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Abstract

:

Nearly-zero energy buildings are now a standard for new constructions. However, the real challenge for a decarbonized society relies in the renovation of the existing building stock, selecting energy efficiency measures considering not only the energy performance but also the economic and sustainability ones. Even if the literature is full of examples coupling building energy simulation with multi-objective optimization for the identification of the best measures, the adoption of such approaches is still limited for district and urban scale simulation, often because of lack of complete data inputs and high computational requirements. In this research, a new methodology is proposed, combining the detailed geometric characterization of urban simulation tools with the simplification provided by “building archetype” modeling, in order to ensure the development of robust models for the multi-objective optimization of retrofit interventions at district scale. Using CitySim as an urban scale energy modeling tool, a residential district built in the 1990s in Bolzano, Italy, was studied. Different sets of renovation measures for the building envelope and three objectives —i.e., energy, economic and sustainability performances, were compared. Despite energy savings from 29 to 46%, energy efficiency measures applied just to the building envelope were found insufficient to meet the carbon neutrality goals without interventions to the system, in particular considering mechanical ventilation with heat recovery. Furthermore, public subsidization has been revealed to be necessary, since none of the proposed measures is able to pay back the initial investment for this case study.
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1. Introduction


1.1. Building Energy Efficiency in the European Framework for 2050 Decarbonization


By 2050, the world population will reach 9.7 bn [1], leading to nearly 70% more households from 1.9 bn in 2010 to 3.2 bn in 2050 [2]. As a result, cities will continue to expand, leading to a drastic climb in building energy needs. Consequently, action is needed now to hit the net zero energy targets by 2050. In that respect, communities should lead the way and cities should unlock their enormous energy saving potential, especially through building retrofit interventions [3,4]. Moreover, the transition from the current position to more sustainable, low carbon communities can be achieved following strategies to (i) switch from conventional to renewable energy sources, and (ii) reduce urban energy use [5]. In 2012, the 2012/27/EU Energy Efficiency Directive EED [6] added significant new elements to define a pathway to a “highly efficient and decarbonized building stock by 2050”. A few years later, the recast of the Energy Performance of Buildings Directive (EPBD recast), i.e., the new Directive 2018/844/EU [7], defined policies and regulation actions for the Member States to make the transition from the current energy intensive building stock to nearly zero energy buildings. In particular, the Member States are now required to: “Establish a long-term strategy beyond 2020 for mobilizing investments in the renovation of residential and commercial buildings with a view to improving the energy performance of the building stock. That strategy should address cost-effective deep renovations which lead to a refurbishment that reduces both the delivered and the final energy consumption of a building by a significant percentage compared with the prerenovation levels leading to a very high energy performance” [6].



At the moment, the building sector is the biggest energy consumer in Europe, accounting for around 40% of EU energy demand and almost 36% of CO2 emissions in the EU [8]. The analysis of the Buildings Performance Institute Europe (BPIE) on the available Energy Performance Certificate label data, introduced by the EPBD, found that only 3% of the EU existing building stock qualifies as A-label and roughly 97% is energy inefficient [9]. The BPIE report also concluded that with the current 1–1.2% renovation rate [10], it will take almost a century to decarbonize the whole building stock. Moreover, it is estimated that 90% of today’s buildings will still exist in 2050, 75% of them from a time with no or very poor energy performance requirements [11]. Solutions available today are to implement national renovation strategies which include bringing the renovation rate to 3% per year and reducing building energy demand in the EU by 80% by 2050, with the remaining 20% supplied by renewable sources [12].



In order to achieve the long-term goals of a decarbonized building stock, a life-cycle approach should be adopted, accounting also for the impact of embodied carbon emissions in building materials, as well as in construction- and demolition-phase activities. In this framework, according to the Architecture 2030 consortium, embodied carbon in buildings must be reduced by 65% by 2030 and to zero by 2040 [13]. Concerning the decarbonization of the building sector, the literature lists measures for energy efficiency aimed at addressing five challenges:




	
Improving energy efficiency [14,15];



	
Increasing renewable energy share [15];



	
Fixing the “performance gap” [16,17];



	
Accelerating the building renovation rate [12,18];



	
Assessing “embodied energy” [19].








Although some of these strategies can be applied to individual buildings, tackling the energy efficiency issues at the neighborhood or urban scale allows for results unattainable differently [20], such as the design of smart districts or building integrated energy communities [21]. A recent study by Salom and Pascual [22] reported that a step by step renovation is still dominating the market, and suggested that building retrofit interventions applied at a district scale can increase the current renovation rate from 1% to 3% or higher. Moreover, the energy efficiency measures implemented have to be carefully selected to also be effective in future scenarios, including the impact of climate change [23]. However, this task can be complex to fulfill, especially for those locations, such as many Mediterranean ones, already characterized by both significant heating and cooling demands. In this respect, multi-objective optimization has been widely used for finding the optimal solutions for retrofitting and cost-effective energy efficiency measures in the building sector, both in individual and in small groups of buildings [24,25,26,27,28].




1.2. Overview of Urban Building Energy Modeling


During the last decades, building performance simulation tools have been developed for complex thermal modeling and energy behavior of individual buildings [29]. Although building energy models (BEM) can be expanded from a single building to sets of buildings, the high amount of information and computational time required make them an unfeasible choice [23]. Over the past few years, there have been more and more efforts towards the development of BEM capable of assessing various energy and emission-related interventions on an urban scale [30,31,32]. Such models are then further categorized based on their modeling approach, number of inputs required, temporal and spatial resolutions [33]. Reinhart and Cerezo Davila [23] termed it as “Urban Building Energy Modeling” (UBEM), which is a part of the much broader field of “urban microsimulation” [34]. Swan and Ugursal [35] proposed two basic groups of urban building energy modeling methods, “Top-Down” and “Bottom-Up” models:




	
Top-down models. In these methods, the aggregated energy demand of an entire region or country is calculated by means of a black box approach with no correlation whatsoever to the end users [33,35]. Such models heavily rely on historical data series—i.e., energy consumption, fuel prices, income data, etc., also often used as indicators in macroeconomic or socio-econometric studies. Because of this and due to the lack of technological details, top-down urban energy models are strongly limited for accurately addressing the potential impact of interventions at the small scale of a district or individual building [33,35].



	
Bottom-up models. In contrast to top-down models, this approach not only simulates the energy consumption of individual or groups of buildings but also allows for a distinction to be made between the different end uses (i.e., heating, cooling, lighting, etc.) to help identify areas of improvement [23]. Bottom-up models can be based on either statistical methods or engineering techniques (also known as physical methods).








In their review on existing urban energy modeling tools, Sola et al. [36] reported that most of literature focuses on single-purpose UBEM tools, often dedicated just to the estimation of the thermal energy demand of the building stock. Moreover, those authors underlined the need for multi-domain tools, i.e., Urban Scale Energy Modeling tools (USEM). Sola et al. [36] classified the available tools according to UBEM and USEM categories as follows:




	
Urban building energy modeling tools (UBEM): BEM-TEB [37], CHREM [38], CityBES [39], SimStadt [40], TEASER [41], UMI [42].



	
Urban scale energy modeling tools (USEM): the model by Best et al. [43], City Energy Analyst CEA [44], CitySim [45], HUES [46], IDEAS [47], LakeSIM [48], MESCOS [49], SynCity [50], URBANopt [51], USEM platform with BCVTB [52], USEM platform in UMEM project [53].








Modeling on an urban scale is a difficult challenge, owing to the complexities of urban environment, data scarcity, computational time, model generation, etc. [54]. Former research efforts tried to address this challenge in various ways. For instance, considering that the input of geometrical and thermo-physical building features can take about a third of the whole modeling effort in UBEM [55], Carnieletto et al. [56] recommended using archetype approaches. Simplified physical modeling routines have also been given more and more attention, as they offer a good trade-off between simplicity, number of input parameters and required computing efforts [57,58]. Finally, computational efficiency can be achieved by obtaining geometric and physical characteristic data directly from Geographic Information Systems (GIS) and CityGML [59].



