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Abstract

:

The next decade will see severe environmental and technological risks, pushing our adaptive capacity to its limits. The EPBD Case Green directive, to counter this phenomenon, emphasizes accelerating building renovations, reducing GHG emissions and energy consumption, and promoting renewable energy installations. Additionally, it calls for deadlines to phase out fossil fuels and mandates solar system installations. This research provides a comprehensive perspective on the opportunities for and challenges of incorporating renewable energy into the built environment. It focuses on the 2961 residential buildings on Procida, a small island located south of Italy, to efficiently utilize energy resources and lay the groundwork for sustainability. Beginning with an analysis of the territorial, urban, historical–conservation, structural, and geological context, in addition to environmental assessments, the research develops a classification and archetypalization system using in-house software. This system aggregates data on the island’s residential buildings, analyzes their current state, and formulates various intervention scenarios. These scenarios demonstrate how integrating technological–environmental design interventions, such as upgrading the building envelope and enhancing bioclimatic behavior, with energy retrofitting measures, such as replacing mechanical systems and installing solar panels, can improve the overall performance of the existing building stock and achieve energy self-sufficiency.
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1. Introduction


The next decade will bring significant environmental and technological risks, which will become dominant global concerns [1]. While nations are committed to a 2 °C reduction under the Paris Agreement, the global economy must cut emissions by 45% within the next seven years to avoid catastrophic climate impacts [2,3]. The built environment plays a key role in exceeding net-zero targets, potentially achieving nature-positive outcomes that enhance climate resilience [4,5]. The built environment is crucial in addressing the climate crisis, and it is fundamental to sustainability efforts. Achieving net zero in the building sector requires more than just efficient design; it necessitates the integration of renewable energy supply and distribution [6,7]. Buildings should drive the energy transition to renewable energy in order to effectively transition the whole built environment toward net zero [8,9].



The buildings and construction sector contributes significantly to global climate change, accounting for about 21% of global greenhouse gas emissions. In 2022, buildings were responsible for 34% of global energy demand and 37% of energy- and process-related CO2 emissions. Despite a 3.5% reduction in energy intensity, the overall energy demand and emissions increased by around 1% from 2021 [10]. This highlights the need to accelerate the green transition, particularly in harder-to-abate sectors [11]. Both in Italy and in the EU, the use of renewable energy is projected to increase, with global renewable power capacity growing by 36% in 2023, reaching 473 GW—a record for the 22nd consecutive year [12]. Europe plays a key role in Italy’s ecological transition, as outlined in the Green Deal [13,14]. These actions include key objectives, such as a 55% reduction in greenhouse gas emissions by 2030 and increasing the share of electricity from renewable sources to 40% (in Italy, this share was just over 22% in 2020). Two main Italian instruments driving this transformation are the National Integrated Energy and Climate Plan 2030 (PNIEC) [15], which aligns with European guidelines on emissions reduction, energy savings, renewable energy development, and infrastructure interconnectivity [16,17], and the National Recovery and Resilience Plan (PNRR) [18].



The National Integrated Energy and Climate Plan sets Italy’s 2030 targets for energy efficiency, renewable energy, and CO2 emission reduction [19], while also addressing energy security, interconnections, market competitiveness, sustainable development, and mobility. For each area, it details specific measures to ensure these goals are met [20].



Historically, the construction sector focused on energy consumption, but efforts have shifted towards reducing emissions, necessitating a transition from fossil fuels to renewable energy [21]. Key focus areas now include the electrification of HVAC systems and building management systems, along with enhancing building envelope efficiency to lower energy demand [22]. These actions are guided by the Energy Efficiency Directive (Directive 2012/27/EU) [23] and the Energy Performance of Buildings Directive (Directive 2018/844/EU) [24], which set the framework for meeting the climate targets for 2030 and 2050.



The transition from fossil fuels to renewable sources must be accompanied by strategies to reduce energy consumption and demand, as emphasized by Italian and community reports [25]. Achieving significant greenhouse gas reductions requires a shift towards a smart, locally generated energy production and distribution system based on renewable sources [26,27].



In the urban context, the energy transition also necessarily involves the process of the deep energy renovation of the existing built environment [28,29], which enhances the material and energy resources embedded in it, and through the comprehensive rehabilitation of spaces, envelopes, and systems, leads it towards zero emissions [30,31]. Such strategies for improving the energy efficiency of the building stock must be combined with an increasing reliance on entirely renewable energy production that is integrated into architecture and the city [32], as a strategic resource to be reinterpreted in light of the energy transition [33] and circular economy goals [34].



The Italian building stock is highly inefficient, with over 65% of buildings constructed without energy-saving measures [35,36]. This inefficiency leads to homes with energy demands that are 2.5 times higher than those built between 2016 and 2021, causing the building sector to account for nearly half of the final energy consumption and 19% of direct emissions.



The Energy Performance of Buildings Directive (EPBD), part of the “Fit For 55” package [37], aims to accelerate building renovations, reduce greenhouse gas emissions and energy consumption, and promote renewable energy installations. It introduces higher energy standards for new buildings, transitioning from “nearly zero-energy buildings” (NZEB) to “zero-emission buildings” (ZEB) by 2028, and sets deadlines for phasing out fossil fuels and mandating solar installations [38,39]. Photovoltaic (PV) solar energy is identified as the most efficient and cost-effective renewable option in Italy [40,41].



However, there are places that are remote and disconnected, geographically and otherwise, from the pulsating heart of human activities, which often remain excluded and marginalized from the aforementioned Italian goals and strategies [42,43]. This is the case with islands, whose distance from the mainland renders them physiologically fragile and difficult to manage, particularly in terms of energy supply [44].



The fragility of islands, combined with abundant natural resources, like solar and wind energy, makes them ideal for testing self-sufficient energy systems based on renewable resources [45,46]. The need to find alternatives to environmentally damaging and costly imported fossil fuels has led to experimental research on islands. Procida Island, located in southern Italy [47,48], is particularly well-suited for this purpose due to its geomorphological, climatic, and demographic characteristics. Consequently, this research focuses on integrating technological and environmental design with energy interventions in Procida’s residential buildings, using the island as a pilot case for testing innovative systems aimed at environmental and energy sustainability [49].



