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Abstract

:

The study focuses on the application of a nonparametric methodology for evaluating the sustainability of retrofitting interventions to be applied on different typologies of buildings and different climate zones of the Mediterranean area. The paper starts from the analysis of data collected through the HAPPEN project, that is a H2020 European project which proposes a holistic approach for a deep and sustainable renovation of the Mediterranean residential Building stock. Even if the European Commission allocated considerable funds for retrofitting interventions, the choice of the optimal solution is not always that easy because several variables have to be considered. The present manuscript proposes a methodology to compare different retrofitting solutions combining Life-Cycle Cost (i.e., LCC) estimations with the nonparametric Directional Distance Function approach (i.e., DDF). In detail, the literature suggests that the DDF can be effectively used for comparing different observations through efficiency scores. The main result of the paper is the definition of a hybrid methodology that, starting from estimates of LCC and applying a DDF technique, represents a simple method for evaluating the best retrofitting intervention. Results are represented by two scores where the former represents a holistic efficiency measure, while the latter shows an environmental efficiency score.
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1. Introduction


The role of environmental sustainability grew over time in all industrial sectors, and therefore, the commitment of European Union and researchers to study the impact of energy consumptions and related emissions is increased. However, in general, big efforts were expended to reduce emissions and increase the energy savings in all processes. Building stock included about 35% of EU buildings, which are over 50-years-old, and almost 75% of the building stock is energy inefficient. Only 0.4–1.2% (depending on the country) of the building stock is renovated each year [1]. The European Union tries to increase the building renovation rates by incentivizing projects that propose deep retrofitting interventions.



Data presented and analyzed in this paper were collected thanks to the H2020 project “The Holistic APproach and Platform for the deep renovation of the med residential built ENvironment (HAPPEN)” (accessed on 6 November 2021).



HAPPEN pursues the development and activation of a holistic, transparent, and adaptive approach to deep and beyond (=towards nZEB, near Zero Emissions Buildings) retrofitting of buildings, specifically tailored for the Med (Mediterranean) space, and named MedZEB. Such an approach mainly targeted the residential sector (private and public). The development of retrofitting market is facing difficulties throughout Europe, but these difficulties assume in the Med space specific characteristics, due to environmental and climatic factors, to the structure of the ownership and of the built stock to peculiar social and economic conditions. Given this framework, HAPPEN project set up a strategy that goes beyond the mere physical needs of the buildings and the technological aspects for integrating social, entrepreneurial, financial, technical, regulative, and environmental aspects. The final goal was a significant reduction of the gap between design and actual energy performance of buildings, triggering the enhancement of trust towards the retrofitting market. On this basis, it was possible to turn the MedZEB approach into a real, ambitious, and effective Med-wide retrofitting program.



One of the aspects studied in the project is the analysis of environmental efficiency together with the financial-economic sustainability of the retrofitting interventions, starting from the data collected into the HAPPEN project and in particular from which of the POS (Packages of Solutions) identified in the [2], specific for each climate zone considered and for different kinds of reference buildings. Each POS contains 12 possible solutions of deep retrofitting for the residential buildings of the climatic zone and of the country to which it refers. The POS are tailored for the specific needs of the Mediterranean area and address all the most relevant aspects of the renovation design, including inner comfort and well-being, and the integration with Renewable Energy Sources. They are conceived to optimize the investment in retrofitting by pursuing the highest energy savings and indoor well-being at the minimum cost. To obtain these results, they are based on a cost-optimal approach according to the EU regulations, aimed at minimizing the Life-Cycle Cost of renovation over 30 years [3]. They are calculated to reach deep renovation standards (that is, above 60% of energy savings) [2].



Even if, in general, Life-Cycle Cost and Life-Cycle Assessment (i.e., LCC and LCA) are the most used and complete methodologies for estimating the impact of retrofitting interventions, they require very detailed data that are not always easily available.



Also, for this reason, researchers studied new methodologies able to assess the environmental efficiency of a process, taking the emissions as undesirable (or bad) outputs of a production process [4]. A pivotal work is from [5] that modifying the standard constraints of Data Envelopment Analysis approach (i.e., DEA), proposed a hyperbolic efficiency measure able to consider also undesirable outputs. Starting from this application, many researchers tested different models of DEA with the aim to consider also bad outputs of production. For instance, refs [6,7,8] applied stochastic frontiers with bad outputs, but the most efficacy model for considering environmental emissions recognized by literature is the Directional Distance Function (i.e., DDF). Indeed, one of the main strengths of this methodology (DDF) is the possibility to modify the direction of the searching vector, without modifying its technological definition [9,10]. In addition, another benefit of the DDF is the possibility to set the linear program without assuming a specific form of technology function (i.e., additivity property [11]).



Starting from the late 1990s, an increasing number of researchers started to apply the DDF methodology in different polluting industries [11,12,13]. However, considering the advantages of this technique, in more recent years, many studies considered applying the DDF in many other fields [14,15,16,17,18].



In summary, for estimating the impact of retrofitting interventions, the more appropriate methodologies are the Life-Cycle Costing and the Life-Cycle Assessment [19,20,21], but the difficultness in data availability, especially for the LCA, stimulated researchers to find more effective solutions in proposing hybrid methodologies.



Until now, at our knowledge, literature did not present application of non-parametric methodologies, as the Directional Distance Function, to the estimation of retrofitting interventions. Recent studies, for instance [22,23], analyze the possibility to use directional distance or data envelopment analysis combined with other methodologies for evaluating power plant with nonstandard models.



As suggested by [23], the present is a methodological paper aiming at proposing a simple combined methodology for ranking the retrofitting solution considering a multidimensional vision. The methodology proposed aims at covering this lack proposing a synthetic score combined with a key-variables to drive decision-making process in retrofitting field. Indeed, the scores obtained through Directional Distance Function, and more generally, Data Envelopment Analysis, are recognized as composite indicators, and they are applied in many fields [24,25,26].



In the present work, we propose a hybrid methodology with the aim to consider the LCA as an input for the DDF model and the CO2 emissions as an undesirable output. This assumption, together with the bootstrap resampling method, allows to obtain robust efficiency scores useful for comparing different retrofitting solutions [27].