As observed above, effective energy policies require the targeting of interventions at district or city scale, optimizing the energy and economic performance of the whole urban energy system, and allowing, in such a way, the construction of new smart grids interconnecting several groups of buildings to be promoted. Although the use of multi-objective optimization in the domain of energy retrofitting for individual or small groups of buildings has been widely discussed in the literature, the application of district scale retrofitting, encompassing not only energy and economic goals but also environmental sustainability aspects, are less frequent. Indeed, UBEM and USEM coupled with multi-objective optimization have been addressed mainly towards the optimal design and operation of distributed urban energy systems [60,61,62] and new zero energy districts [63,64], considering, for instance, optimized building shape [65], building geometry and size of energy systems [66], and urban layout [67,68].




1.3. Aims of This Research


As described in the previous sections, addressing building energy renovation at multi-building and district scale seems to be a requirement, on one hand, to comply with the medium and long-term EU targets and, on the other hand, to put in the basis for the transformation of current neighborhoods into interconnected smart districts. To achieve this goal, the most common approach in the literature couples multi-objective optimization with reference buildings, in order to (a) select the most effective energy efficiency measures and (b) to scale up the results in terms of potential savings at regional or national level. Although this methodology can be very effective for defining an energy policy [69,70], it has limitations when the focus is put on real districts, which, especially in many Mediterranean countries such as Italy, are composed of a variety of buildings of different shapes, features and usages, which can be hardly represented by a small set of reference buildings defined initially from national or regional building stocks. Furthermore, considering the district as a whole, whose performance is to be optimized, interactions among buildings have to be taken into consideration. For instance, from the building-fabric point of view, buildings in a district are characterized by adjacencies, mutual solar radiation reflection and shading, and longwave radiation exchanges, which can significantly alter the boundary conditions with respect to a single reference building [71,72,73] and affect both heating and cooling energy performance. This is even more critical when different buildings are connected to a network or to small local generation systems serving part of or the whole district, and the climate conditions, as in many Mediterranean areas, are characterized by large seasonal variability, implying the need for systems able to cope with both hot summer and cold winter conditions.



Although the detailed modeling of actual districts with UBEM or USEM tools could be the most accurate solution, it is often difficult to apply, due to lack of complete data. Indeed, while the geometry of districts is nowadays available for several municipalities, even if without standardization [74], and the type and capacity of the heating systems installed in buildings can sometimes be retrieved from energy supply companies, the features of the building envelope and of other HVAC systems (e.g., the cooling system) are often just partially known. In this context, the adoption of building archetypes can be a good solution to overcome this issue, allowing district models to be developed to couple with multi-objective optimization algorithms.



In this framework, this research aims to propose a methodology combining some strong points of UBEM and USEM tools, such as the ability to ensure a detailed geometry characterization and to simulate some complex microclimatic interactions among buildings, with the simplifications provided by “building archetype” modeling, which can allow some obstacles, that occur through the lack of exhaustive information about the features of each building envelope and HVAC system, to be overcome. The proposed approach integrates with traditional multi-objective optimization techniques in order to select the best energy efficiency measures for design interventions at the district scale. Specifically, optimizations are driven by the performance of each group of buildings characterized by the same building archetype.



The methodology presented in this research is applied as an example to a residential neighborhood in the city of Bolzano, Italy, served by the local district heating network. Considering the peculiarities of the case study, with all the buildings with the same HVAC solution (i.e., the district heating), the selected archetypes address just the building envelope and can be referred to as “building envelope archetypes”. In the case study analysis, the selection of the best energy efficiency measures is performed by considering three different goals to optimize, i.e., the energy, the economic and the environmental performances. Furthermore, in consideration of the long-term goals, a 2050 future climate is adopted instead of typical weather data.





2. Methodology


As already mentioned in the introduction, the goal of the proposed methodology is to combine the ability to accurately represent the geometry of a district through some UBEM/USEM tools with the simplification of inputs brought by the adoption of building archetypes, ensuring an easier application of the selection of energy efficiency measures EEMs for building renovation through multi-objective optimization techniques. The methodology is not developed for a specific UBEM/USEM tool and can be applied with different urban simulation codes. Nevertheless, it is recommended to select a tool which has already been validated, either against experimental data [75] or in agreement with technical standards developed for BEM validation [76], and proved capable of giving a good level of output accuracy.



The main three steps of the methodology can be summarized as follows:




	
Input data collection and processing. The first step is dedicated to the collection of all the inputs required to prepare an urban simulation model, which are (a) the geometry of the district and (b) the characteristics of the building envelopes and of the HVAC systems.




	
Urban geometry. The geometry is meant to be kept as accurate as possible, distinguishing the shapes and features of each building in the considered district. As mentioned before, Geographical Information Systems (GIS) can provide at least the urban layout for many municipalities, which can be integrated in the development phase with in situ inspections and other sources of data (e.g., orthographic pictures, mapping platforms, etc.). The geometrical model should be prepared taking into account just those features compatible with the chosen UBEM/USEM tool, neglecting unnecessary details. For instance, if the chosen code allows only for a 2.5D approach to model the geometry, or if just the urban layout is available, pitched roofs cannot be modeled.



	
Building archetypes. Detailed and complete data regarding the buildings’ fabric and HVAC systems are usually available only for a fraction of the existing buildings in a neighborhood. The best sources for collection of the required information are generally the energy performance certificates, EPCs, which can be acquired from Government Energy Agencies and local public authorities. The sample of EPCs can be processed by means of data-mining techniques, such as k-means or k-medoids clustering techniques [70,77,78], in order to identify the building archetypes, each one representative for a given cluster of buildings in the district. It is worth noting that the proposed type of clustering does not impose continuity or adjacency constraints and just focuses on the building system features.








Those buildings without an EPC can be associated to the cluster represented by an archetype with similar important features, such as the year of construction (or the year of first renovation intervention), the adopted construction technology, the type of usage, and the installed HVAC system. As mentioned before, in particular cases, for instance, when the neighborhood is entirely served by a district heating or cooling network, the focus can be put only on the building envelope, identifying in such a way the so-called “building envelope archetypes”.



In this phase, the characteristics and the accuracy of the collected inputs have to be taken carefully under consideration to address the next development of the urban simulation model. In this respect, the available inputs can affect the target use and potential of the model, having an impact on the level of representativeness of the simulated outputs. For example, if detailed information about the HVAC system regulation and dynamic interaction of the occupancy with the building system is unknown, hourly profiles of energy demand will be affected by a high level of uncertainty. Although the methodologies for model calibration can mitigate this kind of issue, the user should understand in this first step which level of detail is actually achievable, as well as necessary, in consideration of the building renovation goals.



	
Preparation, calibration and validation of the urban simulation model. At this stage, all the inputs necessary for preparing an urban simulation model should be available. Consequently, the new goal is to prepare a model and assess its ability to deliver representative results.



To do so, it is recommended to start comparing the energy consumption of each cluster of buildings in the district, simulated using actual meteorological years AMYs, with the recorded historical data series. Considering both time-discretization of the recordings typically available and the state-of-the-art accuracy of the results provided by urban simulation codes [21,79], annual energy consumptions can be a suitable solution for this preliminary step. If the necessary inputs are known with a good level of accuracy and recordings with short-time discretization are available, additional comparisons can be performed, also allowing the assessment of the model’s capabilities in predicting short-term energy demand.