The specific problem addressed by this study is the lack of comprehensive, localized strategies for effectively integrating renewable energy systems and energy-efficient retrofitting measures into the built environment of small, historically and geographically unique areas. This research aims to bridge the gap in understanding how to effectively integrate renewable energy systems and energy-efficient retrofitting measures into the built environment, particularly in the context of small, historically and geographically unique areas, like the island of Procida. While the Energy Performance of Buildings Directive EPBD Case Green directive outlines general goals for reducing greenhouse gases emissions and promoting renewable energy in the building sector, there is a lack of comprehensive, localized studies that consider the specific challenges of and opportunities for implementing these directives in diverse urban and environmental contexts. To address this gap, this research not only develops a detailed classification and archetypalization system for Procida’s residential buildings, analyzing their current conditions and proposing tailored intervention scenarios, but also introduces an innovative approach through the application of aggregated data and archetypal analysis to large-scale territorial assessments. By leveraging a custom-developed software system, this study systematically consolidates and analyzes data across 2961 residential buildings on Procida, providing a comprehensive understanding of the island’s diverse architectural and environmental conditions. These scenarios not only align with the directive’s goals, but also demonstrate the potential for achieving energy self-sufficiency while respecting the island’s unique historical and conservation needs, all while advancing the methodological framework for sustainable building design.



This approach allows for a comprehensive understanding of diverse architectural and environmental conditions within the island’s built environment. Aggregated data analysis facilitates the identification of patterns and correlations that might not be evident through individual assessments. This macro-level perspective enables more effective and scalable solutions for energy efficiency and sustainability. The archetypalization process further refines this by categorizing buildings into representative types or archetypes based on their structural and environmental characteristics. This classification aids in the development of targeted intervention strategies that address the specific needs and conditions of different building types.



The integration of aggregated data and archetypal analysis not only enhances the accuracy of performance evaluations, but also supports the creation of tailored, context-sensitive retrofitting scenarios. This methodological innovation significantly advances the field of sustainable building design by providing a robust framework for optimizing energy use and achieving self-sufficiency at a broader scale. The findings are particularly valuable for urban planners, engineers, architects, and sustainability researchers seeking to implement effective and adaptable solutions in residential environments.




2. Materials and Methods


The research methodology is divided into three main phases: the analytical–interpretative phase, which ensures an accurate analysis of the context in question; the instrumental–applicative phase, which enables the systematization of the collected data; and finally, the synthetic–evaluative phase, which facilitates the formulation of a series of appropriate intervention scenarios for redevelopment.



As reported in Figure 1, below, the three main phases are further subdivided.



2.1. Analytical Phase


The first phase involved identifying the usage profiles of the properties, which are necessary for classifying the examined buildings according to certain fundamental characteristics (specifically, residential buildings are the focus). These were derived both from a direct survey targeting the population via an online questionnaire designed to develop the profile of a dwelling’s energy consumption [50], based on the information required by in-houe-developed calculation code based on a simplified dynamic simulation [51].



The questionnaire was developed in an Excel environment, utilizing macros and functions programmed in Visual Basic for Applications (VBA) to simulate energy consumption in real time based on user-provided inputs. It was validated by comparing its results with those obtained from established software such as TRNSYS 18 and EnergyPlus 8.3.0.



Simulated energy consumption was immediately compared to the actual data input by the user [52,53] and against calculated benchmarks. These benchmarks were derived from reports issued by the Italian Regulatory Authority for Energy, Networks, and Environment [54].



When discrepancies between simulated and actual consumption data are identified, the system generates warnings and suggests possible corrective actions. This comparison is necessary due to the general lack of awareness users have regarding their own consumption habits [55,56].



Particular attention in formulating the questions was given to information regarding the users, the architectural and morphological characteristics of the residence, the characteristics of the existing system installations, the features of the appliances within the dwellings, and energy consumption and expenses.



The details of the information requested in the questionnaire are provided in Table A1 in Appendix A.



After this phase, the analysis focused on the geo-lithological and structural framework of the pilot area, utilizing maps and information available in municipal archives and local scientific reports [57,58].




2.2. Applicative Phase


After the analysis of the geolithological and structural framework, particular attention was given to reconstructing the design process through the geometric creation of models for geographical contextualization and technological–environmental characterization of the buildings.



This was preparatory to studying the environmental context through the collection of climatic data over the past 20 years and solar analyses conducted using Ecotect Analysis 1.0, a type of modeling and solar analysis software. This allowed for in-depth analyses of the buildings’ energy performance and climate integration, which are essential for providing recommendations, directions, and guidelines for the sustainable development of the project.




2.3. Evaluative Phase


Upon completion of the analysis of the context and the examined buildings, the third synthetic–evaluative phase involved archetyping the existing building stock based on similar characteristics. Specifically, three archetype categories were identified, grouping the various buildings according to the following parameters: building type, year of construction, construction technique, size, and zoning area.



After determining the archetypes, the data were aggregated according to two different parameters:



Dwelling size: Based on data collected from the population questionnaires. These data were entered into the in-house developed calculation code, which outlined the consumption profiles and suggested interventions to improve the energy performance of the dwellings, thereby enabling the projection of intervention scenarios aimed at achieving significant savings in primary energy and costs.



Archetype: The same data from the questionnaires were also aggregated according to the identified archetypes. This second type of data aggregation allows for extrapolating the frequency percentages with which the in-house calculation code recommends specific interventions.



The statistical investigations conducted from the data aggregation by dwelling size and by archetype led to the formulation of intervention scenarios. These were divided into technological–environmental interventions on the building envelope (such as thermal insulation of vertical opaque closures, horizontal opaque closures, vertical transparent closures) and replacement of system components (mainly focused on the installation of heat pumps associated with photovoltaic systems and of solar thermal systems).





3. Results and Discussion


3.1. Application of the Research Method to the Pilot Case of Procida Island


The pilot case selected for validating the established research method is the small island of Procida.



The small island, located in Campania, in the Gulf of Naples, covers 4.26 km2, and it has a population of 10,434 and a population density of 2449.3 inhabitants per km2, with 2961 dwellings in Procida [59]. The first settlements, dating back to the 8th century BC, were founded by Greek colonists from Cumae on Terra Murata, 90 m above sea level. Coastal villages, Corricella and Marina di Sancio Cattolico, developed in the 15th century, although the island remained rural until a construction boom in the 1960s.