The aim of the paper is to apply a hybrid methodology (i.e., the LCC and the DDF) on the data relating to POSs collected within the HAPPEN project. In this way, we propose to define two efficiency measures (i.e., holistic efficiency scores and environmental efficiency score) to identify which retrofitting intervention is the most efficient inside each POS considering, at the same time, its economic, financial, and social impact. Finally, studying together the holistic efficiency and the primary energy consumption of the buildings after the retrofitting interventions, it is possible to find the optimal solution in each Package of Solutions (POS), considering both climate zone and building typology.



The paper is organized as follows: Section 2 presents material and method, and Section 3 discusses the empirical results; final remarks are shown in Section 4.




2. Materials and Methods


2.1. Method: The Directional Distance Function and the Bootstrap Resampling Technique


Following [10,28,29] the Directional Distance Function allows to obtain efficiency scores solving a linear programming not so different from the scores obtained by the standard data envelopment analysis approach (DEA). The directional function is defined to simultaneously minimize and maximize respectively inputs and outputs. The definition of the direction function is the following:


   D →   (  x , y ; −  g x  ,  g y   )  = sup  {  β :  (  x − β  g x  , y + β  g y   )  ∈ P  }   











The linear programming for the Directional Distance Function, when constant returns to scale (CRS) are assumed, is the following [28]:


        m a x   β , λ      β  C R S  *            subject   to              X  λ ≤   x  o  − β  g x             Y λ ≥   y  o  + β  g y             λ ≥ 0         



(1)




where    β  C R S  *    = 0, (i.e., a benchmark) represents the efficient observation, otherwise the score describes a situation of inefficiency. Indeed, increasing the efficiency scores (i.e.,    β  C R S  *    > 0), also inefficiency increases.



The biggest advantage of the DDF is the possibility to consider different types of outputs: from the one hand, the observation can produce a good output (in our case the final energy saving), but from the other hand, for producing the retrofitting intervention, the observation releases also emissions of CO2 (b, bad or undesirable output). For this reason, the production possibility set has to be redefined in the following way:


  P =  {   (  x ,  y d  ,  y u   )  | x ≥ X λ ,  y d  ≤ Y λ ,  y u  = Y λ , λ ≥ 0  }   











Following [30], the undesirable outputs are weakly disposable and the efficiency scores represent the ability of the observation to reduce the bad output increasing the good one and taking inputs equal.



As the production set has changed, also the previous linear program has to be updated as follows [28]:


        m a x   β , λ      β  C R S  *            subject   to              X  λ ≤   x  o    x              Y d  λ ≥  y o d  + β  y o d              Y u  λ ≤  y o u  + β  y o u                max  {   y i u   }  ≥  y o u  + β  y o u             λ ≥ 0      



(2)







Again, the optimal solution is    β  C R S  *    = 0 and otherwise the observation is inefficient (i.e.,    β  C R S  *    > 0) (Efficiency scores vary between 0 and 1. Values equal to 0 represent the efficient observation, Increasing the scores, also inefficiency increases). Further, from the technical point of view, ref [11] suggest that the DDF frontier has to satisfy some axioms (inactivity, compactness of production possibility set, free disposability of inputs, weak disposability of outputs, null-jointness, free disposability of good outputs) that in the environmental case are always satisfied.



In addition, a resampling technique was applied to improve performance of non-parametric models and to obtain more robust efficiency scores [31,32].



The adopted resampling technique is the bootstrapping procedure that replicates n dataset starting from the initial sample. In the present paper, authors adopted the technique suggested by [33], applied until now in few studies [18,34,35].



Finally, notice that all elaborations (i.e., descriptive statistics, Directional Distance Functions, and bootstrap routine) were computed with the R-software version 4.0.1 (June 2020).




2.2. Data


Data used in the present work for creating the efficiency scores refer to the Packages of Optimal Solutions (POS) defined in the HAPPEN project implementation and collected in the report D3.4 [2] of the project, where they are freely disposable.



The project identifies 16 POS starting from four pilot case studies of deep retrofitting of residential buildings carried on in 4 different Countries. The Package of Optimal Solution (POS) is defined as a set of 12 solutions, each of which minimizes the LCC of the buildings after the renovation process with different combinations of technical renovation measures. Each POS was defined specifically for each reference building of the Country of the four pilot studies and for each climate zone (4 Countries and, for each Country, 4 climatic zones). The total 192 solutions referred to the 16 defined POS were formulated considering different combinations of renovation measures for the façades, for the renovation of the roofs, of the floors, of the thermal bridges, of the ventilation system, of the shading elements, and of different types of glazing [2].



The proposed analysis selected 2 different building typologies (i.e., 2 Single-Family Houses, SFH and 2 Multi-Family Houses, MFH) and 4 climate zones (i.e., W1S2; W2S2; W2S3; W3S2). The Single-Family Houses are homes including single- and two- family houses and terraced houses; the Multi-Family Houses refer to buildings with more than two apartments and fewer than 9 floors. Buildings that are higher than 8 floors are not considered in the present study (from the report D3.2 “Catalogue of reference buildings classes in MED countries”).



Considering the four-pilot case-studies analyzed, they are characterized by two main measures: the thermal transmittance   U ^  , (W/m2K) and the compactness C (m). In details: Cyprus:   U ^   = 2.12 and C = 1.57; Labin:     U    ^   = 2.23 and C = 1.33; Marseille:     U    ^   = 1.89 and C = 3.46; Castéllon:     U    ^   = 2.54 and C = 2.96 (data from the report [2]).



To identify the climate zones, the project considered both the Climate Severity Index (CSI) and the aim to cover the Mediterranean area. Different zones are identified with some acronyms where W means winter and S corresponds to summer (Climate zones were defined considering the Climate Severity Index equations for winter and for summer. In Appendix A, Table A1 reports details for the four climate zones considered). Croatia (HR) and Cyprus (CY) represent the pilots for SFH, while France (FR) and Spain (SP) are the front-runner pilots where the MFH typology was considered.