In the case of large discrepancies, the calibration and validation of inputs uncertain or alleged to be different from those found in the EPCs, e.g., infiltration and ventilation rates, temperature setpoints and HVAC system efficiencies, should be performed, for example, in agreement with the prescriptions reported by ASHRAE Guideline 14 [80] and IPMVP Guideline [81]. Specifically, acceptable tolerances for calibration and validation should be chosen, depending on the time discretization of the available data recordings. Nevertheless, it should also be remembered that urban simulations require a large amount of input data and some techniques traditionally adopted for BEM calibration can be inappropriate for UBEM/USEM applications [76].



	
Definition of available energy efficiency measures and objective functions for multi-objective optimization. After the model is validated, it is possible to proceed with the selection of the energy efficiency measures EEMs by means of multi-objective optimization.



In this last stage, objective functions and optimization algorithms have first to be chosen, together with the sets of EEMs. Several alternative algorithms are present in the literature and the selection should be based on the efficiency and accuracy, accounting also for the features of the neighborhood under analysis, the considered objective functions, the selected EEMs and the available computational resources. Taking into account the differences between the clusters of buildings, each one represented by its own building archetype, a specific set of EEMs can be defined for each group. Once all inputs and parameters are set, optimization can be run using a typical or modified reference year as the weather file, depending on the goal of the analysis.



The space of solutions is composed by all possible combinations of n sets of EEMs, with each set applied to one of the k clusters of buildings in the modeled neighborhood. At each iteration of the optimization algorithm, a solution vector is evaluated, calculating the values of the objective functions first for each cluster of buildings and then, by addition, for the whole district. Depending on the chosen objective functions and optimization algorithm, the final output can be a Pareto front, including solutions which the policy maker can choose according to the objective for prioritization (e.g., energy efficiency, economic result, etc.).









3. Case Study


This section presents the analyzed case study neighborhood, the details of the adopted urban simulation tool, and the implementation of the multi-objective optimization scenarios.



3.1. Input Data Collection and Processing for the Chosen Case Study


The case study investigated in this research belongs to the city of Bolzano (46° N, 11° E), Northern Italy, in a heating dominated climate. In detail, the selected urban area (Figure 1) is located in the western and more recent part of the city and is composed only of residential multi-family houses—95 dwellings built during the period 1990–1995, using similar construction technologies (i.e., concrete and clay-block components), and occupying a floor area of more than 20,000 m2. This district was specifically selected because its buildings are already connected to each other by means of the local district heating network serving this part of the city. Interventions applied to these buildings have not only the advantage of decreasing the energy consumption for space heating but also the potential reduction of the hot water temperature of the network, provided that a sufficient degree of uniformity is achieved for the whole district [82]. Consequently, the improvement of the case study building’s energy performance could be the first step towards its renovation into a smart district.



In order to prepare the geometrical model of the selected district, the official Geographic Information Systems (GIS) of the city of Bolzano was consulted (http://geocatalogo.retecivica.bz.it/geokatalog, accessed on 10 February 2020). Since only building footprints were available, building heights were estimated by calculating with the software QGIS the difference between the city orthographic data of the digital surface model (DSM) and the digital terrain model (DTM). A standard floor height of 3 m was assumed for estimating the number of floors for each building. As regards the window-to-floor ratio, a minimum value of 1/8 was assumed in compliance with the current Italian regulations. Results were further verified with Google 3D maps and Open Street Maps and, where feasible, with local surveys.



Considering that all buildings in the case study are supplied by the local district heating network, the focus was put only on the building envelope to identify clusters and archetypes. From the analysis of the building energy performance certificates provided by the local energy agency, i.e., Klimahaus Agency, three clusters were identified. Clusters 1, 2 and 3 include, respectively, 61%, 15% and 24% of the conditioned floor area in the case study district. Each cluster is represented by the building envelope archetypes described in Table 1 and Table 2. The three archetypes are differentiated mainly by roof and ground floor insulation and are all characterized by the same type of windows (i.e., air-filled double glazed windows).



Other inputs to the model, such as internal gains and occupancy profiles for which detailed data were missing, were set in agreement with the technical standard UNI/TS 11300-1:2014 [83] and EN 16798-1:2019 [84]. More details about the case study, in particular as regards the proposed archetypes, can be found in Haneef et al. [85] and in Battini et al. [86].




3.2. Preparation, Calibration and Validation of the Urban-Scale Energy Model


The urban-scale building energy simulation platform selected for this study is CitySim, a C++ based command-line integrated solver initially developed at the Solar Energy and Building Physics Laboratory (LESO-PB) of Ecole Polytechnique Federal de Lausanne (EPFL). CitySim implements a resistor−capacitor-based thermal network model to simulate the energy balance of the built environment, can perform a detailed characterization of the solar radiation available in the urban environment by means of a sky discretization into patches, and allows for the modeling of the HVAC system while considering the interdependent relationship with occupants’ presence and behavior [57]. In order to successfully estimate the urban building’s energy needs, the software requires as inputs a geometrical model subdivided into different layers—such as walls, roofs, and floors—and incorporating surrounding buildings as shadings, a weather file, an additional file including data on the horizon profile, and the thermo-physical properties of the modeled building stock. CitySim has already been used in several studies in the literature and has also been validated adopting the ANSI/ASHRAE 140 BESTEST cases [87], showing a good level of accuracy.



Figure 2 provides the graphical representation of the case study district as modeled in the GUI CitySim Pro. Since, apart from the 2D footprint and height, no other data were available on the geometrical features of the buildings, a 2.5D model was chosen.



The output of the prepared CitySim model was compared to the 2012–2015 annual consumption data for space heating, finding calibration and validation necessary especially for infiltration and ventilation rates and HVAC system efficiencies. Due to the limited data available, the process was performed according to a k-fold cross calibration-validation approach, selecting the energy demand of a given year for validation and the remaining ones for calibration, iterating the procedure to cover all possible combinations of groups, and finally assuming as calibrated values those occurring with the highest frequency. A complete validation of the developed model was reported in a previous study [85]. The final uses for space heating in the considered period ranged from 4243 to 4915 MWh, with the heating degree-days calculated with respect to a base temperature of 18 °C, HDD18, ranging from 1985 to 2391 K d, and the cooling degree-days with respect to the same base temperature, CDD18, going from 376 to 661 K d. The model output showed a good agreement with the measured values, within a ± 5% deviation from the actual recordings considering the district as a whole, in agreement with the ASHRAE Guideline 14 thresholds for monthly and longer period calibrations.




3.3. Simulation Scenarios and Multi-Objective Optimization


With the aim of developing solutions with long-term robustness in a climate change framework, simulations were run with a future weather file. Business as usual (BAU) and multi-objective optimization retrofit scenarios were considered.



Finally, in an attempt to further discuss the energy efficiency measures required to meet the long-term target of 80% energy demand reduction, the energy optimum found in the multi-objective optimization was also simulated, considering additional efficiency measures involving the mechanical ventilation system.



3.3.1. Business as Usual Scenario


In the BAU scenario, a projection of current energy performance of the considered case study was performed according to the 2050 future climate for the city of Bolzano, without considering any intervention on the building stock. In order to quantify the climate change impact, a 2050 weather file was generated with Meteonorm according to the A2 BAU climate change scenario of the emission scenarios report for the period 1961–2100 by the Intergovernmental Panel on Climate Change (IPCC) AR4 [88]. The A2 scenario portrays a high-risk future by excluding any rigorous climate mitigation policies [89]. The developed 2050 weather files shows HDD18 equal to 2081 K d and CDD18 equal to 686 K d, significantly warmer with respect to the period 2012–2015 considered for the model calibration and validation, characterized by average HDD18 = 2259 ± 186 K d and CDD18 = 549 ± 124 K d.