This research focuses on Marina di Sancio Cattolico and Corricella. Marina di Sancio Cattolico, located on a strategic inlet, has limited sunlight and features adaptations like minimal overhangs and solid walls. The buildings are made from local tuff, with load-bearing vertical structures [57]. Corricella, which developed between the 16th and 17th centuries, has terraced architecture with southern exposure, benefiting from sunlight and heat [57].



The 2002 Color Plan [58] preserves historical facades, prohibiting non-original materials and limiting visible renewable energy installations to 30% of roof surfaces. The 1960s building boom introduced rural-style homes, while the 1985 General Town Plan (PRG) led to denser semi-detached villas with better insulation.



As mentioned above, in Procida, there is a total of 2961 dwellings [59]. To develop a comprehensive energy retrofit intervention, it was necessary to classify and aggregate these dwellings based on several key characteristics. The information for this process was obtained from various sources, including direct interviews with the population via a Google Docs questionnaire [50] designed based on the requirements of the in-house software.



The graph in Figure 2 allows for the observation and quantification of the aforementioned points. Until 1900, Procida had 692 dwellings. In the decade between 1960 and 1970 alone, 1038 dwellings were constructed.



The building trend remained high until the 1990s, followed by a sharp decline in the early 2000s. Currently, the development of new buildings on the island has nearly ceased.



Regarding the average size of residential buildings, there are no official statistical data available. Therefore, an average and a proportion were calculated based on the questionnaires administered to the island’s inhabitants. The most common size is between 45 and 65 sqm.



Figure 3 reflects the recent phenomenon of subdivision in the historical buildings. The historical constructions from the feudal period were indeed very large, making them difficult to manage in contemporary times.



As shown in Figure 4, the majority of the dwellings (54%) are single-storey.



This is explained by the fact that most of the construction occurred in the 1960s and 1970s, following the single-family villa type.



More recently, the landscape protection regulation imposed in 2004 allowed construction up to a maximum height of only 4 m above ground level. The dwellings that rise to four stories are very few, and they are mainly located in Marina di Sancio Cattolico and along the historic Via Principe Umberto.



Subsequently, the usage profile of the properties in Procida was outlined.



This research aims primarily to implement a widespread retrofit of residential buildings, and the island proved to be particularly suitable, since it does not host industrial complexes or large infrastructures, making the building stock almost entirely residential.



Of the 2003 habitable residences, 1543 are occupied year-round, with the remainder used only seasonally, as shown in the following graph, in Figure 5.



It is notable that in Procida, only 30% of the dwellings are connected to the national gas network, with the remainder using gas purchased and stored in personal storage devices (tanks) located in gardens or inside the dwellings.



The following graphs in Figure 6 show that despite this, the most common heating system (found in 79% of the dwellings) is the traditional natural gas boiler.



Cooling systems (air conditioners, splits), on the other hand, are much less common, being present in only 4% of the dwellings [59].



These data reflect the national trend, which still shows a low prevalence of such devices.



As far as the production of domestic hot water (DHW) is concerned, 58% is entrusted to electric water heaters. The presence of heat pumps, albeit small, is noted in 8% of cases (Figure 7).



Procida, part of the historic Terra di Lavoro, is geologically notable for its Campanian gray and Neapolitan yellow tuff, which are likely sourced from Roccamonfina or the Campi Flegrei volcanoes. Two primary masonry techniques are used on the island: the “a cantieri” method (on the left in Figure 8), found in older areas, like Terra Murata, featuring rough-hewn stones with horizontal gaps filled with mortar; and the “a blocchetti” method (on the right in Figure 8), which is commonly used in post-17th century buildings in the historic center, using ashlar blocks with minimal mortar joints [60].



The following are the analyses of the masonry samples surveyed on the island. For each of the masonry samples surveyed on the island, a detailed photographic survey was conducted, and the dimensions of each layer were studied. The thermal transmittance (U-value) was calculated using the unit W/m2K to estimate the average heat flux passing per square meter of rooms with different temperature, and then compared with the limit values specified by the relevant Italian regulations.



The photographic surveys and the stratigraphy are presented for the first two examples of masonry. For the third and the fourth samples, only the results of the simulations are reported. The tuff masonry on the island is almost exclusively present in the historic centre. In the inland areas and on the more recently developed coastlines, this material is present, but only in non-structural inserts (e.g., boundary walls).



The dimensions of the masonry range from a minimum of 60 cm to a maximum of 1 m. A sample of the irregular masonry with periodic horizontal courses, “a cantieri”, is reported in Figure 9.



The U-value of this wall is 1.818 W/m2K. The described masonry package has a U-value that is 4.5 times higher than the value stipulated by regulations for vertical opaque walls, which mandate a maximum of 0.4 W/m2K. Therefore, it is necessary to take action to modify this value.



The second sample of the masonry with cut stones, or “a blocchetti”, is reported in Figure 10. The U-value of this wall is 1.630 W/m2K.



As can be seen in Figure 10, this type of masonry is slightly more efficient. This is due to the fact that the more regular blocks require less mortar for installation. Since mortar has a higher conductivity compared to tuff, it allows heat to pass through more readily. This masonry package also exhibits a U-value significantly higher than the value stipulated by regulations for vertical opaque walls, which requires a maximum of 0.4 W/m2K. Therefore, it is necessary to take action to improve the wall’s performance.



The third sample of the masonry is extremely simple and equally widespread on the island, with perforated bricks measuring 30 × 30 cm. Its thickness ranges from 30 to 40 cm.



The U-value of this wall is 0.949 W/m2K. It is 2.3 times higher than the maximum established value. Therefore, it is necessary to take action to modify this value.



The fourth sample of masonry has double perforated bricks and an air gap (1975–1985). This type of masonry is less common on the island and is of more recent construction. It comes in two variants: one with an air gap and one with interposed insulation.



The average thickness of this type of masonry is approximately 30 cm and the U-value of this wall is 1.389 W/m2K.



As noted, this value is 3.4 times higher than the maximum established limit. Therefore, it is necessary to take action to modify this value.



The 150 houses built after the 1990s do not require intervention as they are already equipped with thermal insulation.