Table 1 presents the strategy adopted for the DDF application. Indeed, considering each building typology and climate zone, 8 Directional Distance Functions were estimated. Let we consider, for instance, the MFH typology and the climate zone W1S2: 24 observations represent the sample size of DDF model (12 solutions for the corresponding POS13 from Spain and 12 solutions for the POS9 from France). The results are (holistic/environmental) efficiency scores that can be used for comparing the 24 solutions of each initial sample.



Indeed, the methodology proposed allows to obtain efficiency scores based on minimization of CO2 emissions and the aim is to evaluate the efficiency of each solution for each POS considering the CO2 emissions as a bad output.



With this intent, two model definitions were proposed, different for the input variables chosen. The outputs are two and they do not change in the two formulations. The final energy savings per year (The final energy savings per year (Mwh) represents the planned absolute value of the final energy savings per year) is the good output to maximize, while the CO2 emissions (The CO2 emissions represent the value of the CO2 production after the implementation of the optimal solution proposed) represent the output to minimize (i.e., the bad or undesirable output). Concerning the inputs, the present paper proposes two formulations of the DDF estimations: the first one (Model#1) considers as input the LCC estimation for each solution; while Model#2 represents a more standard definition of the DDF, considering the total costs of solution.



The purpose to define two different input-output space strategies allows to consider different meanings of efficiency. In the case of Model#2, solutions are compared considering their ability to minimize the CO2 emissions and simultaneously to maximize the final energy savings, using the same amount of costs. These results represent the environmental efficiency scores, well known in literature. However, thanks to the data collected in the HAPPEN project, scores with a more informative meaning were calculated considering the LCC as input. This happens in the Model#1, which considers not only the negative externalities of production process as bad output (i.e., emissions), but also costs and investments as input (LCC estimation). For this reason, the obtained results catch the holistic impact of the retrofitting interventions and allow to compare, in a simple way, different solutions.



All data used are available on the EU website of the project, and they were extracted from the [2]. The LCC is defined in the HAPPEN project as the initial investment plus the operational costs over 30 years after implementing the optimal solutions; and a deeper explanation of the computation can be found in [36]. In details, the Life-Cycle Costs are estimated as follows:


  L C C  ( € )  = I n v e s t m e n t  ( € )  +   ∑   i = 1   30    (  O  C i   )  · D i s c o u n t   r a t e  








where OC represent the operational costs for each year expressed in €/year, and in this particular case, they refer to heating, cooling, energy consumptions, and maintenance costs.



The Discount Rate adopted is an annuity calculated as follows:


  D i s c o u n t   r a t e =   1 −    (  1 +  k  100    )    − 30     k / 100    








where the current interest rate k is 1.47%, calculated considering an interest rate of 3.5% and an inflation rate of 2% as suggested by the delegated regulation [37].



In addition, following [38], the size of input-output space (3 variables: 1 input + 2 outputs) allows to obtain robust results as an OLS with a sample equal to 69 units and the robustness of results is improved by the bootstrap resampling procedure.



Finally, we can sum up that the two input-output space strategies (Model#1: holistic efficiency, and Model#2: environmental efficiency) were used for defining the Directional Distance Functions considering the two building typologies (i.e., SFH and MFH), and the four climate zones (i.e., W1S2, W2S2, W2S3, W3S2). This means that 8 frontiers were built considering as input the Life-Cycle Cost estimations (Model#1), and 8 with total costs (Model#2). Notice that costs, as well as the final energy consumptions, vary significantly among climate zones (W1S2, W2S2, W2S3, W3S2), and different solutions of retrofitting interventions were analyzed separately. Descriptive statistics of input and outputs are presented in Table 2.





3. Results and Discussion


Considering two different input-output spaces, results from Directional Distance Function are proposed with the aim to obtain two efficiency scores with two different meanings: Model#1 presents holistic scores, while Model#2 describes environmental efficiency scores. In both cases, scores equal to 0 represent the optimal observation that is placed on the efficient frontier. If the value of score increases, also the inefficiency grows.



Building typology and climate zone are the key variables used for presenting results with the aim to identify the more efficient solution(s) within the POS of each group.



3.1. Holistic and Environmental Efficiency Scores for Typology of Buildings in All the Climate Zones


Results of holistic and environmental efficiency scores are presented in Table 3, where the building typology SFH is represented by the case-studies of Cyprus and Croatia (in particular, Labin). Table 3 shows the holistic and environmental scores (Model#1 and Model#2) for the 24 solutions referring to the different climate zones.



Considering the W1S2 climate zone, results suggest that solution 9 is the most efficient, both for holistic and environmental purposes. On the other hand, solution 1 presents the highest efficiency scores, suggesting that in all cases this is the most inefficient solution.



On the contrary, unclear conclusions can be obtained considering the W2S2 climate zone where solution 5 is always the most efficient in both holistic and environmental terms, except for the Model#2, case-study of Croatia, where the solution 1 presents the lowest environmental efficiency score.



Similar considerations can be carried on considering the W2S3 climate zone. Indeed, in this case, the solution 9 is the most efficient in holistic terms. Considering Model#2, solution 9 is the most efficient only for the Croatia case-study, indeed result for Cyprus suggests solution 2 as the best intervention. However, in this specific case, solution 9 does not present a high value of environmental efficiency, so we can conclude that the inefficiency for solution 9 is not too great in comparison to the best one (solution 2).



The results on W3S2 climate zone suggest that holistic efficiency solutions (Model#1) are the number 10 and 12 (Cyprus case-study), and solution 2 (Croatia). However, in general, efficiency values are very high. Environmental efficiency scores (Model#2) suggest that solutions 11 and 12 are the optimal choice for both case-studies, but in the case of Cyprus, solution 12 also does not present a too high environmental score.



Table 4 presents results on Multi-Family House (MFH) in France and Spain (in particular, the front-runner pilots are in Marseille and in Castellòn). The presented analysis is equal to the previous one on Single-Family House and 8 Directional Distance Functions were run considering the two different formulation of input-output space and the four climate zones.