3.3.2. Selection of Energy Efficiency Measures


Since the specific case study is served by the local district heating network, the energy efficiency measures EEMs were selected only from those improving the energy performance of the building envelope, accounting for typical off-the-shelf interventions, like building insulation and window substitution. In compliance with the minimum requirements established by the Italian Government [90] for the climatic zone where Bolzano is located, i.e., climate zone E characterized by heating degree-days with respect to a base temperature of 20 °C ranging from 2101 to 3000 K d, the EEMs were selected to provide thermal transmittances lower than 0.26 W m−2 K−1, 0.22 W m−2 K−1 and 1.4 W m−2 K−1, respectively, for vertical walls, roofs and windows. EEMs were applied to the whole external building envelope as in a deep renovation, i.e., partial interventions involving just the windows or some opaque elements (a façade or the roof) were not considered.



Three different types of insulating materials were accounted for:




	
Extruded polystyrene (XPS)—with a thermal conductivity λ = 0.035 W m−1 K−1, a density ρ = 30 kg m−3, and a specific thermal capacity c = 1450 J kg−1 K−1;



	
Mineral wool—with λ = 0.038 W m−1 K−1, ρ = 130 kg m−3, c = 1030 J kg−1 K−1;



	
Cellulose fiber—with λ = 0.045 W m−1 K−1, ρ = 160 kg m−3, c = 2000 J kg−1 K−1.








Insulation material properties were defined according to the technical standard UNI 10351 [91] and the building material database by the local energy agency, i.e., the Klimahaus Agency. Two discrete thicknesses of insulation were accounted for—i.e., the minimum thickness in compliance with the law requirements for each considered material (Table 3) and the maximum of 20 cm. Intermediate thicknesses were neglected since the proposed alternatives were judged sufficiently representative to give practical information at district scale.



Four types of new windows in compliance with the current law minimum requirements (i.e., a thermal transmittance lower than 1.4 W m−2 K−1), were included in the EEMs, considering the glazing systems reported in Table 4 and aluminum frames with thermal break (Ufr = 1.2 W m−2 K−1).



The unitary investment costs C for the insulation layers, also including the installation costs, were estimated starting from the data of the official regional price list of the neighboring Province of Trento. The resulting Equations (1)–(3) were applied to both vertical walls and roofs, as a function of the insulation thickness s (m). The same costs reported in Pernigotto et al. [92] were used for the new windows and their installation (respectively, DH: 404.33 EUR m−2, DL: 439.06 EUR m−2, TH: 477.65 EUR m−2, TL: 454.49 EUR m−2).


CXPS = 112.5 ∙ s + 55.6 EUR m−2,



(1)






Cmineral_wool = 213.6 ∙ s + 70.2 EUR m−2,



(2)






Ccellulose_fiber = 363.7 ∙ s + 74.6 EUR m−2.



(3)







The environmental impact of the proposed EEMs was expressed in terms of global warming potential (GWP), i.e., as kilograms of CO2 equivalent, in accordance with the Swiss building material database “Oekobilanzdaten im Baubereich” by KBOB [93]. Respectively, a GWP of 14.5 kgCO2-e kg−1 was adopted for XPS, 1.13 kgCO2-e kg−1 for the mineral wool and 0.257 kgCO2-e kg−1 for the cellulose fiber. As for the windows, the glazed area was assumed to be 77% for double glazing and 73% for triple glazing, in agreement with Hoellinger et al. [94], and GWP values of 18.02 kgCO2-e kg−1 and 25.62 kgCO2-e kg−1 were calculated accordingly.




3.3.3. Objective Functions


The adopted objective function in multi-objective optimization involved three objectives to minimize, dealing with energy, economic and sustainability performance.



Energy performance was characterized in terms of annual energy demand for space heating and was determined as a direct CitySim output.



Economic viability of the proposed EEMs was assessed in terms of differential net present value (NPV) with respect to the BAU scenario, according to the framework proposed in European regulation EU 244/2012 [95]. The NPV was evaluated for a 30-year time period, adopting a real discount rate i = 3%. Only those different costs with respect to the BAU scenario were accounted for. Regarding the price of the district heating, an average tariff of 0.064 EUR kWht−1 was assumed from the energy supply company price list; fixed components of the energy price were neglected since they were determined when the buildings were connected to the district heating network and are independent of the EEMs impact—i.e., the occupants pay the same energy fixed-price components in both BAU and retrofitted scenarios. In agreement with the current Italian law [96], the value-added tax was considered equal to 10%. Initial investment costs I were calculated as a function of the chosen EEMs and expressed as negative cash flows. In contrast, annual savings Csaved—calculated as the difference between the BAU annual costs for space heating and those of the retrofitted case, were treated as positive cash flows. Additional costs for scheduled maintenance were not considered, since the assessed 30-year period is supposed to be short enough to avoid major interventions, such as new substitution of windows or remaking of the external insulation layer. Net present value of each retrofit solution was calculated using Equation (4).


  N P V    (  i , N  )  =    I  +   ∑   t = 0  N     C  saved     t       (  1 + i  )   t     



(4)







As a consequence of how the NPV is defined, a positive NPV indicates a convenient investment, i.e., with savings larger than the initial investment cost.



The sustainability objective was assessed in terms of net accumulated saved CO2 emissions (SCO2) during the same analysis period considered in the economic part (30 years). Since this neighborhood is served by a district heating network fueled by waste heat valorization, the saved CO2 emissions were calculated, as shown in Equation (5), by multiplying the energy saving by the reference emission factor of 0.17 kgCO2-e kWht−1 indicated in the local law DGP 235/2020 [97]. Furthermore, embodied and installation CO2 emissions GWPtot were also included in the multi-year balance and, adopting the same rule explained in the economic part, were attributed a negative sign, in contrast with the positive sign of the saved CO2 emissions during building operation.


   S  C  O 2    = G W  P  t o t   +   ∑   t = 0  N    C O   2 , saved ,    t     



(5)








3.3.4. Multi-Objective Optimization and Decision Variables


After a preliminary parametric analysis, a comprehensive multi-objective optimization was run. In both cases, the three objectives presented in Section 3.3.3 were evaluated and EEMs assigned independently to the three clusters of buildings, each one characterized by its own building envelope archetype. Simulations were run on a workstation computer (Intel core i7-4930K 6 cores CPU @3.40GHz and 32 GB RAM), each one lasting approximately 40 min.



The preliminary parametric analysis was performed primarily with an exploratory purpose, considering a limited number of decision variables and alternative EEMs in order to assess, on one hand, the magnitude of the achievable energy savings, and, on the other hand, the computation requirements. In detail, besides the installation of more efficient windows, only one type of material (extruded polystyrene, XPS) was considered for the external insulation of the opaque envelope components. Each solution was characterized by means of 6 decision variables:




	
x1, x2, x3 expressing the insulation thickness for Archetypes 1, 2 and 3 (“high”, i.e., 20 cm, or “low”, i.e., the minimum requirement),



	
y1, y2, y3 indicating the window type, respectively, for Archetypes 1, 2 and 3, with four alternatives each.








Due to the low number of combinations, i.e., 512, a full factorial approach was adopted and a specific code was written in C++ and coupled with the CitySim solver.



In order to fully characterize the space of retrofitting strategies, the multi-objective optimization (Figure 3) also included different insulation materials with differing unitary costs and environmental impact, leading to nine decision variables in total. Besides the six decision variables introduced above, the following ones were included:




	
z1, z2, z3, expressing the type of insulation material for Archetypes 1, 2 and 3 (XPS, mineral wool or cellulose fiber),








with a total of 13,824 combinations.