The island has 1088 degree-days. Regarding sunlight, it is observed that Procida experiences significantly fewer cloudy days compared to sunny or partially cloudy days, with a maximum of 10 cloudy days in December and January.



Furthermore, Procida benefits from many hours of sunshine each day.



On 21 June, the sun rises before 5 a.m. and sets after 7 p.m. On 21 December, the sun rises shortly before 8 a.m. and sets after 4 p.m. These observations lead to the conclusion that using solar energy as the primary renewable energy source is particularly suitable. Procida is located in the Mediterranean basin, within a gulf, protected by the mainland to the north and the island of Ischia to the west. Consequently, the winds on the island are relatively slow (approximately 3 m/s) and primarily come from the peninsula, specifically from the Vesuvius area to the north/northeast, and from the south/southwest, i.e., from the Mediterranean basin. Subsequently, the shading conditions of the island areas that appeared most problematic were evaluated.



In Figure 11 (below), we present the analysis conducted for the Marina di Sancio district, which, of all the areas studied, presents the most significant issues. This area has a northern exposure, resulting in its seaward facades being perpetually in shadow.



Additionally, there is no solar gain from the south either, as the buildings are entirely adjoined to a rocky wall, specifically composed of tuff.



The simulation presented in Figure 12 (below) depicts the buildings from the 1960s–1970s, illustrating the area near Silurenza Beach. Here, to the northwest of the island, there is a dispersed development with one-to-two-storey houses surrounded by their own gardens. The vegetation is not of considerable height, since the land is predominantly used for agricultural purposes. The distance between the buildings prevents them from casting shadows on one another.



The simulation in Figure 13 (below) illustrates the building model from the 1980s to 2000, located near Ciraccio Beach. Its northwest orientation results in the seaward facades being almost entirely shaded throughout the day. At the rear, most of the examined buildings are surrounded by low vegetation, which allows for sunlight exposure on the rear facades.



The intention to undertake an energy retrofit on such a large scale necessitates the aggregation of the building stock according to its similar characteristics. According to the research presented so far, three categories, termed archetypes, have been identified to group the various buildings based on the following parameters: building type, year of construction, construction technique, size, and zoning of the island. Specifically, for size, the classification was performed in the following size ranges: (1) 20–45 m2; (2) 45–65 m2; (3) 65–90 m2; (4) 100 m2 and above.



Archetype A (blue in Figure 14) includes all buildings constructed before 1919, with tuff masonry ranging from 60 cm to 1 m in thickness. These represent 24.6% of the island’s dwellings, totaling 696 buildings. The analyzed samples have areas ranging from 20 to 145 m2, distributed fairly evenly across the size categories.



Archetype B (pink in Figure 14) groups all the buildings constructed between the post-World War II era and 1971, featuring masonry made of perforated brick blocks joined with pozzolanic mortar and sand, with an average thickness of 32 cm. This is the largest archetype, encompassing 62.8% of the building stock, totaling 1658 buildings. Of these, 11.1% fall into category 1, 44.4% fall into category 2, 23.2% fall into category 3, and 22.2% fall into category 4.



Archetype C (green in Figure 14) includes buildings constructed between 1985 and the present, featuring perforated brick masonry with an air gap or insulation, with an average thickness of 32 cm. This archetype accounts for 12.6% of Procida’s building stock, totaling 457 buildings. Of these, 16.6% fall into category 1, 33.3% fall into category 2, 33.2% fall into category 3, and 16.7% fall into category 4. Specifically, the following 12 buildings from Archetype A, nine buildings from Archetype B, and four buildings from Archetype C were analyzed.



All the collected data were first aggregated by dwelling size and then entered into the calculation software [51], which mapped the consumption profile and suggested interventions to improve the energy performance of the buildings, thereby enabling significant savings in primary energy and costs.



It is important to note that the suggestion to replace household appliances (such as refrigerators, washing machines, etc.) was omitted, as this type of intervention is more challenging to implement due to its reliance on individual family choices.



In total, 25 housing samples from Procida were examined and analyzed using the software. Looking at the graph in Figure 15, below, it can be observed that, in general, the most frequently suggested interventions are those related to the insulation of the building envelope (walls and ceiling).



For size categories 1 (20–45 m2) and 3 (65–90 m2), wall insulation is the most frequently recommended intervention for achieving the highest primary energy savings. In both categories, over 50% of effective interventions target the building envelope, while system interventions are also common, accounting for 42% in category 1 and about 31% in category 3, with both suggested system interventions being nearly equally effective. Five housing samples were analyzed for category 1, and seven were analyzed for category 3.



In size category 2 (45–65 m2), the replacement of the domestic hot water (DHW) generator is the most common intervention, followed by wall insulation, at 28.71%, with other interventions being much less frequent (about 6%). Nine housing samples were analyzed for this category.



For sizes equal to or greater than 100 m2, ceiling insulation is the most frequently recommended intervention, with over 50% of effective interventions focusing on the building envelope. System interventions account for about 21%, with both options being equally effective. Four housing samples were analyzed for this category.



The same data were subsequently aggregated according to the different identified archetypes. The following graph compares the frequency percentages at which the software suggested specific interventions (Figure 16).



For both Archetype A (buildings constructed before 1919) and Archetype C (buildings constructed between the 1980s and 2000), the most frequently recommended intervention for achieving the highest primary energy savings is the replacement of the domestic hot water (DHW) generator, followed by wall insulation, with a significant gap between the two.



In Archetype A, interventions on the envelope are less common due to the thick historical walls, which partially compensate for the lack of insulation. For Archetype C, the more modern construction technology includes better envelope insulation, although there is still room for improvement. Twelve housing samples were analyzed for Archetype A, and four were analyzed for Archetype C.



In contrast, for Archetype B (buildings constructed during the 1960s and 1970s), the most frequently recommended interventions focus overwhelmingly on the building envelope, due to the less insulated and thinner construction masonry of the period, particularly in isolated villas of up to two stories. Among system interventions, the replacement of the heating system generator is slightly preferred over the DHW generator. Nine housing samples were analyzed for this archetype.



Aggregating the data from the 25 samples studied, without distinguishing by archetype or size, it is observed in the graph Figure 17 that the most frequently recommended intervention for primary energy savings is the replacement of the domestic hot water generator (37%), followed by wall insulation (33%). The third most frequently recommended intervention is the replacement and adjustment of the heating system (14%). In conclusion, there is a clear need to address both the building envelope and the systems, as both would lead to significant primary energy savings.



