrization, it was chosen to define the PV plants considering the inclination and orientation that generally give the highest production yield, 45° South, and only 25% of the total available roof surface was considered [44], since obviously not all the roof area has these characteristics. This assumption is supposed to include the effect of shading and obstruction by mountains and other buildings. Still, any variation of this ratio would simply imply a proportional change of all the following results. The efficiency was set on the average market value of crystalline silicon PV modules, 17.53%. Finally, the system loss value was set to 25%, a standard value that allows the calculation to be carried out with safety without overestimating the power produced.





3. Results


The clustering analysis returns seven clusters, the meaning of which can be better understood by studying the results both quantitatively, by analyzing the data of the attributes summarized in Table 2, and spatially, by graphically representing the clusters in geographic terms, as displayed in Figure 5.



From the geographic viewpoint, the clusters are as follows.



	
Cluster 7 contains the most populated cities with medium-to-large land area and diverse housing types with numerous vertical buildings.



	
Cluster 6 comprises municipalities in high mountains, not necessarily of small size, but mainly characterized by low density and a very large land area. The prevailing building typology are single family or duplex;



	
Cluster 5 contains the cities belonging to metropolitan areas, similar to those in Cluster 7 but with a much smaller land area;



	
Cluster 4 groups the remaining sparsely populated mountain communities which differ from Cluster 6 in population and land area;



	
Cluster 3 contains municipalities of the low hilly territory predominantly in southern-eastern Lombardy, which have a highly populated, concentrated and diverse urban area over a very large land extension;



	
Cluster 2 is predominantly characterized by average size municipalities with mostly single or two-family housing type;



	
Cluster 1 comprises the remaining municipalities of medium size, both in terms of inhabitants and extension, with quite inhomogeneous housing types.






The roof surface estimated with the procedure described above resulted to be around 250 km2, determining a useful surface estimation of 62.5 km2. This means the possibility of installing a peak power of slightly less than 11 GWp for a total potential production of 12.1 TWh. The computed value of energy would represent an amount five times the 2019 solar production (2.36 TWh) [45]. Note that the current total PV production in Lombardy comprises all plants and not just rooftop ones. The difference between current and potential PV production, here evaluated only in the residential sector, becomes then even more relevant. Comparing the potential production obtained with the regional consumption of electricity of 11.46 TWh per year in the residential sector [46], it becomes apparent that the demand can be fully covered. It is, therefore, clear that self-production and self-supporting electric energy in the residential sector are achievable objectives. It is, however, conceivable that the characteristics of the house strongly influence the ability to respond to the electricity demand. For example, a system on a multi-family building can hardly support the individual electric energy demands. This problem is further amplified if one considers the temporal distance over the day between peaks of consumption and production. Therefore, self-sufficiency on a large scale becomes feasible only considering the possibility of electrical exchange on the grid and the potential overproduction by PV systems on single-family houses. Without this hypothesis, it is impossible to reach the complete satisfaction of domestic demand on a general level, while this is possible for individual houses or limited districts by adopting suitable storage.



The seven clusters identified are not only important from the point of view of territorial characterization, but also allowed to identify the existing relationship with the production capacity of photovoltaics and the convenience of the technology in these areas. By comparing the electricity consumption per cluster with the potential production from PV obtained from the analysis, it is possible to report the regional study at the scale of the clusters, highlighting the urban and territorial differences that characterize them. These same characteristics influence the potential production of the PV systems in these areas. Looking at Table 3, the highly anthropized and densely populated municipalities, characterized by a less homogeneous housing morphology and with a clear presence of multi-family dwellings are not very convenient for the implementation of the photovoltaic technology. Here, the area available for rooftop panels is significantly reduced and consequently also the potential electricity production. This happens in Cluster 7, which contains the largest towns, Cluster 5, which contains the municipalities of metropolitan areas, and Cluster 3, consisting of municipalities in the Padana plain with a large land area and a highly concentrated urbanized area, therefore with density and housing morphology characteristics like the other two clusters.



On the contrary, clusters 1, 2, 4, and 6 could produce more than the local demand and are remarkably compact from the geographic viewpoint (see again Figure 5). This suggests the possibility of effectively implementing local smart grids or energy communities to exchange locally produced electricity.