As in the case of SFH, considering the W1S2 climate zone, a univocal solution always presents the best results in terms of both holistic and environmental efficiency. This solution is the number 8 but considering the Model#1 and the Marseille case study, there are many holistic efficiency solutions.



Taking W2S2 and W2S3 climate zones into account, results are controversial. Indeed, in the first case (W2S2), both Model#1 and Model#2 suggest different efficient solutions. Less controversial conclusions can be found for W2S3 climate zone: both models suggest solution 7 as the best for Marseille, whereas for Castellòn there is not a univocal solution, but it changes on the base of the model adopted.



Finally, also for the W3S2 climate zone conclusions on results are not so clear. However, for France and considering the holistic efficiency, solution 6 is clearly the best choice, whereas in other cases Model#1 and Model#2 suggest more than one (holistic and environmental) efficient solution.



The models proposed present not always univocal results, even if scores suggest which is the best solution for each country. This means that, to decide which could be the optimal choice, in next subsection we propose to cross in a Cartesian coordinate system, the obtained results of holistic efficiency scores with other variables that can suggest definitely the optimal solution.




3.2. How to Choose the Optimal Solution within Each POS?


To discuss and clarify the previous results, it is interesting to consider both the holistic efficiency scores (Model#1) together with some characteristics of the solutions. We decided to used Model#1 because the holistic efficiency scores represent a more complete definition of efficiency and the decision of customer is to decide which intervention is the most convenient from different point of views. Scores from Model#2 are also relevant, but they refer specifically to environmental issues. Indeed, for instance, they do not take into account the size of investment that, on the contrary, is considered in LCC estimations used in Model#1.



Table 5 and Table 6 report, respectively for Single-Family and Multi-Family houses, the amounts of Primary Energy Consumption (kWh/m2) (The primary energy consumption is the value of energy consumption of the buildings (for each m2) after the implementation of the optimal solution (as defined in report D3.4 of the HAPPEN Project) [2]) and of Life Cycle Cost (€/m2) for each solution and climate zone. Data were elaborated from the Deliverable 3.4 of HAPPEN project and the Life Cycle Cost methodology was presented in [36].



To calculate the LCC estimates, the initial investment is considered and, at the same time, the LCC was used as input for the Model#1 applied for computing the holistic efficiency of solutions. On the contrary, the primary energy consumption could were an input for the frontiers, because, together with the LCC, are key variables in finding the optimal solution. However, the sample size does not allow to obtain robust results with an input-output space bigger than that used. For this reason, in both models the good output to maximize was represented by the final energy saving that, together with CO2 emissions, is the most suitable candidate to catch the effects on consumptions.



From the analysis, we can observe that, in general, the obtained efficiency scores do not always match with the minimum values of primary energy consumption.



Indeed, considering the case of Single-Family house and W1S2 climate zone, the solution 9 is the best in terms of efficiency (Table 3); however, considering Table 5, it does not correspond to the minimum LCC evaluation, but it is the best solution considering the primary energy consumption. Indeed, the proposed scores measure which solution has the minimum impact on environment, in terms of CO2, and the maximum capacity in final energy saving, taking equal the LCC (Model#1) or total costs (Model#2). We could conclude that results are contradictory but in truth the meaning of LCC alone and of efficiency scores is different. However, results in Table 5 suggest that considering only LCC, the solution 9 is not the best one (i.e., solution 9 does not present the lowest level of LCC for W1S2 climate zone), but the solution 9 is the most efficient considering the LCC together with the impact in terms of energy savings and emissions (i.e., from Table 3, solution 9 presents the lowest efficiency scores). For this reason, the methodology proposed presents the most complete evaluation of solutions, considering not only costs and investments, but also negative externalities (i.e., CO2 emissions).



Considering this specific case (W1S2), from Table 5 solution 1 (POS1 and POS5) presents the lower LCC values but Table 3 (Model#1) suggests that this solution is not the most efficient because the efficiency score is higher than 0, rather it is the worst in terms of produced outputs and also the primary energy consumption is very high compared with that of other alternatives.



Similar results are obtained in the case of multifamily houses and W1S2 climate zone (Table 4 Model#1 and Table 6). Indeed, also in this case, models agree in highlighting solution 8 (POS9 and POS13) as the more efficient. Table 6 shows that this solution does not present the minimum value of LCC estimation but in terms of initial energy consumption is the best choice.



Nevertheless, considering all results of efficient frontiers and values of primary energy consumptions, it is not so clear which solution is able to combine all factors affecting the choice to do retrofitting interventions.



For this reason and to explain better the results, we propose the scatterplots for each typology of building and climate zone, where the efficiency scores, calculated with LCC (i.e., holistic efficiency scores, Model#1) represent the values on abscissa axis and the values of the primary energy consumption are placed on ordinate axis.



Figure 1 presents the methodology applied: we have used the LCC estimation as input for the estimation of DDF with CO2 emissions as undesirable output and the final energy saving as desirable one. Results are holistic efficiency scores representing the capability of solution to minimize emission and maximizing the final energy saving (taking equal the LCC). Finally, we crossed these scores with the primary energy consumption that is another crucial variable to consider in the choice of retrofitting interventions.



These figures with scatterplots allow to evaluate the best solution considering the holistic efficiency scores and the primary energy consumptions. These representations clearly suggest choosing the solutions near to the origin of axes where the holistic efficiency is at its maximum and the primary energy consumption is at its minimum. The bullet points in the figures represent the solutions of each POS, as described in the near labels.



Figure 2 shows the plot referring to the Single-Family houses and climate zone W1S2. In this case the graph confirms previous considerations and for Cyprus the solution 9 (POS1) is the best one as in the case of Croatia (POS5).



Figure 3 considers W2S2 climate zone and if for Cyprus solutions 5, 6, and 8 of POS2 can be considered as optimal; on the contrary, Croatia presents an optimal combination of efficiency scores and consumptions for solution 1 of POS6, confirming results obtained in previous analysis.