Since parametric simulations were not a viable solution in this case, we used a hybrid evolutionary algorithm based on covariance matrix adaptation strategies (CMA-ES) and hybrid differential evolution (HDE) evolutionary algorithms. The hybrid evolutionary algorithm combines the advantages of both CMA-ES and HDE, and was developed with the goal to simulate and optimize the sustainability of urban environments [98,99]. The algorithm works with two distinct populations, with μ individuals and (NP-nt) individuals, respectively, for HDE and CMA-ES. It starts with the CMA-ES on a random population for g1 generations, feeding the best nt individuals of each step to the population of HDE; the missing (NP-nt) individuals in the population of HDE are randomly generated. Then, the algorithm proceeds for g2 generations with the HDE. The best μ and (NP-nt) individuals of the last HDE generation are used to assess if the termination criterion (either a given number of iterations or a function threshold) is met. If that occurs, the algorithm stops, otherwise it loops and continues with CMA-ES.



The hybrid evolutionary algorithm was tested using standard benchmark tests, observing that the HDE component brings a robustness in finding the global minimum and the CMA-ES component ensures a faster convergence [98,99].






4. Results and Discussion


The simulated results are presented and discussed in this section. As a first step, the heating demand for the business as usual scenario is shown, for both 2015 and 2050 weather conditions. Then, the results of the multi-objective optimizations obtained considering the future climate are described and commented on, focusing on the optima belonging to the Pareto surface. In what follows, all the obtained results are reported as normalized with respect to the total floor area of the buildings in the case study district.



4.1. Business as Usual Scenario


The BAU scenario did not consider any intervention applied to the case study district and just projected the current situation into the 2050 climate condition. The future weather file, developed as in Section 3.3.2, included the effects of climate change, i.e., an increase of local ambient temperature and a consequent reduction of heating energy demand. Specifically, while 98 kWh m−2 a−1 were simulated with the 2015 AMY, 91 kWh m−2 a−1 were observed in the case of the 2050 weather file. The registered 7% reduction, i.e., about 7 kWh m−2 a−1, is attributable just to climate change itself. The same applies to the annual costs for space heating (from 6.9 EUR m−2 to 6.4 EUR m−2) and to the corresponding annual CO2 emissions (from 16.7 kgCO2-e m−2 to 15.5 kgCO2-e m−2).




4.2. Multi-Objective Optimization


4.2.1. Preliminary Parametric Analysis


All 512 combinations resulting for the preliminary parametric analysis are presented in the 3D chart of Figure 4 (left), which depicts a 3D surface encompassing all solutions and illustrates energy, economic and environmental performances. As it is possible to notice in the NPV-heat demand plane (Figure 4, right), the heating demand can be reduced with the considered sets of EEMs between 48 and 65 kWh m−2 a−1 from 91 kWh m−2 a−1, i.e., by 46% and 29% with respect to the 2050 BAU scenario. All NPV values are negative and in the range between −110 and −135 EUR m−2, meaning that the energy renovation investment never pays for itself for this case study. Indeed, as explained in Section 3.3.3, negative NPVs indicate that these renovations are not economically convenient and require public subsidization to promote their application. However, the balance of the saved CO2 emissions is always positive and in the range between 55 and 139 kgCO2-e m−2.



Of 512 tested combinations, 38 belong to the Pareto surface, leading to solutions with an annual heating demand ranging from 48 to 61 kWh m−2 a−1, NPVs from −111 to −127 EUR m−2 and saved CO2 emissions from 89 to 139 kgCO2-e m−2.



Figure 5 shows the projection of the Pareto surface found with this preliminary parametric analysis on the NPV-heat demand plane (Figure 5, top) and on the NPV-saved CO2 emissions plane (Figure 5, bottom).



By focusing on the Pareto surface, it can be observed that the energy optimum, i.e., the solution which leads to the best energy performance, is the same for all building envelope archetypes and is characterized by highly insulated roofs and walls (+20 cm of XPS) and TH windows (triple glazing with high solar heat gain coefficient). Specifically, the choice of TH windows can be explained with their ability to insulate more, compared to the available alternatives, while ensuring a higher exploitation of solar gains to reduce the heating needs. The energy optimum solution can reduce the annual heating demand to 49 kWh m−2 a−1, corresponding to around 46% energy savings, at a cost of an investment of 185 EUR m−2, a NPV of −127 EUR m−2, but with 101 kgCO2-e m−2 of saved emissions compared to the 2050 BAU scenario.



In contrast, the solution in the Pareto surface allowing the best economic result, i.e., the economic optimum with a NPV of −111 EUR m−2, shows the presence of the prescribed minimum insulation coupled with DH windows, i.e., double glazing and high SHGC, for all building envelope archetypes—the cheapest one among the four available alternatives. In this case, the reduction of the heating demand with respect to the 2050 BAU scenario is only 34% (i.e., annual heating demand of 60 kWh m−2 a−1) and the saved CO2 emissions equal to 113 kgCO2-e m−2.



Finally, as regards the solution with the best environmental performance, i.e., the environmental optimum able to avoid 139 kgCO2-e m−2 of emission with respect to the 2050 BAU scenario, it combines the features of energy and economic optima. Indeed, this solution recommends the adoption of the minimum required insulation and the installation of TH windows, resulting in 38% energy savings for space heating (i.e., annual heating demand of 56 kWh m−2 a−1) but at a lower investment cost compared to the energy optimum (i.e., an investment of 166 EUR m−2 and a NPV of −117.5 EUR m−2).



The preliminary parametric analysis allows us to observe some important findings regarding the proposed EEMs. First, it can be noticed that, although improvements are registered for both energy and sustainability performance for the considered case study district, no intervention is economically viable without public subsidization. Second, the economic optimum shows a better sustainability performance than the energy optimum. This is a consequence of the type of insulation material chosen for the preliminary parametric analysis, the XPS, characterized by a relatively high GWP compared to some other alternatives in the market.




4.2.2. Comprehensive Multi-Objective Optimization


In consideration of the findings of the preliminary parametric analysis, it was found worthwhile to run a comprehensive multi-objective optimization to explore the impact of more alternatives, with a better environmental impact and, thus, more interesting for public authorities in the framework of a subsidization plan. Taking into account that 40 min are required to evaluate a single solution vector of EEMs with the available workstation and that the comprehensive multi-objective optimization comprises 13,824 alternatives, the parametric approach was assumed impractical. Consequently, the hybrid evolutionary algorithm mentioned in Section 3.3.4 was run for about 14 days in order to assess a total of 2400 variants (Figure 6), with 57 of them belonging to the Pareto surface.



Compared to the findings of the previous analysis, the energy savings with respect to the 2050 baseline value show a similar range, from 26% to 46%. Furthermore, the NPV is still negative for all the tested solutions, confirming the economic unsustainability of each intervention of the proposed case study. However, this multi-objective optimization underlines a higher potential in terms of saved CO2 emissions, reaching 191 kgCO2-e m−2. As expected, the adoption of materials with lower GWP can be greatly beneficial to the sustainability performance goals. Nevertheless, those are generally more expensive solutions and the NPV can range from −110 to −220 EUR m−2.



Figure 7 depicts the projections of the Pareto surface on the NPV-heat demand plane (top, with the solutions belonging to the Pareto surface colored according to the saved CO2 emissions) and on the NPV-saved CO2 emissions plane (bottom, with the solutions belonging to the Pareto surface colored according to the annual heating demand). In both projections, a green-colored solution represents a better performance (in terms of either sustainability or energy efficiency) compared to a red one. In Figure 7, the energy, the economic and the environmental optima are marked, respectively, with a large circle, a triangle and a square.