The annual electricity production value was contextualized at the regional level computing the social benefit in terms of emission reduction. This saving share (i.e., the emissions that would have been determined by the production with the existing energy plants spared with PV implementation) was evaluated using the emission factors determined by the Italian Institute for Environmental Protection (ISPRA) [47,48]. Given the average CO2eq intensity of Italy’s electricity production of 312 g/kWh, the complete implementation of the PV plan over the whole of Lombardy would reduce the regional greenhouse gas emissions by 3.8 Mt CO2 equivalent per year. Such an amount represents 27% of 2018 emissions for energy production in the region, according to the INEMAR emission inventory of the Regional Environmental Agency [49,50]. With respect to the total GHG emission, the percentage is almost 5%. The relatively large proportion of the emission of the energy sector is because a large portion of the electric energy supply of the region is imported and thus generates emissions somewhere outside the territory under consideration.



In the same way, one can compute the potential impact of PV rooftop installations for the other pollutants involved in the production of electric energy. Table 4 shows the emission factors of the main air pollutants and overall emission that could be spared by fully exploiting the computed residential roof surface. The reduction can be huge for nitrogen oxides, given that the most significant portion of the Italian power plants are fueled by methane. The annual emission reduction of 2750 ton of NOx represents 33% of the regional energy-related emissions, but just 2.5% of the total emissions, since almost 50% of NOx is attributed to traffic. Similarly, the reduction of sulfur oxides is about 22%, considering the energy sector only, and 7% of the overall emissions. The reduction of non-methane volatile organic compounds (NMVOC) would be even larger than the regional energy emission, but a tiny 0.4% of the total, which is primarily due to the use of solvents and agriculture. This is again due to the peculiar electric energy structure of Lombardy, which locally produces electricity with a large use of hydropower and gas-powered stations, but imports electricity that must be considered with the average emission factors of the Italian plants, which use also coal, biomass, oil, and urban wastes.




4. Discussion


PV’s potential production was compared with two studies at European level that use methodologies more computationally intensive than those implemented in this work:



	
The paper by Bodis et al. [24] combines statistical (Eurostat) and satellite data (European Settlement Map-ESM) to quantify the rooftop area available for PV systems and assesses the technical potential for rooftop photovoltaic electricity production by applying PVGIS, at a spatial resolution of 100m across the European Union.



	
ENergy Systems Potential Renewable Energy Sources (ENSPRESO) [28] provides a report of potential energy values implemented for three different solar plant capacities (low 85 kW/m2, medium 170 kW/m2, high 300 kW/m2) processed through JRC-EU-TIMES model at national (NUTS1) and regional (NUTS2) levels for the period 2010–2050.






The study by Bodis et al. confirmed the PVGIS parameterization used to compute the PV potential and can be compared only on a national scale. For Italy, the PV production potential was found to be 88.65 TWh per year, whereas the current production from photovoltaics was 22.65 TWh in 2018 [51]. This 400% increase represents a 20% underestimation with respect to the present study. Still, it must be considered that a 100 m resolution may be insufficient to detect many single-family houses, which constitute the largest portion of the Lombardy regional building stock.



A more detailed comparison of the potential electricity production result was made with the ENSPRESO values. Assuming a medium plant production, the overall result for Lombardy is only 3% above the estimate presented here. A more precise validation of the results is impossible given that a complete “ground truth” is not available. According to the latest statistics, the 2.4 GWp of all PV panels present in Lombardy in 2019 produced about 2359 GWh, which means an average of 1000 MWh/kWp. This efficiency is just 10% different from the result of PVGIS but one must consider that not all the panels were in operation at the beginning of the year and some panels are already old and thus with less efficient technologies and higher losses than modern plants.



This study only investigated residential installations, the sector that is expanding more rapidly due to the lower technical and bureaucratic barriers. The 12 TWh found is a gross underestimate of total potential: considering industrial buildings, generally with roof areas much larger than the average house, the potential production of the PV system in Lombardy would be definitely greater. Additionally, new engineering techniques, such as facade systems (vertical systems on the walls of buildings) and PV windows (highly transparent plexiglass panels able to generate a peak power of 20 W per square meter) will further expand the potential of solar installations. This confirms the wide margin of growth that PV technology still has and highlights the potential outcomes of its implementation on a national level.



The practical implementation of the above results will be determined mainly by its cost and benefit balance. On the one side, one must consider the cost of installing the plant, which can probably be discounted over 20 or more years, and, on the other side, the reduced energy costs and the value of the reduced emissions. Presently, the return time of a rooftop PV installation in Italy is around nine years, just considering the reduced energy bill. Still, this time may significantly reduce if one considers the value of the emission reduction. As of spring 2021, the cost of CO2 emission allowances on the European market is slightly more than 50 € per ton [52]. This would mean a value of the reduced annual emissions of about 200 M €, which will probably increase significantly in the future.