Figure 4 shows that optimal solution for W2S3 climate zone for Cyprus is the number 9 of POS3, whereas for Croatia, the optimal solution is the number 1 of POS7. Considering the last climate zone (i.e., W3S2), Figure 5 suggests that for the first considered pilot (Cyprus) the solution 10 is the best possible choice of POS4, whereas for Croatia the best is the number 1 (POS8).



The same analysis was carried out for the case-studies referring to multifamily houses (i.e., France and Spain).



As suggested, for the first climate zone (i.e., W1S2) the choice of the optimal solution is univocally identified in the solution number 8 of POS9 and POS13 (Figure 6). For climate zone W2S2, Figure 7 shows that for France the best choice of intervention is the number 9 (POS10); for the second front-runner pilot (i.e., Spain), the optimal solution is the number 11 (POS14).



Figure 8 presents results for the W2S3 climate zone where the solution 7 of POS11 is the optimal intervention for France, while in the second case-study (i.e., Spain), solution 1 of POS15 results to be the best choice.



Finally, considering the climate zone W3S2, Figure 9 for France highlights solutions 6 and 11 of POS12 as the optimal retrofitting interventions, whereas for Spain the solution 4 of POS16 is the nearest to the origin of axis.





4. Conclusions


Starting from data collected in HAPPEN project [2], we propose an innovative application of a well-known methodology for computing the efficiency of retrofitting interventions on the building stock of the Mediterranean area, considering their economic and environmental spillovers. Indeed, the method used, the Directional Distance Function, allows to obtain an efficiency score representing the solution that minimizes the CO2 emissions and, at the same time, maximizes the saving of final energy consumptions.



The paper presents two model formulations, to show the potentiality of the approach. Indeed, through Model#1, authors propose an evaluation of the holist efficiency because the Life Cycle Costing estimation is introduced as input; instead, a classical environmental efficiency was also estimated using as input the total cost of the interventions. The main purpose of the present experiment is to propose a simple tool that, considering few variables, is able to give a score easy to interpret in terms of efficiency.



A methodology frequently applied for evaluating the impact on social and health systems due to a production process (e.g., the retrofitting interventions on buildings) is the Life-Cycle Assessment (i.e., LCA) that is recognized as an appropriate methodology. However, a high availability of data is necessary for computing the LCA; in this work, we propose a combination of LCC and Directional Distance Function as a simpler methodology for evaluating which solutions for each typology of building and climate zone are more efficient. Then, the paper presents an alternative methodology simpler than those suggested by the majority of literature to evaluate the optimal choice.



The method proposed can be useful for all stakeholders of a retrofitting investments in different phases. From the one hand, the hybrid-DDF methodology can be used before starting the investment, because considering different scenarios, as it was made in the project, the methodology identifies the more efficient solution for each typology of building and for each climate zone. Nevertheless, also during the interventions, investors can compare easily different solutions and choose the more efficient from the costs point of view. In addition, in this definition of the model, the information on the initial investment is considered also thanks to the LCC estimation, then the investor will be able to estimate which solution is the most attractive alternative for him.



Last but not least, the correct evaluation of retrofitting interventions is very crucial when the building to retrofit was built before the 1945 (so called “historic buildings”). As suggested by [39], the retrofitting of historic buildings can be very expensive but, at the same time, the spillovers in term of market value can be a key-variable in the decision for the intervention. However, in large part, historic buildings are cultural heritage and, for example in Italy, the interventions are not attractive from the economic point of view [39]. This evidence is supported also by [40] that identifies two main reasons: restrictions imposed by the authorities for the preservation of cultural heritage, and the exclusion of historic buildings from conventional public policies. Starting from these considerations, [40] proposes a methodology able to evaluate the choice between the energy performance and cultural value (an interesting review of problems related to the comparison between retrofitting traditional and historic buildings can be found in [41]. A reference for legislative and regulatory aspects of historic building retrofitting is in [42]).



Even if the Directional Distance Function is quite easy to calculate and results are very evident, the methodology presents some weaknesses. The main one concerns the choice of variables for the computation of scores. Indeed, many factors can affect the efficiency of a retrofitting intervention, and limiting the choice to only 3 variables probably does not allow to obtain the best possible efficiency score. However, the number of inputs and outputs is strictly connected to the sample size. As suggested by literature [38], if we want to increase the input-output dimension, it is necessary to increase the sample size. It is for this reason that, in the present paper, we suggest a hybrid methodology considering also other characteristics of retrofitting building and, it could be interesting, to define a composite indicator able to evaluate the intervention in the whole.



Finally, it is necessary to better explain that in the paper is proposed a methodology for supporting the decision maker. The aim of the paper is twofold: from the one hand, we fill the gap existing in retrofitting intervention evaluation proposing a hybrid methodology and, from the other hand, we propose a simple tool for ranking renovation solutions considering together an efficiency score and other crucial measure for retrofitting interventions, as in this case the primary energy consumption. Obtained results cannot be compared with other ones, because the final choice of the best solution, between those proposed for each POS, strictly depends from the investors and the specific objectives they pursue that will lead them to choose or not the suggested solutions. Our methodology is a tool for the decision making because it was able to consider together a composite indicator of efficiency and, at the same time, at least another relevant variable, but it remains a suggestion, which the investor will evaluate on the basis of his objectives.



Next step will be to use a bigger sample of solutions to make possible the introduction of new variables in the input-output space and to create a hybrid composite indicator of efficiency more significant. In addition, the idea to create hybrid models is supported by literature suggesting that combined approaches can be very useful in defining criteria for decision analysis in sustainability assessment [43,44,45,46]. In both cases, the aim is to obtain richer results able to help investors, customers, and in general all stakeholders to take the best decision from economic, social, and environmental point of view.
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Appendix A


The Climate Severity Index (CSI) defines the climatic dependency of the heating or cooling buildings’ requirements. It is calculated as the ratio between an observed climate indicator and a reference climate indicator (30-year period). High values of CSI represent the need of big energy requirements that is a characteristic of severe climate zones.



The CSI considers together the cooling/heating degree-days and the solar radiation and when two localities exhibit the same value of this indicator, this means that considering two same buildings, their energy demands are equal. The CSI was here calculated following [47,48].