The energy optimum found with the multi-objective optimization is similar to the one obtained in the preliminary parametric analysis. The maximum insulation thickness and the installation of TH windows are recommended but, while for Cluster 1 and Cluster 2 the XPS is chosen as insulation material, for Cluster 3 the mineral wool is indicated. The EEMs of the energy optimum allow 49.1 kWh m−2 a−1 of annual heating demand and 121 kgCO2-e m−2 of saved CO2 emissions to be achieved, with an NPV of −139.6 EUR m−2. Comparing this optimum with the one obtained in the preliminary parametric analysis, it can be noticed that it is slightly worse in terms of energy performance (+0.1 kWh m−2 a−1), less economically convenient (ΔNPV equal to −12.8 EUR m−2) but with a better sustainability performance (about +20 kgCO2-e m−2).



As regards the economic optimum, the findings are similar. The EEMs of the economic optimum are the minimum XPS insulation thickness compatible for each cluster of buildings and DL windows. The annual heating demand, the NPV and the saved CO2 emissions for this solution are, respectively, 59.9 kWh m−2 a−1, −116.4 EUR m−2 and 117 kgCO2-e m−2. This means that this solution leads to slightly better energy and sustainability performances compared to the one found with the preliminary parametric analysis (−0.1 kWh m−2 a−1 of heating demand and +4 kgCO2-e m−2 of saved CO2 emissions), with a slightly worse economic performance (ΔNPV equal to −5.1 EUR m−2).



The environmental optimum shows large differences compared to the one identified in the preliminary parametric analysis. The selected EEMs are the same for all clusters of buildings, with the maximum insulation thickness of cellulose fiber and TH windows. The annual heating demand is 50.6 kWh m−2 a−1, very close to the one of the energy optimum, and the saved CO2 emissions are 191 kgCO2-e m−2. The NPV, equal to −215.2 EUR m−2, is the worst in the Pareto surface.



The optima identified in the current optimization are not dominated by those found in the preliminary parametric analysis, nor is the opposite true. From a detailed scrutiny of all EEMs belonging to the Pareto surface and of all EEMs processed in the comprehensive multi-objective optimization, it was observed that those solutions were not simulated, since algorithm convergence was already reached (i.e., minimum of 2400 iterations and, for each goal, improvement of the optimum by 1% with respect to the previous generations). It can be speculated that, in the case of analysis of all possible alternatives, those would be identified and included in the Pareto surface as well. Furthermore, while environmental optima are clearly different, energy and economic optima of both preliminary parametric analysis and multi-objective optimization are characterized by very similar energy and economic performances and recommended EEMs. In particular, the prevalent selection of XPS in both cases can be explained because: (1) on one hand, it has a lower thermal conductivity compared to the other two alternatives presented in Section 3.3.2, i.e., mineral wool and cellulose fiber, and the same maximum thickness is considered regardless of the type of insulation material, ensuring in such a way the achievement of higher thermal resistances adopting XPS; (2) on the other hand, XPS has the lowest price among the proposed insulation materials.



Analyzing the distribution of the solutions of the Pareto surface in the NPV-heat demand and in the NPV-saved CO2 emissions planes, some general considerations can be drawn. In particular, it can be observed that:




	
Two groups of solutions leading to high energy performance are present in the NPV-saved CO2 emissions plane (see the green colored dots)—one is positioned in the top-right region of the chart (i.e., poor economic performance but high sustainability performance) and the other is located in the bottom-central region of the chart (i.e., better economic performance but moderate sustainability performance).



	
The solutions ensuring the best economic performance, although still economically inconvenient, can be detected in the bottom regions of both charts. While their sustainability performance is poor, a wide range of energy performances can be achieved, some of them very close to the energy optimum.



	
Finally, the solutions which are able to maximize the sustainability performances are in the top regions of both charts—i.e., they are the most expensive solutions. Nevertheless, some of them can easily allow for high energy performance as well.








Table 5, Table 6 and Table 7 report the frequencies of the EEMs present in the Pareto surface, distinguishing the three clusters of buildings in the case study district. For more than half of the Pareto solutions for Cluster 1 and Cluster 2, XPS is the preferred choice, while this is true for mineral wool insulation in case of Cluster 3. As a whole, insulation materials which are more sustainable are generally suggested for Cluster 3 by the Pareto solutions. The maximum insulation thickness is recommended for more than 2/3 of the Pareto solutions for Cluster 1. In contrast, the thicknesses sufficient to satisfy the national law requirements are more frequently found for Cluster 2 and Cluster 3. Finally, triple glazing with high SHGC is the predominant solution in the Pareto surface, independent of the selected cluster of buildings.



Taking into account all the above, it can be concluded that the introduction of new insulating materials into the list of EEMs significantly altered the shape of the Pareto surface, as well as the choices available to the policy maker. The maximization of the energy performance can be achieved at a relatively low investment, considering the range of investments seen for the space of optimal solutions. However, in that scenario the sustainability performance is modest. If the goal is to enhance both energy and sustainability performances, some suitable sets of EEMs can be found, even if that implies important investments. Finally, while for energy, economic and sustainability optima the differences between the clusters of buildings are generally null or limited, more complex sets of solutions can be observed by analyzing the other points in the Pareto surface, introducing opportunities for the definition of more complex and detailed subsidization strategies.





4.3. Additional Energy Efficiency Measures


In the previous sections, it has been observed that EEMs involving just the building envelope can lead to energy savings of up to 46%, in the best case, for the considered district. Taking into account the specific features of the analyzed case study, i.e., the presence of a district heating network, additional measures were considered just for the ventilation. Consequently, a new scenario was run, starting from the energy optimum of Section 4.2.2 and also including in the model mechanical ventilation systems with heat recovery. Specifically, each dwelling was equipped with a system characterized by an average sensible efficiency equal to 0.6 [100] and installation costs equal to EUR 6000 as in [92].



The results of this simulation showed a significant reduction of the average surface building energy demand for space heating of the district, from 49.1 kWh m−2 a−1 to 27.2 kWh m−2 a−1, corresponding to about 70% energy savings compared to 2050 BAU scenario. Although the initial investment increased, the NPV improved by reaching −119 EUR m−2, i.e., an economic performance very close to the one of the economic optimum discussed in Section 4.2.2. Finally, the sustainability performance almost doubled, moving from 121 kgCO2-e m−2 to 233.1 kgCO2-e m−2 of saved CO2 emissions.




4.4. Further Considerations on Energy Demand for Space Conditioning


As observed in Section 3.3.1 and 4.1, climate change can bring an increase of the average ambient temperature, with a reduction of the HDD18 of more than 175 K d with respect to the calibration-validation period. Considering the year 2015, ΔHDD18 is 220 K d and the energy demand for space heating drops by around 7%.



The opposite trend is observed for the cooling degree days, with an increase of CDD18 equal to 137 K d with respect to the 2012–2015 period. Nevertheless, if 2012 and 2015 are considered, the variation of CDD18 is more limited. Analyzing the BAU scenario, the cooling needs move from a value of 7.55 kWh m−2 a−1 in 2015 to 16 kWh m−2 a−1 in 2050, i.e., more than double.



In this context, the solutions adopted to enhance energy efficiency for space heating give a negligible contribution: indeed, if the energy optimum from the comprehensive multi-objective optimization is considered, cooling needs equal to 13.4 kWh m−2 a−1 can be observed. The limited reduction compared to the BAU scenario can be explained by the presence of both windows with lower SHGC and highly insulated opaque elements, reducing the indoor transmission of the absorbed solar gains. Furthermore, ventilation and infiltration rates are still sufficiently high to prevent the risk of overheating in the analyzed case study.



As a whole, although the energy needs for space cooling remain remarkably lower than those for space heating in the 2050 scenario, their growth has to be carefully taken into account, in order to adopt suitable measures and develop proactive energy policies. Indeed, even if the climate of Bolzano is currently heating-dominated, climate change is already making hot summer periods longer and more frequent. Consequently, the relative importance of the energy demand for space cooling is increasing, and the local 2050 climate is expected to share some similarities with some other Italian Mediterranean cities, characterized by both hot summer and cold winter periods.