On the contrary, an economic evaluation of the emission reduction of other traditional pollutants is much more difficult. The emission would, in fact, be reduced in power plants that may be outside the region or even outside the country and thus an evaluation of the effects of the emission reduction with the traditional impact pathway approach (i.e., mainly determining the reduction of impact on human health) becomes impossible. Additionally, since a relevant portion of Italian electricity is still produced by gas-powered plants, with high stacks and far from urban centers, the overall impact of the reduced emissions appears to be relatively low.



The current study just considers some main aspects of the technical potential of regional rooftop PV energy. A more detailed study on the applicability of a PV plan should necessitate a complete life-cycle analysis (LCA), considering all the energy and the emissions from the construction of PV panels and energy storage to their decommissioning several years later. Such an analysis, though roughly feasible, implies several assumptions regarding the necessity and availability of suitable storage, the evolution of energy prices, and related emissions. Even the last term is difficult to assume since it depends on the evolution of the energy mix, which depends precisely on adopting development plans like the one under consideration. A further difficulty is to define a suitable term of comparison: the LCA of existing energy plants is almost impossible since, as already pointed out, it is unclear to which (national and international) power stations it should be referred.



Another important factor that determines the actual implementation of a PV plan is related to the grid issues, including the possible distortions introduced by distributed production plants and their inverters. These and other related problems were studied for instance in the PVupscale, Intelligent Energy Europe project [53], but only with reference to relatively homogeneous urban contexts.




5. Conclusions


The study demonstrates the high potential of using rooftop PV in a complex and highly diverse urbanized context. The urban morphology has been categorized using easily accessible structural data, and this approach allowed extrapolating to the entire region few specific studies on a limited number of municipalities. The extrapolation, based on cluster analysis, may be used to determine the roof surface and electricity consumption, and other interesting characteristics such as the type of heating and the energy mix. All these values are instrumental to develop a regional energy and environment plan by the institutions in charge.



This study just looks at one of the prerequisites to develop such a plan, which is the availability of roof surface and the corresponding solar radiation. These are used to compute a reference energy value and the consequent reductions of air pollutants and GHG emissions. Many other technical and economic factors will play a role in the actual diffusion of rooftop PV systems. Certainly, state incentives had a major role in the recent years, but we believe that the real driver for the extended adoption of PV systems, and renewable energy sources in general, will be the increased consciousness of environmental problems by individuals and society more than a strict economic convenience.
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Figure 1. Municipalities of the Lombardy region: colors represent the density of the population in their urban area calculated from regional land use [33] and census [34] data. 
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Figure 2. Lombardy’s municipalities characteristics: the histograms represent the distribution of the elevation of the urban centers (a); of the number of buildings (b), of the number of residents per building (a) proxy of the building size (c), and of the average building age (d). 
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Figure 3. Explained variance of the PCs (a) and municipalities’ data in the space of the first two PCs (b). 
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Figure 4. The first step of clustering in the space of the first two PCs (a) and as a dendrogram (b). 
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Figure 5. Geographical output of the cluster analysis with 7 clusters and the regional capital of Milan (cluster 8). 
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Table 1. Correlation between the structural variables of the municipalities.






Table 1. Correlation between the structural variables of the municipalities.



















	
	Population
	Altitude
	Land Area
	Urban Area
	Density
	Class 1
	Class 2
	Class 3
	Class 5
	Class 9
	Class 16





	POPULATION
	1
	
	
	
	
	
	
	
	
	
	



	ALTITUDE
	−0.06
	1
	
	
	
	
	
	
	
	
	



	LAND AREA
	0.27
	0.22
	1
	
	
	
	
	
	
	
	



	URBAN AREA
	0.91
	−0.16
	0.39
	1
	
	
	
	
	
	
	



	DENSITY
	0.31
	−0.06
	−0.12
	0.30
	1
	
	
	
	
	
	



	CLASS 1
	0.47
	−0.13
	0.43
	0.68
	0.24
	1
	
	
	
	
	



	CLASS 2
	0.48
	−0.13
	0.38
	0.73
	0.39
	0.86
	1
	
	
	
	



	CLASS 3
	0.66
	−0.04
	0.40
	0.83
	0.44
	0.73
	0.90
	1
	
	
	



	CLASS 5
	0.88
	−0.06
	0.35
	0.94
	0.39
	0.63
	0.73
	0.90
	1
	
	



	CLASS 9
	0.98
	−0.05
	0.29
	0.93
	0.32
	0.51
	0.54
	0.73
	0.93
	1
	



	CLASS 16
	0.99
	−0.03
	0.25
	0.86
	0.25
	0.38
	0.37
	0.57
	0.82
	0.96
	1
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Table 2. Summary of cluster characteristics. Average values of cluster features and the total output values of residential rooftop surface and as percentage of the land surface.
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Population

	
Altitude

	
Land Surface

	
Density over Urban Area

	
Buildings Class 1

	
Buildings Class 3

	
Residential Rooftop

	
PV Area over Land Area




	

	
[inh]

	
[m a.s.l.]