In conclusion, the overall results are similar to those of category 2, primarily because this category comprises the largest number of analyzed samples.



Once the analytical phase was completed, hypotheses for the interventions on the building envelope were formulated, integrating technological–environmental design solutions, as well as assessing the challenges and strengths of potential solutions, as suggested in [44], for small islands.



The first hypothesis consists in the insulation of the building envelope through the thermal insulation of vertical opaque closures. One of the interventions most frequently suggested by the software is the insulation of walls and roofs. Given the extreme differentiation of the island’s building heritage, various technologies were considered for the proposed intervention.



The historical and landscape constraints imposed on Archetype A prevent the implementation of external wall insulation. Therefore, insulating materials suitable for internal use, which are thin to avoid significantly reducing the volume of the houses, were evaluated.



The selection of insulation materials for the building envelopes involved evaluating the thermal performance (based on thermal conductivity values), compatibility with historic masonry, and the thickness requirements relative to the dimensional constraints. Cost considerations were also important, with a preference for materials offering the best performance for their cost. The market survey identified long-fiber basalt insulation as the most advantageous. This material, made from 100% natural, non-combustible basalt fibers, features a panel construction with thin layers mechanically “sewn” together. It can be applied externally and internally on walls, ceilings, floors, and roofs without anchors. The benefits include reduced energy costs, acoustic insulation, improved environmental conditions, and the prevention of mold on exposed perimeter walls. It also integrates well with historic buildings, preserving their aesthetic integrity.



The same procedure of evaluation was followed for selecting the insulators for the houses belonging to Archetype B, which, not having any constraints or valuable plasterwork, allowed for the implementation of external wall insulation. The choice fell on a cork insulation panel.



For the houses in Archetype C, which have an air cavity, the possibilities of cavity wall insulation were evaluated. Additionally, in this case, a market survey was conducted and, once again, long-fiber basalt insulation was chosen. Once the insulating material was selected, the intervention for each Archetype was developed.



For Archetype A, the changes in the stratigraphy of the vertical opaque closures and the verification are reported below. It is noted that the initial U-value for the first sample was 1.818 W/m2K. By inserting a long-fiber basalt insulation with a thickness of 5 cm, the final transmittance is 0.388 W/m2K, which complies with the regulatory limits. For the second sample of the tuff masonry, a similar intervention was hypothesized, resulting in a new U-value of 0.376 W/m2K. Based on the number of houses per size range and the associated dispersing surface area, the total is 96,907.8 m2.



For Archetype B, the changes in the stratigraphy and the verification are also reported below. It is noted that the initial U-value for the third sample was 0.949 W/m2K. By installing a 6-centimeter-thick cork insulation panel, the final transmittance is 0.358 W/m2K, which complies with the regulatory limits. Based on the number of houses per size range and the associated dispersing surface area, the total is 264,134 m2.



Finally, for Archetype C, the same procedure was followed. It is noted that the initial U-value for the fourth sample was 1.389 W/m2K. By implementing a wood fiber cavity insulation of 10 cm, the final transmittance is 0.313 W/m2K, which complies with the regulatory limits. Based on the number of houses per size range and the associated dispersing surface area, the total is 10,828.3 m2.



The second hypothesis consists in the insulation of the building envelope through the thermal insulation of horizontal opaque closures. Regarding horizontal partitions, only the roofs were considered for the refurbishment. The study essentially identified two types of roofs: the historic type, with load-bearing vaulted tuff masonry, and the more recently constructed type, made of reinforced concrete with hollow bricks.



The historic roofs in question are vaulted and predominantly constructed from tuff, with some tile shard reinforcements. They are typically extradossed, creating a “lamia”, which is common in Campania, making them non-walkable. Despite their age, the gutter system is efficient and well-integrated into the building structure [49]. For insulating these vaulted roofs, an internal insulation layer consistent with that of the vertical opaque closures is proposed. This involves using a 5-centimeter-thick long-fiber basalt insulation, which makes it possible to achieve a final U-value of 0.379 W/m2K, compared to an estimated initial value of 1.606 W/m2K.



For the simpler reinforced concrete slabs, an external wall insulation system was chosen, which is consistent with that used for the vertical opaque closures. This involves using a 5-centimeter-thick cork insulation, which makes it possible to achieve a U-value of 0.374 W/m2K, compared to an estimated initial value of 0.865 W/m2K. Given that the maximum allowable transmittance for roofs in climate zone C is 0.38 W/m2K, this intervention ensures compliance with the regulatory limit.



The intervention also aimed to make previously non-walkable roofs accessible, facilitating the installation of photovoltaic systems and/or solar thermal collectors.



The third hypothesis consists in the insulation of the building envelope through the thermal insulation of horizontal transparent closures. The replacement of windows in the historic residences of Procida has proven to be both necessary and challenging due to several constraints, as follows:




	
The lack of modification of openings: existing openings cannot be enlarged or reduced in size;



	
Material restrictions: frame materials are restricted to wood only, and aluminum and PVC are not permitted;



	
Paint requirements: wood frames must be paintable and painted in colors specified by the Color Plan (Piano Colori);



	
Glass specifications: any thickness of smooth glass or crystal can be used.








Despite these constraints, the urgency is high because the historic windows are characterized by solid wood frames and single-pane glass, resulting in very high levels of U-value.



For Archetype A, transparent closures vary in shape, arrangement, and size. Therefore, any replacement must be custom-made. The most frequently encountered types were selected for analysis, revealing that all have U-values exceeding 4 W/m2K.



This is well above the regulatory limit for transparent closures, which is 1.75 W/m2K.



The choice fell on windows with solid wood frames from various hardwoods, ensuring particularly low U-values. The selected wood species was ash, as it most closely matches the color of the currently existing windows. The project includes two different variants for the glass, as follows:




	
Historic center: the chosen solution is double glazing with low-emissivity coating and an argon-filled cavity (90% filled);



	
Marina di Sancio Cattolico: the selected option is triple glazing, also with low-emissivity coating and argon-filled cavities (90% filled).








This differentiation is due to the specific conditions in Marina di Sancio Cattolico, which is perpetually shaded due to its northern exposure and is subjected to one of the coldest prevailing sea winds in Procida, coming from the north-west.