In Table A1 are presented the four climate zones with thresholds of CSI for winter (W) and summer (S):
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Table A1. Climate zones based on thresholds of CSI.






Table A1. Climate zones based on thresholds of CSI.





	Climate Zones
	Winter
	Summer





	W1S1
	0 ≤ CSI < 0.522
	0 ≤ CSI < 0.508



	W2S2
	0.522 ≤ CSI < 1.52
	0.508 ≤ CSI < 1.34



	W2S3
	0.522 ≤ CSI < 1.52
	1.34 ≤ CSI < 2.00



	W3S2
	1.52 ≤ CSI < 2.77
	0.508 ≤ CSI < 1.34







Source: data extracted from deliverable D3.1 “Report on representative climates and zoning”, Available online: https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5bc0b9398&appId=PPGMS (accessed on 7 November 2021). 
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Figure 1. Schema of adopted methodology. 
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Figure 2. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Single-Family Houses and W1S2 climate zone. ((a) Cyprus in blue dots; (b) Croatia in red dots). 
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Figure 3. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Single-Family Houses and W2S2 climate zone. ((a) Cyprus in blue dots; (b) Croatia in red dots). 
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Figure 4. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Single-Family Houses and W2S3 climate zone. ((a) Cyprus in blue dots; (b) Croatia in red dots). 
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Figure 5. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Single-Family Houses and W3S2 climate zone. ((a) Cyprus in blue dots; (b) Croatia in red dots). 
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Figure 6. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Multi-Family Houses and W1S2 climate zone. ((a) France in blue dots; (b) Spain in red dots). 
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Figure 7. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Multi-Family Houses and W2S2 climate zone. ((a) France in blue dots; (b) Spain in red dots). 
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Figure 8. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Multi-Family Houses and W2S3 climate zone. ((a) France in blue dots; (b) Spain in red dots). 
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Figure 9. Plot of holistic efficiency scores and primary energy consumptions (kWh/m2) for Multi-Family Houses and W3S2 climate zone. ((a) France in blue dots; (b) Spain in red dots). 
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Table 1. Strategy design for Directional Distance Function estimation.
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Building

Typology

	
Climate Zone

	
Pilot Study

(Country/POS n°)

	
Pilot Study

(Country/POS n°)

	
Sample Size

(Number of

Solutions)

	
DDF

Frontier






	
SFH

	
W1S2

	
CY (POS1)

	
HR (POS5)

	
24

	
1




	
W2S2

	
CY (POS2)

	
HR (POS6)

	
24

	
2




	
W2S3

	
CY (POS3)

	
HR (POS7)

	
24

	
3




	
W3S2

	
CY (POS4)

	
HR (POS8)

	
24

	
4




	
MFH

	
W1S2

	
SP (POS13)

	
FR (POS9)

	
24

	
5




	
W2S2

	
SP (POS14)

	
FR (POS10)

	
24

	
6




	
W2S3

	
SP (POS15)

	
FR (POS11)

	
24

	
7




	
W3S2

	
SP (POS16)

	
FR (POS12)

	
24

	
8











[image: Table] 





Table 2. Input-output space descriptive statistics (mean values) (mean values are presented, but in model, all values for each solution of POS were used).
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Building Typology

	
Input/

Output Space

	
Variables

	
W1S2

	
W2S2

	
W2S3

	
W3S2






	
SFH

	
Input (Model#1)

	
LCC (mean value, €/m2)

	
143.10

	
178.47

	
219.18

	
234.50




	
Input (Model#2)

	
Total costs (€)

	
18,158

	
20,006

	
21,457

	
22,336




	
Undesirable output

	
CO2 emissions (kg/m2)

	
9.24

	
12.25

	
16.15

	
17.12




	
Good output

	
Final energy saving per year (Mwh)

	
13.50

	
21.57

	
25.45

	
36.94




	
MFH

	
Input (Model#1)

	
LCC (mean value, €/m2)

	
115.64

	
155.71

	
189.20

	
199.21




	
Input (Model#2)

	
Total costs (€)

	
32,258

	
46,631

	
49,920

	
51,519




	
Undesirable output

	
CO2 emissions (kg/m2)

	
8.81

	
10.75

	
14.05

	
14.97




	
Good output

	
Final energy saving per year (Mwh)

	
31.69

	
33.80

	
41.05

	
58.94
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Table 3. Holistic and environmental efficiency scores (Model#1 and Model#2) for Single-Family House and all climate zones (CY = Cyprus and HR = Croatia).
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SOLUTION