	
[km2]

	
[inh/km2]

	
#

	
#

	
[km2]

	
%






	
CLUSTER 1

	
1930

	
115

	
13.62

	
1276

	
279

	
57

	
37.67

	
0.4%




	
CLUSTER 2

	
4506

	
261

	
7.88

	
2571

	
291

	
131

	
80.56

	
1.3%




	
CLUSTER 3

	
10,501

	
162

	
38.35

	
1994

	
1013

	
314

	
34.26

	
0.2%




	
CLUSTER 4

	
961

	
757

	
18.14

	
1704

	
251

	
92

	
10.96

	
0.1%




	
CLUSTER 5

	
17,212

	
199

	
9.32

	
4540

	
539

	
312

	
45.72

	
1.1%




	
CLUSTER 6

	
2894

	
1058

	
122.69

	
1550

	
455

	
312

	
3.18

	
0.02%




	
CLUSTER 7

	
66,155

	
175

	
39.19

	
3980

	
2836

	
1162

	
37.55

	
1.0%
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Table 3. Energy balance of the residential sector at the cluster level.
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	PV Production

[TWH]
	Consumption

[TWH]
	Coverage

%





	CLUSTER 1
	1.86
	0.95
	196%



	CLUSTER 2
	3.88
	3.42
	113%



	CLUSTER 3
	1.64
	2.02
	81%



	CLUSTER 4
	0.52
	0.25
	208%



	CLUSTER 5
	2.21
	2.59
	85%



	CLUSTER 6
	0.15
	0.06
	237%



	CLUSTER 7
	1.83
	2.01
	91%



	TOTAL
	12.11
	11.46
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Table 4. Emission factors and total reduced emissions for the main pollutants of Italian power plants.
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	Emission Factors

[MG/KWH]
	Emissions Reduction

[TON]





	NITROGEN OXIDES
	NOx
	227.4
	2752.8



	SULFUR OXIDES
	SOx
	63.6
	769.9



	NON-METHANE VOLATILE ORGANIC COMPOUNDS
	NMVOC
	83.8
	1014.4



	AMMONIA
	NH3
	0.5
	6.05



	PARTICULATE MATTER
	PM10
	5.4
	65.4
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
g 8 8 8

N. of municipalities
<]

§W§U\

o 8

[y

N. of municipalities
- 8888888888

Elevation distribution

200 400 600 800 1000 1200 1400
(a)
Average n. residents per building
14 7 3 1 1
5 10 15 20 25 30 35 40

N. of municipalities

N. of municipalities

g 8§ 8 8 8

g 8

o

g 8§ &8 8

100

N. of buldings

II

2000 5000 10000 20000 40000 60000

(b)

Average age of buildings

o

IIIII.-

10

30 40 50 60 70 100 110 120
years

(d)






nav.xhtml


  energies-14-03687


  
    		
      energies-14-03687
    


  




  





media/file8.jpg
75-

50-

Height

250






media/file2.png





media/file5.jpg
oo

‘Scree plot

T
RPN, Ao

ot @)

®





media/file3.jpg
Elevation distrbution . of budings

i-
1<
(b)
pm——————ce prE—————
i
i i






media/file9.png
Cluster plot

'
o
1

- N M = v O ~

PMFHXe]>=]

(%2°12) Zwig

5=

10
Dim1 (47.4%)

-0

(a)





media/file1.jpg





media/file7.jpg
Cluster plot

(%2'12) Zwia

)

Dim1 (47.4%)

(a)





media/file10.png
Height

75-

S0-

25-






media/file12.png
Legenda

uster 3
uster 4
uster 5
uster 6

. Ne
Bl C
Bl C

O






media/file0.png





media/file11.jpg





media/file6.png
Scree plot

2 3 S
saoueueA paure|dxa jo abejuadiad

O.

-0

-

-

-t

-

- -

Dimensions

(a)

30

Dim1 (44.4%)

10

(%€°12) Twig

(b)