The new window system has a U-value of approximately 1.3 W/m2K for Variant 1 and 0.9 W/m2K for Variant 2.



Subsequently, the windows of buildings constructed between the post-war period and the 1970s (Archetype B) were analyzed.



These often feature wooden frames with single glazing, although PVC windows also appear in some cases. The analysis considered the small percentage of buildings that have already undergone window replacement and focused on the remaining buildings. The window types for this archetype are much less varied, being more rectangular and regular.



Moreover, there are no restrictions on these buildings, allowing for greater freedom in choosing replacement windows. For the replacement of these windows, PVC windows was selected. These are more economical, thus offering a shorter payback period, and are highly efficient and recyclable. Since this segment of the building stock is not subject to restrictions, any type of window can be installed. The chosen glass is double glazing with a low-emissivity coating and an argon-filled cavity (90% filled). This type of glass, also used in the previous intervention, is less expensive while fully meeting the current regulatory performance standards. The buildings receiving this type of window are mostly located inland on the island, and being single-family homes, the transparent closures can be on any facade. The new window system has a U-value of approximately 1.2 W/m2K, which complies with the regulations.



The windows for Archetype C were not addressed as they are already more efficient due to their more recent construction.



Once all the hypotheses for the interventions on the building envelope were defined, the next step was to define the hypotheses for the interventions on the energy systems, which in this case, involved assessing the challenges of energy management, as shown in [46], for small islands.



Starting from the research objective of designing a photovoltaic surface on the island that could produce as much electricity as possible, after considering the interventions carried out on the building envelopes, the replacement of heating and domestic hot water systems was also taken into account, without neglecting the cooking utilities, which, transformed into electrics, allowed the average annual electricity consumption to be calculated accordingly.



The first hypothesis consists in the electrification of the building stock through heat pump insertion.



In the effort to electrify the island’s building stock, the replacement of existing systems was designed to eliminate the need for gas for both winter heating and domestic hot water production, an action that was, moreover, corroborated in light of the need to integrate the island of Procida into policy frameworks reported in [42,43].



The replacement will be achieved through the installation of heat pumps. The appropriate size and efficiency of the heat pump can be determined to meet the specific heating and hot water needs of the buildings on the island.



The design was carried out for each archetype and, within them, for each size range. As the distribution subsystem, a split system was chosen, which aligns well with the heat pump’s ability to function both as a heating and as a cooling system.



The second hypothesis consists in the electrification of the building stock through the use of the heat pump as a water heater for domestic hot water production. In this case, the design was more straightforward, and an 80 L heat pump water heater was selected, which is adequate to meet the needs of the island’s households, which average 2.3 people per unit.



The third hypothesis consists in the electrification of the building stock through the photovoltaic system, as also suggested by the information presented in [48,49]. These two heat pump systems will be powered by a widespread photovoltaic system, sized according to the peak power requirements of the examined buildings, calculated using in-house software for each size category, regardless of the archetype.



The combination of these two technologies is particularly efficient, as the heat pumps can be almost entirely supplied by the photovoltaic panels.



The selected panel is a monocrystalline silicon panel with half-cells, which allows it to function even when partially shaded. The photovoltaic panel has an efficiency of 19.9%. A high-performance panel was chosen because, for historic buildings, only 30% of the roof area can be covered by photovoltaic panels, so this type of panel produces more energy from a smaller solar surface.




3.2. Discussion of the Results


This research aims to illustrate how combining technological–environmental design strategies, such as upgrading building envelopes and improving bioclimatic behavior, with energy retrofitting measures, like replacing mechanical systems and installing solar panels, can enhance building performance, achieve energy self-sufficiency, and help to assess the potential for electrification on the island of Procida.



The final step involves evaluating the various interventions from the perspective of primary energy demand, energy savings percentages, and the changes in energy class resulting from each intervention.



According to Italian regulations [61,62], the energy classification is a fundamental element for assessing the energy efficiency of a building. It indicates the building’s level of energy performance, which is evaluated based on the consumption of non-renewable primary energy for heating, cooling, domestic hot water production, and lighting. The energy classification, expressed in letters from A to G, represents a scale of values indicating the building’s efficiency, where Class A represents the highest level of energy efficiency and Class G represents the lowest. Understanding a building’s energy classification is crucial for evaluating its energy consumption and identifying potential improvements to reduce energy use and, consequently, CO2 emissions. There are eight energy classes, which are assigned based on the primary energy demand required to heat each square meter of surface area. The most efficient energy classes are A4, A3, A2, and A1, with higher values assigned, followed by classes B, C, D, E, F, and, finally, Class G, with the lowest score.



All the evaluations were conducted for samples divided by archetype and, within each archetype, by size range. The following terminology will be used:




	
Scenario #1: wall and roof insulation;



	
Scenario #2: wall and roof insulation + window replacement;



	
Scenario #3: wall and roof insulation + window replacement + system replacement;



	
Scenario #4: wall and roof insulation + window replacement + system replacement + photovoltaic system installation.








Below is an analysis of the main results obtained from the combination of interventions aimed at the integration of technological–environmental design and energy interventions in the residential building stock in the pilot case of the small island Procida.



A comprehensive analysis of the proposed interventions, aimed at assessing the impacts of the proposed energy transition for the island following the statements reported in [45], reveals several key findings regarding their impact on energy performance and efficiency across different building archetypes on Procida Island.



Initially, all buildings, particularly those of Archetype A, exhibit very low energy classes, as also revealed by [47]. This is indicative of a significant need for improvement to meet modern energy standards. Larger homes, however, tend to have better energy classes compared to smaller ones, suggesting that building size influences energy performance, in line with what was also reported by [48].



The figures below graphically present the results obtained from the application of the four intervention scenarios on the small island of Procida in terms of energy demand and associated CO2 emissions. The comparison of the results is divided by dwelling size (Figure 18) and by archetype (Figure 19).



Scenario #1, which focuses on insulating walls and roofs, demonstrates varying degrees of effectiveness across different archetypes. For Archetype A, the complexity of the technologies involved in this scenario enables a substantial improvement in energy class, moving from G/F (characterized by an Epgl,n_ren (the primary energy requirement for non-renewable energy sources) of 188.51 kW/m2 per year. This class is typically associated with low comfort levels and high utility bills) to D/C (with an average non-renewable energy consumption of approximately 119.09 kWh/m2 per year, these buildings have a medium level of energy efficiency, with adequate insulation systems and equipment in place to reduce consumption).