5. Conclusions


In this paper, the potential of urban scale energy modeling tools coupled with multi-objective optimization was discussed in the framework of the optimal selection of energy efficiency measures for building energy retrofitting. In particular, to cope with the complexity and heterogeneity of urban districts, as well as with frequent issues brought by the lack of complete data inputs, a new methodology was proposed, combining the detailed geometric characterization of urban simulation tools with the simplification provided by “building archetype” modeling, thus allowing the development of models sufficiently robust for the definition of retrofit interventions at district scale driven by multi-objective optimization.



The proposed methodology was applied to a case study, a residential neighborhood built in the 1990s and served by a district heating network, located in the heating-dominated climate of Bolzano, Northern Italy. Three goals were considered for optimization, focusing on energy, economic and environmental performances, and expressed in terms of annual energy demand for space heating, net present value and saved CO2 emissions during a 30-year period for the whole district and each energy retrofitting alternative. Simulations were run with CitySim and energy efficiency measures were addressed just to the improvement of the quality of the building envelope, accounting for the minimum requirements set by current Italian law. Specifically, four high performance glazing systems (double and triple glazing, with high or low SHGC), three kinds of insulation materials (extruded polystyrene, mineral wool and cellulose fiber), and two insulation thicknesses (the minimum prescribed by the law and a maximum of 20 cm) were included among the alternative energy efficiency measures. Differing from conventional optimizations, in this research the future 2050 climate of Bolzano was adopted, determined with Meteonorm in agreement with the IPCC A2 BAU scenario.



The specific results for the selected case study showed that:




	
Climate change could have a significant impact on the energy performance of the selected case study district. Indeed, the simulations run with a 2050 climate projection showed a potential 7% reduction in heating demand, due to an increase in ambient temperature. In contrast, the energy needs for space cooling could achieve values more than double the current ones. Even if the energy requirements for space cooling are still projected to be lower than those for heating, their growth has to be carefully taken into account in the development of the local energy policies for buildings.



	
Each energy efficiency measure could improve the district energy performance. Nevertheless, most of solutions belonging to the Pareto surface range between 49 and 64 kWh m−2 a−1 with respect to a baseline of 91 kWh m−2 a−1 in 2050, which means that the proposed energy refurbishment, focused only on the building envelope, could bring just up to 46% reduction of the annual heating demand in the best case.



	
None of the proposed investments is sustainable from the economic point of view. Indeed, all net present values are negative, meaning that none of the energy retrofit alternatives can repay the initial investment in a 30-year period. This could indicate that neither the cost of thermal energy for this neighborhood, lower than average because of the connection to the district heating network, nor the annual savings are sufficient to make the investment convenient. Consequently, if the policy maker is willing to promote its renovation, tailored subsidization strategies should be proposed.



	
All the energy efficiency measures could allow for a positive life-cycle balance of CO2 emissions. This means that annual savings could compensate for the embodied and installation CO2 emissions associated to the implementation of the energy efficiency measures. As a whole, the amount of avoided CO2 emissions is strictly dependent on the choice of insulation material and can range from 55 kgCO2-e m−2 (extruded polystyrene) to 191 kgCO2-e m−2 (cellulose fiber) during 30 years of operation. Again, considering that environmentally friendly solutions are characterized by higher unitary prices, targeted incentives can be useful for the definition of an urban energy policy aimed at promoting not only energy efficiency, but also sustainability goals.



	
Although minimal differences were registered between the energy efficiency measures selected in the cases of the three energy, economic and sustainability optima for the three clusters of buildings in the case study district, this is not true if the whole set of solutions belonging to the Pareto surface is studied. For instance, while extruded polystyrene is generally preferred for Cluster 1 and Cluster 2, more sustainable insulation materials, like mineral wool and cellulose fiber, are more frequently suggested for the renovation of Cluster 3 buildings. Furthermore, while insulation is often maximized for Cluster 1 buildings, the compliance with current national requirements is often judged sufficient in the case of Cluster 2 and Cluster 3. This could be exploited by policy makers to diversify subsidization strategies while pursuing a neighborhood or city-scale Pareto optimality.



	
As a whole, the results achieved are insufficient if compared with the European targets for an 80% reduction of energy demand by 2050. Starting from the best refurbished case in terms of energy savings, an additional simulation was run, assuming the installation of a mechanical ventilation system. Both energy, economic and sustainability performances are found largely improved (i.e., 27.2 kWh m−2 a−1, −119 EUR m−2, 233 kgCO2-eq m−2), confirming that, for the analyzed case study, efficiency measures applied just to the building envelope were not enough and, at least, mechanical ventilation with heat recovery should be considered.








As observed, thanks to the application to a real case study, the proposed methodology allows the different trade-offs between the considered objectives and the implications arising from the prioritization of a given target to be discussed. Consequently, it can be successfully adopted to support the local decision makers in the development of efficient strategies to apply at city or district scale. Nevertheless, since the methodology was meant to be applied in a context of data scarcity and considered only long-term objectives, it could be suboptimal when short-term performance indicators and hourly or subhourly dynamics are the focus of the analysis. The refurbishment strategy obtained as a result of the proposed approach is indeed the first step, which can pave the way for more detailed analyses. However, for the investigation of complex solutions which require a more accurate knowledge of the daily pattern and schedules, the user is advised to put additional efforts towards the retrieval of comprehensive input data and the dedicated calibration and validation of the urban model.



As far as the specific findings for the case study are concerned, it should be remembered that they are strictly related to the analyzed neighborhood. Although generalization is difficult, some considerations about the achieved results and the selected energy efficiency measures can be extended to similar neighborhoods and climate conditions.



Even if the application is currently in a heating-dominated climate, it should be underlined that it can be applied to any climate, as long as the focus is kept on long-term performance objectives—modifying the performance goals if necessary, and a suitable set of energy efficiency measures is defined.



In this context, districts in Italian Mediterranean climates, characterized in most cases by both heating and cooling demands, can represent a particularly interesting analysis with further complexity compared to the investigated case study of Bolzano. In those scenarios, it is recommended (i) to adopt a “total energy” approach, expressing the energy performance as primary energy, and (ii) to include a variety of measures able to address both the heating problem and the cooling one. The implementation of the proposed methodology can be particularly helpful for the policy makers of Mediterranean cities, who can choose the best solutions, considering the specificity of the local current or projected climate conditions.



Further developments of this research will be addressed for (1) its application to different case-studies, (2) the assessment of different sets of energy efficiency measures, including standard HVAC system components as well as PV panels and other solutions for the local generation of renewable energy, in the perspective of developing “Net-Zero Energy Buildings” or “energy communities” in agreement with the European Directives 2019/944 and 2018/844, (3) the robustness analysis of the selected energy efficiency measures, considering in particular different climate scenario conditions, and (4) the study of the impact of different subsidization strategies, defined to prioritize a specific objective among those included in the multi-objective optimization.
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Figure 1. GIS data incorporated in the present study visualized in a GIS platform (top) and a 3D map based on Google Maps ((bottom), Dati Cartografici ©2021 Google). 
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Figure 2. GUI CitySim Pro with the 2.5D model of the case study. 
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Figure 3. Flowchart diagrams for the development of optimization process using hybrid evolutionary algorithm. 
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Figure 4. Simulation results for the preliminary parametric analysis: energy demand for space heating, net present value and saved CO2 emissions normalized per floor area for the whole district. 
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Figure 5. Projections of the Pareto surface on the NPV-heat demand plane (top) and on the NPV-saved CO2 emissions plane (bottom). Solutions are colored according to the saved CO2 emissions (top) and the heating demand (bottom). The energy optimum is represented by a larger circle, the economic optimum by a triangle and the environmental optimum by a square. 
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Figure 6. Simulation results for the hybrid evolutionary algorithm multi-objective optimization. 
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Figure 7. Projections of the Pareto surface on the NPV-heat demand plane (top) and on the NPV-saved CO2 emissions plane (bottom). Solutions are colored according to the saved CO2 emissions (top) and the heating demand (bottom). The energy optimum is represented by a larger circle, the economic optimum by a triangle and the environmental optimum by a square. 
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Table 1. Composition of the main building components for the three building envelope archetypes (layers indicated from the internal to the external surface).
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Archetype 1