	
W1S2

	
W2S2

	
W2S3

	
W3S2




	
MODEL#1

	
MODEL#2

	
MODEL#1

	
MODEL#2

	
MODEL#1

	
MODEL#2

	
MODEL#1

	
MODEL#2




	
CY

POS1

	
HR

POS5

	
CY

POS1

	
HR

POS5

	
CY

POS2

	
HR

POS6

	
CY

POS2

	
HR

POS6

	
CY

POS3

	
HR

POS7

	
CY

POS3

	
HR

POS7

	
CY

POS4

	
HR

POS8

	
CY

POS4

	
HR

POS8






	
1

	
0.032

	
0.160

	
0.198

	
0.140

	
0.023

	
0.121

	
0.031

	
0.014

	
0.017

	
0.032

	
0.045

	
0.040

	
0.090

	
0.320

	
0.076

	
0.285




	
2

	
0.022

	
0.159

	
0.160

	
0.102

	
0.036

	
0.149

	
0.121

	
0.095

	
0.018

	
0.119

	
0.024

	
0.022

	
0.073

	
0.305

	
0.257

	
0.330




	
3

	
0.021

	
0.155

	
0.143

	
0.120

	
0.024

	
0.144

	
0.113

	
0.081

	
0.003

	
0.118

	
0.134

	
0.024

	
0.045

	
0.307

	
0.093

	
0.290




	
4

	
0.019

	
0.155

	
0.148

	
0.100

	
0.033

	
0.116

	
0.165

	
0.083

	
0.005

	
0.084

	
0.153

	
0.017

	
0.036

	
0.306

	
0.000

	
0.353




	
5

	
0.014

	
0.157

	
0.128

	
0.086

	
0.001

	
0.102

	
0.014

	
0.192

	
0.005

	
0.118

	
0.061

	
0.085

	
0.042

	
0.310

	
0.069

	
0.334




	
6

	
0.010

	
0.155

	
0.113

	
0.085

	
0.005

	
0.191

	
0.037

	
0.135

	
0.006

	
0.184

	
0.058

	
0.067

	
0.005

	
0.379

	
0.263

	
0.368




	
7

	
0.000

	
0.114

	
0.177

	
0.037

	
0.009

	
0.174

	
0.040

	
0.056

	
0.016

	
0.138

	
0.149

	
0.081

	
0.039

	
0.323

	
0.093

	
0.422




	
8

	
0.007

	
0.121

	
0.117

	
0.009

	
0.003

	
0.194

	
0.021

	
0.027

	
0.014

	
0.162

	
0.235

	
0.117

	
0.005

	
0.345

	
0.215

	
0.428




	
9

	
0.000

	
0.000

	
0.101

	
0.000

	
0.006

	
0.261

	
0.087

	
0.130

	
0.000

	
0.000

	
0.050

	
0.000

	
0.003

	
0.425

	
0.070

	
0.396




	
10

	
0.000

	
0.101

	
0.140

	
0.039

	
0.013

	
0.190

	
0.097

	
0.032

	
0.003

	
0.133

	
0.160

	
0.136

	
0.000

	
0.326

	
0.131

	
0.409




	
11

	
0.003

	
0.110

	
0.124

	
0.024

	
0.001

	
0.171

	
0.089

	
0.098

	
0.001

	
0.140

	
0.064

	
0.129

	
0.001

	
0.307

	
0.015

	
0.422




	
12

	
0.000

	
0.117

	
0.128

	
0.010

	
0.000

	
0.104

	
0.140

	
0.310

	
0.000

	
0.136

	
0.227

	
0.092

	
0.000

	
0.323

	
0.029

	
0.261
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Table 4. Holistic and environmental efficiency scores (Model#1 and Model#2) for Multi-Family House and all climate zones (FR = France and SP = Spain).
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SOLUTION

	
W1S2

	
W2S2

	
W2S3

	
W3S2




	
MODEL#1

	
MODEL#2

	
MODEL#1

	
MODEL#2

	
MODEL#1

	
MODEL#2

	
MODEL#1

	
MODEL#2




	
FR

POS9

	
SP

POS13

	
FR

POS9

	
SP

POS13

	
FR

POS10

	
SP

POS14

	
FR

POS10

	
SP

POS14

	
FR

POS11

	
SP

POS15

	
FR

POS11

	
SP

POS15

	
FR

POS12

	
SP

POS16

	
FR

POS12

	
SP

POS16






	
1

	
0.022

	
0.242

	
0.069

	
0.376

	
0.013

	
0.004

	
0.413

	
0.776

	
0.053

	
0.007

	
0.552

	
0.132

	
0.026

	
0.068

	
0.582

	
0.048




	
2

	
0.020

	
0.151

	
0.151

	
0.211

	
0.022

	
0.253

	
0.322

	
0.143

	
0.064

	
0.087

	
0.498

	
0.056

	
0.045

	
0.051

	
0.549

	
0.160




	
3

	
0.015

	
0.132

	
0.032

	
0.174

	
0.018

	
0.274

	
0.403

	
0.197

	
0.043

	
0.140

	
0.535

	
0.097

	
0.038

	
0.029

	
0.645

	
0.022




	
4

	
0.005

	
0.122

	
0.087

	
0.150

	
0.018

	
0.169

	
0.357

	
0.062

	
0.056

	
0.083

	
0.511

	
0.818

	
0.059

	
0.024

	
0.643

	
0.040




	
5

	
0.000

	
0.089

	
0.187

	
0.125

	
0.009

	
0.060

	
0.232

	
0.243

	
0.018

	
0.143

	
0.305

	
0.058

	
0.021

	
0.063

	
0.369

	
0.064




	
6

	
0.011

	
0.074

	
0.046

	
0.064

	
0.004

	
0.238

	
0.370

	
0.012

	
0.009

	
0.114

	
0.455

	
0.023

	
0.009

	
0.041

	
0.038

	
0.038




	
7

	
0.000

	
0.045

	
0.043

	
0.029

	
0.017

	
0.068

	
0.483

	
0.277

	
0.000

	
0.094

	
0.033

	
0.047

	
0.035

	
0.048

	
0.615

	
0.092




	
8

	
0.000

	
0.000

	
0.000

	
0.000

	
0.021

	
0.294

	
0.509

	
0.000

	
0.023

	
0.136

	
0.505

	
0.000

	
0.015

	
0.077

	
0.467

	
0.195




	
9

	
0.000

	
0.095

	
0.008

	
0.074

	
0.000

	
0.158

	
0.351

	
0.086

	
0.000

	
0.072

	
0.445

	
0.055

	
0.045

	
0.020

	
0.662

	
0.089




	
10

	
0.000

	
0.060

	
0.062

	
0.028

	
0.000

	
0.036

	
0.322

	
0.301

	
0.006

	
0.092

	
0.410

	
0.074

	
0.060

	
0.032

	
0.660

	
0.132




	
11

	
0.004

	
0.141

	
0.009

	
0.095

	
0.011

	
0.081

	
0.461

	
0.078

	
0.021

	
0.019

	
0.507

	
0.049

	
0.002

	
0.123

	
0.236

	
0.938




	
12

	
0.005

	
0.132

	
0.115

	
0.076

	
0.004

	
0.107

	
0.367

	
0.059

	
0.029

	
0.113

	
0.445

	
0.001

	
0.021

	
0.075

	
0.522

	
0.059
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Table 5. Primary Energy Consumption (kWh/m2) and Life Cycle Cost (€/m2) for solutions of Single-Family Houses in climate zones.