In contrast, for archetype B, the intervention results in a more modest energy class upgrade from E/D (with an average energy consumption of approximately 131.58 kWh/m2 per year. While they fall within a moderate range of non-renewable energy consumption, these buildings could benefit from improvements in insulation systems and the efficiency of their equipment) to C/B (with an average energy consumption of approximately 89.05 kWh/m2 per year, these buildings feature good thermal insulation and efficient systems, which significantly contribute to reducing energy costs). Archetype C achieves an upgrade from E/D to D/C, which is similar to archetype A.



Scenario #2 adds the replacement of windows to the previous insulation efforts. Energy class improvements are evident only for larger homes (categories 3 and 4), as there is no significant change for the smaller size categories, 1 and 2.



Scenario #3 includes insulation, window replacement, and the replacement of heating systems with heat pumps. The energy savings are most pronounced in Archetype A, followed by Archetype C, with Archetype B showing the least savings. The energy classes after this intervention are improved to A2 for smaller categories (with an average non-renewable energy consumption of approximately 88.58 kWh/m2 per year, these buildings are equipped with advanced thermal insulation, highly efficient windows, and high-performance heating and cooling systems) and A3 for larger ones (with an average non-renewable energy consumption of approximately 66.27 kWh/m2 per year, these buildings feature excellent thermal integrity and utilize renewable energy sources for heating and cooling), with no differences among the archetypes.



Scenario #4 incorporates all the previous measures, along with the installation of photovoltaic panels. This comprehensive intervention standardizes the energy class to A4 for all buildings (characterized by an average non-renewable energy consumption of approximately 54.51 kWh/m2 per year, these buildings are constructed with highly insulating materials and high-efficiency systems, ensuring significant energy savings and a high level of thermal comfort), regardless of archetype or size.



Comparing the results obtained in the simulation of the different scenarios with each other, in terms of effectiveness, Scenario #1 significantly improves energy efficiency by focusing on insulation. It is particularly effective for older buildings (Archetype A), where the addition of insulation leads to a notable upgrade in energy class. For newer buildings (Archetypes B and C), the improvements are more modest due to their existing insulation levels. This scenario provides a solid foundation for energy savings but does not address system inefficiencies. Building on Scenario #1, Scenario #2 adds window replacement to the insulation measures. This combination shows enhanced effectiveness, especially in larger homes (categories 3 and 4), where window replacement contributes substantially to energy savings. However, for smaller homes (categories 1 and 2), the benefits are less pronounced, indicating that window replacement has a more significant impact in larger spaces. Scenario #3 offers the most pronounced energy savings across all the archetypes. By including insulation, window replacement, and modern heating systems (heat pumps), it addresses both envelope and system inefficiencies. It achieves the highest energy class upgrades of all the archetypes, with Archetype A seeing the greatest benefit due to its older construction and need for comprehensive improvements. Scenario #4, the most comprehensive scenario, integrates all the previous measures with the addition of photovoltaic panels. This approach standardizes the energy class to A4 for all buildings, regardless of archetype or size, representing the pinnacle of energy efficiency and sustainability. It ensures substantial energy savings and high levels of thermal comfort across the board.



Further analyzing the best archetype for each scenario shows that in Scenario #1, Archetype A benefits the most from insulation alone, achieving a substantial improvement in energy class due to the significant increase in energy efficiency. Scenario #2 shows the greatest improvements in larger homes due to the additional benefits of window replacement when combined with insulation. Scenario #3 results in the most significant energy savings for Archetype A, thanks to comprehensive upgrades including insulation, window replacement, and heat pumps. However, it also provides considerable benefits to Archetypes B and C. Finally, Scenario #4 achieves the highest energy efficiency uniformly across all archetypes and sizes by combining all interventions with photovoltaic panels.



Synthesizing the results obtained by conducting a summary comparison, Scenarios #1 and #2 provide foundational improvements, with #2 enhancing effectiveness through window replacement, particularly in larger homes. Scenario #3 offers a significant step forward by addressing both envelope and system inefficiencies, achieving notable energy class upgrades across all archetypes. Scenario #4 stands out as the most comprehensive and effective approach, achieving the highest energy class universally by integrating all the previous measures and adding photovoltaic panels, although it is also the most complex and costly.



This research addresses a critical gap in sustainable building design by focusing on localized, data-driven strategies for integrating renewable energy and energy-efficient retrofitting into the built environment. The analysis highlights the effectiveness of comprehensive energy retrofits in enhancing energy performance and achieving significant savings, emphasizing the following innovative aspects of this research:




	
This research introduces an innovative approach through the use of aggregated data and archetypal analysis for large-scale territorial evaluations, improving precision and scalability in energy efficiency interventions;



	
A custom software system was developed to consolidate and analyze data from 2961 residential buildings on Procida, providing insights into the island’s diverse architectural and environmental contexts;



	
An aggregated data analysis identified patterns and correlations that individual assessments may have overlooked, offering a macro-level perspective crucial for scalable, urban-wide solutions;



	
The archetypal analysis groups buildings into representative types based on their structural and environmental features, enabling tailored and targeted energy intervention strategies;



	
These approaches establish a strong framework for optimizing energy consumption and fostering energy self-sufficiency on a larger scale, particularly in residential settings;



	
The proposed solutions are context-specific and scalable, contributing to broader environmental sustainability goals.










4. Conclusions


This research shows that the most significant reduction in primary energy demand is achieved through the accumulation of interventions, particularly with the integration of renewable energy systems, like photovoltaics. The key findings include the following:




	
A significant performance improvement is observed with the replacement of building systems;



	
The annual reduction in local emissions, which is closely linked to primary energy demand reduction, is slightly higher for the first two interventions;



	
The largest improvements come from installing photovoltaic systems and integrating renewable energies;



	
Combined interventions lead to a 67% reduction in local emissions, promoting environmental sustainability;



	
Primary interventions include thermal insulation and system replacement;



	
Secondary interventions involve photovoltaic systems and energy storage;



	
A holistic approach to building redevelopment, integrating technological and environmental solutions, is crucial for energy efficiency.