	

	
Layer

	
Thickness [m]

	
Thermal Conductivity [W m−1 K−1]

	
Density [kg m−3]

	
Specific Heat Capacity [J kg−1 K−1]






	
Walls

	
1

	
Cement plaster

	
0.020

	
1.00

	
2000

	
1130




	
2

	
Clay block

	
0.380

	
0.36

	
850

	
880




	
3

	
Thermal insulating plaster

	
0.040

	
0.10

	
300

	
1200




	
Roof

	
1

	
Plasterboard

	
0.010

	
0.21

	
900

	
1050




	
2

	
Insulating layer

	
0.100

	
0.04

	
38

	
1450




	
3

	
Concrete and clay block slab

	
0.240

	
0.80

	
1600

	
1110




	
4

	
Screed

	
0.120

	
0.60

	
1500

	
1110




	
5

	
Tiles

	
0.010

	
1.00

	
1800

	
900




	
Ground Floor

	
1

	
Timber flooring

	
0.015

	
0.13

	
600

	
1610




	
2

	
Concrete underlay

	
0.065

	
0.30

	
800

	
1450




	
3

	
Light concrete

	
0.080

	
0.16

	
550

	
1270




	
4

	
Slab

	
0.250

	
0.55

	
1200

	
1130




	
5

	
Insulating layer

	
0.040

	
0.04

	
38

	
1450




	
Archetype 2




	

	
Layer

	
Thickness [m]

	
Thermal Conductivity [W m−1 K−1]

	
Density [kg m−3]

	
Specific Heat Capacity [J kg−1 K−1]




	
Walls

	
1

	
Lime-cement plaster

	
0.010

	
0.80

	
1800

	
1130




	
2

	
Clay block

	
0.380

	
0.36

	
850

	
880




	
3

	
Thermal insulating plaster

	
0.030

	
0.10

	
300

	
1200




	
Roof

(unventilated)

	
1

	
Fiber cement boards

	
0.015

	
0.60

	
2000

	
1050




	
2

	
Mineral wool

	
0.100

	
0.04

	
30

	
1030




	
3

	
Air gap + timber beams (R = 1.2 m2 K W−1)

	
0.130

	

	

	




	
4

	
Roof planks

	
0.028

	
0.13

	
495

	
2000




	
Ground Floor

	
1

	
Ceramic tiles

	
0.010

	
1.30

	
2300

	
840




	
2

	
Screed

	
0.050

	
0.60

	
1500

	
1110




	
3

	
Light concrete

	
0.070

	
0.16

	
550

	
1270




	
4

	
Slab

	
0.200

	
0.55

	
1200

	
1130




	
5

	
Foam glass

	
0.050

	
0.05

	
120

	
1000




	
Archetype 3




	

	
Layer

	
Thickness [m]

	
Thermal Conductivity [W m−1 K−1]

	
Density [kg m−3]

	
Specific Heat Capacity [J kg−1 K−1]




	
Walls

	
1

	
Lime-gypsum plaster

	
0.010

	
0.70

	
1300

	
900




	
2

	
Clay block

	
0.380

	
0.22

	
820

	
930




	
3

	
Lime-gypsum plaster

	
0.010

	
0.70

	
1300

	
900




	
Roof

(ventilated)

	
1

	
Lime-gypsum plaster

	
0.015

	
0.70

	
1300

	
900




	
2

	
Wood boards

	
0.020

	
0.13

	
495

	
2000




	
3

	
Mineral wool, ventilated air gap and covering layers

	
0.100

	
0.04

	
30

	
1030




	
Ground Floor

	
1

	
Timber flooring

	
0.010

	
0.13

	
600

	
1610




	
2

	
Screed

	
0.060

	
0.60

	
1500

	
1110




	
3

	
XPS

	
0.060

	
0.04

	
38

	
1450




	
4

	
Slab

	
0.240

	
0.55

	
1200

	
1130
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Table 2. Average thermal transmittances of the building components (W m−2 K−1) for the three building envelope archetypes.
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	Wall
	Roof
	Floor
	Windows





	Archetype 1
	0.60
	0.32
	0.39
	3.2



	Archetype 2
	0.64
	0.24
	0.46
	3.2



	Archetype 3
	0.52
	0.35
	0.43
	3.2
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Table 3. Minimum insulation thicknesses needed to respect the current law requirements for walls and roofs of the different building envelope archetypes.






Table 3. Minimum insulation thicknesses needed to respect the current law requirements for walls and roofs of the different building envelope archetypes.





	
Type of Insulation

	
Element

	
Archetype 1

	
Archetype 2

	
Archetype 3






	
XPS

	
Wall

	
8 cm

	
8 cm

	
7 cm




	
Roof

	
5 cm

	
2 cm

	
6 cm




	
Mineral Wool

	
Wall

	
9 cm

	
9 cm

	
8 cm




	
Roof

	
6 cm

	
2 cm

	
7 cm




	
Cellulose Fiber

	
Wall

	
10 cm

	
11 cm

	
9 cm




	
Roof

	
7 cm

	
2 cm

	
8 cm
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Table 4. Thermal transmittance (Ugl) and Solar Heat Gain Coefficient (SHGC) of the new glazing systems.






Table 4. Thermal transmittance (Ugl) and Solar Heat Gain Coefficient (SHGC) of the new glazing systems.











	
	Glazing System
	Ugl [W m−2 K−1]
	SHGC [—]





	DH
	Double glazing with high SHGC
	1.14
	0.61



	DL
	Double glazing with low SHGC
	1.10
	0.35



	TH
	Triple glazing with high SHGC
	0.61
	0.58



	TL
	Triple glazing with low SHGC
	0.60
	0.34
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Table 5. Distributions of the selected type of insulation in the Pareto surface, distinguished by cluster of buildings. In grey those values with the largest frequencies.






Table 5. Distributions of the selected type of insulation in the Pareto surface, distinguished by cluster of buildings. In grey those values with the largest frequencies.





	Type of insulation
	Cluster 1
	Cluster 2
	Cluster 3





	XPS
	51%
	53%
	19%



	Mineral Wool
	35%
	33%
	49%



	Cellulose Fiber
	14%
	14%
	32%
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Table 6. Distributions of the selected insulation thicknesses in the Pareto surface, distinguished by cluster of buildings. In grey those values with the largest frequencies.






Table 6. Distributions of the selected insulation thicknesses in the Pareto surface, distinguished by cluster of buildings. In grey those values with the largest frequencies.





	Insulation Thickness
	Cluster 1
	Cluster 2
	Cluster 3





	Maximum
	67%
	32%
	39%



	Minimum
	33%
	68%
	61%
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Table 7. Distributions of the selected glazing systems in the Pareto surface, distinguished by cluster of buildings. In grey those values with the largest frequencies.






Table 7. Distributions of the selected glazing systems in the Pareto surface, distinguished by cluster of buildings. In grey those values with the largest frequencies.





	Type of Window
	Cluster 1
	Cluster 2
	Cluster 3





	DH
	5%
	12%
	18%



	DL
	0%
	9%
	0%



	TH
	86%
	72%
	68%



	TL
	9%
	7%
	14%
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