	
The future research directions proposed are as follows:



	
Advancements in renewable energy integration could impact costs, returns on investments, and savings;



	
Innovations in building materials and energy systems may lower initial costs, with economies of scale and better financial models optimizing returns on investments;



	
Future studies should quantify savings from advanced retrofitting techniques and emerging technologies, like smart grids;



	
Environmental impact studies should further assess reductions in energy demand and emissions;



	
The longitudinal monitoring of energy performance will help to assess long-term intervention effectiveness and sustainability;



	
Research should also explore the economic and social impacts on property values, local economies, and quality of life;



	
The integration of advanced building materials and smart energy systems should be further explored;



	
Aligning energy efficiency initiatives with urban planning strategies could lead to comprehensive sustainability outcomes.








Exploring these future research directions will significantly refine and expand the findings of this study. By investigating technological advancements, cost analyses, and energy efficiency, researchers can further optimize residential buildings for sustainability, contributing to the development of more energy-efficient, economically viable, and resilient built environments, ultimately advancing the field of sustainable architecture and urban planning.
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Table A1. Data requested in the online questionnaire in the direct survey of the population.





	
User-Related Information






	
number of occupants in the house:

	
number of occupants in the house in the morning (8 a.m.–1 p.m.);




	
number of occupants in the house in the afternoon (1 p.m.–7 p.m.);




	
number of occupants in the house in the evening (7 p.m.–midnght);




	
number of occupants in the house at night (midnight–8 a.m.).




	
Architectural–morphological characteristics of the house




	
year of construction of the building;




	
number of floors in the building in which the dwelling is located;




	
average height of floors;




	
number of rooms (including hallways and corridors);




	
number of windows;




	
prevailing color of vertical external walls;




	
prevailing color of the upper closure (roof or terraced surface);




	
approximate morphological plan typology of the dwelling;




	
exposure with respect to the cardinal points (locating north);




	
sides bordering the outside;




	
sides bordering other flats or other buildings;




	
possible presence of other flats above or below;




	
total surface area of the dwelling;




	
net area (without perimeter walls) of the dwelling;




	
presence or absence of thermal insulation of horizontal and vertical opaque closures;

	
if present, percentage of thermal insulation;




	
characteristics of windows (whether original or replaced);

	
in case of replacement, number of windows replaced.




	
Characteristics of the plant system




	
type of winter air-conditioning system (autonomous or centralised):

	
type of heat generator;




	
type of heat distribution terminal;




	
regulation system for the winter air-conditioning system (manual thermostat, programmable thermostat, thermostat value on each terminal);




	
energy class of the dwelling;




	
presence of summer air-conditioning system:

	
if present, in which and how many rooms;




	
energy class of summer air-conditioning terminals;




	
presence of other summer air-conditioning appliances;




	
type of plant for DHW production;

	




	
presence of solar thermal system (for DHW production):

	
if any, how many panels, orientation, slope and tilt angles;




	
Presence of PV system (for electricity production):

	
if any, how many panels, orientation, slope and tilt angles;




	
if present, specify the power, the capacity of the system, and whether there is a storage tank;




	
Characteristics of the appliances in the house




	
appliances in the kitchen:

	
hours of daily use of each appliance;




	
type of fridge and volume in litres:

	
energy class of the appliance;




	
washing clothes (washing machine and/or tumble dryer):

	
load capacity and number of washes per week performed;




	
energy class of the appliance;




	
presence of other appliances:

	
total daily usage in minutes;




	
type of lighting system;

	




	
presence and number of TVs:

	
size of each TV;




	
energy class of the TV;




	
total daily hours of use;




	
other electrical devices:

	
total daily hours of use;




	
presence and number of PCs:

	
total daily hours of use;




	
type of Internet connection for surfing the Internet;

	




	
presence and type of printer:

	
average number of prints per day;




	
type of personal care appliances:

	
total daily usage minutes;




	
Energy consumption and costs




	
usual or seasonal residence;




	
electricity:

	
type of contract (free or captive market);




	

	
actual consumption for various months in kW/h;




	

	
actual expenses of the various months in euros;




	
gas:

	
type of contract (free or captive market);




	

	
actual consumption for various months in Sm3;




	

	
actual expenses of the various months in EUR;
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Figure 1. Framework of the research methodology. 
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Figure 2. Number of dwellings divided into building construction period. 
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Figure 3. Number of residential buildings divided by average size. 
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Figure 4. Number of residential buildings divided into number of floors above ground level. 
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Figure 5. Occupancy of residential buildings. 
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Figure 6. (left) Typology of heating systems; (right) cooling systems. 
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Figure 7. Typology of domestic hot water production systems. 
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Figure 8. Tuff used in masonry according to two main techniques: the so-called “a cantieri” technique (on the left); and the so-called “a blocchetti” technique (on the right). 
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Figure 9. (left) Example of masonry with “a cantieri” construction; (right) stratigraphy of the masonry from the exterior to the interior. 
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Figure 10. (left) Example of masonry with “a blocchetti” construction; (right) stratigraphy of the masonry from the exterior to the interior. 






Figure 10. (left) Example of masonry with “a blocchetti” construction; (right) stratigraphy of the masonry from the exterior to the interior.



[image: Sustainability 16 08071 g010]







[image: Sustainability 16 08071 g011] 





Figure 11. (left) Shading of the area on 21 June; (right) shading of the area on 21 December. 
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Figure 12. (left) Shading of the area on 21 June; (right) shading of the area on 21 December. 
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Figure 13. (left) Shading of the area on 21 June; (right) shading of the area on 21 December. 
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Figure 14. Identification of archetypes on the island plan. 
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Figure 15. Frequency of suggested interventions in percentages for the different size categories for reducing primary energy consumption. 
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Figure 16. Frequency of suggested interventions in percentages for the different archetypes for primary energy reduction. 
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Figure 17. Frequency of suggestion of interventions in total percentages for primary energy reduction. 
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Figure 18. Comparative evaluation of intervention scenarios in terms of energy demand and associated CO2 emissions divided by dwelling size. 
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Figure 19. Comparative evaluation of intervention scenarios in terms of energy demand and associated CO2 emissions divided by archetype. 
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