Table 5. Primary Energy Consumption (kWh/m2) and Life Cycle Cost (€/m2) for solutions of Single-Family Houses in climate zones.





	
Solutions

	
W1S2

	
W2S2

	
W2S3

	
W3S2




	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)

	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)

	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)

	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)




	
CY

POS1

	
HR

POS5

	
CY

POS1

	
HR

POS5

	
CY

POS2

	
HR

POS6

	
CY

POS2

	
HR

POS6

	
CY

POS3

	
HR

POS7

	
CY

POS3

	
HR

POS7

	
CY

POS4

	
HR

POS8

	
CY

POS4

	
HR

POS8






	
1

	
44.95

	
57.05

	
123.31

	
150.60

	
56.64

	
88.89

	
156.18

	
194.44

	
69.75

	
80.06

	
200.82

	
231.29

	
80.80

	
104.60

	
211.03

	
237.47




	
2

	
43.00

	
54.22

	
125.07

	
152.50

	
59.89

	
92.34

	
156.45

	
194.70

	
68.45

	
66.12

	
200.85

	
233.13

	
89.20

	
108.41

	
218.30

	
240.79




	
3

	
40.04

	
56.13

	
125.49

	
153.92

	
60.23

	
94.30

	
158.02

	
195.69

	
80.26

	
69.15

	
201.00

	
233.62

	
86.69

	
106.72

	
220.60

	
240.94




	
4

	
41.47

	
54.26

	
126.11

	
154.74

	
63.43

	
90.46

	
158.22

	
195.78

	
81.63

	
83.26

	
201.11

	
233.97

	
81.07

	
109.30

	
222.06

	
241.11




	
5

	
39.41

	
53.18

	
126.63

	
155.61

	
50.58

	
97.68

	
160.87

	
196.39

	
73.58

	
89.54

	
202.16

	
235.34

	
85.44

	
108.81

	
222.33

	
242.14




	
6

	
38.09

	
51.27

	
127.20

	
156.37

	
47.51

	
93.90

	
160.89

	
196.46

	
72.29

	
85.09

	
202.21

	
235.80

	
94.95

	
110.47

	
227.49

	
244.16




	
7

	
47.18

	
57.05

	
127.26

	
161.75

	
53.83

	
97.00

	
162.08

	
196.46

	
84.21

	
75.49

	
202.56

	
236.26

	
89.47

	
112.96

	
229.32

	
244.19




	
8

	
39.53

	
54.22

	
127.84

	
163.65

	
50.75

	
95.86

	
162.11

	
196.72

	
85.56

	
71.14

	
202.63

	
236.27

	
93.76

	
111.40

	
229.39

	
244.56




	
9

	
37.47

	
51.92

	
128.34

	
164.04

	
60.30

	
86.22

	
162.31

	
196.81

	
72.72

	
81.46

	
203.97

	
236.92

	
78.05

	
110.88

	
230.46

	
245.51




	
10

	
45.22

	
59.79

	
128.98

	
164.70

	
63.56

	
102.04

	
162.60

	
196.94

	
84.74

	
67.46

	
204.54

	
237.97

	
75.79

	
113.36

	
230.87

	
245.53




	
11

	
42.21

	
56.13

	
129.36

	
165.07

	
63.89

	
99.23

	
164.18

	
197.13

	
76.50

	
78.32

	
205.23

	
237.98

	
86.97

	
115.01

	
231.64

	
247.53




	
12

	
43.67

	
54.26

	
130.03

	
165.89

	
67.11

	
98.45

	
164.39

	
197.35

	
88.62

	
92.52

	
205.97

	
238.74

	
91.34

	
104.60

	
231.91

	
248.62








Source: Elaboration from the Deliverable 3.4 and Annexes, HAPPEN Project, D3.4—Calculations on Reference Buildings and Identification of Optimal Integrated Packages of Solutions. Available online: https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5ccfa6591&appId=PPGMS (accessed on 6 November 2021).













[image: Table] 





Table 6. Primary Energy Consumption (kWh/m2) and Life Cycle Cost (€/m2) for solutions of Multi-Family Houses in climate zones.






Table 6. Primary Energy Consumption (kWh/m2) and Life Cycle Cost (€/m2) for solutions of Multi-Family Houses in climate zones.





	
Solutions

	
W1S2

	
W2S2

	
W2S3

	
W3S2




	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)

	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)

	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)

	
Primary Energy Consumption

(kWh/m2)

	
LCC (€/m2)




	
FR

POS9

	
SP

POS13

	
FR

POS9

	
SP

POS13

	
FR

POS10

	
SP

POS14

	
FR

POS10

	
SP

POS14

	
FR

POS11

	
SP

POS15

	
FR

POS11

	
SP

POS15

	
FR

POS12

	
SP

POS16

	
FR

POS12

	
SP

POS16






	
1

	
37.94

	
53.59

	
88.24

	
126.69

	
35.72

	
98.97

	
115.21

	
179.60

	
47.89

	
98.92

	
134.84

	
230.05

	
47.90

	
118.51

	
133.17

	
250.20




	
2

	
41.40

	
49.47

	
88.55

	
128.30

	
34.76

	
73.47

	
115.30

	
180.76

	
49.84

	
94.67

	
135.40

	
233.93

	
50.77

	
118.01

	
133.51

	
250.72




	
3

	
36.75

	
48.95

	
88.90

	
129.78

	
33.26

	
75.50

	
115.82

	
186.37

	
45.76

	
100.29

	
135.52

	
234.32

	
50.49

	
117.20

	
134.61

	
260.84




	
4

	
40.59

	
50.52

	
89.81

	
133.05

	
34.35

	
78.60

	
115.93

	
192.47

	
47.71

	
127.89

	
136.08

	
235.62

	
53.36

	
117.16

	
134.98

	
261.04




	
5

	
44.06

	
48.57

	
90.15

	
136.38

	
34.22

	
94.14

	
117.03

	
194.81

	
43.17

	
95.80

	
138.16

	
236.52

	
47.90

	
112.24

	
135.62

	
261.71




	
6

	
38.09

	
51.59

	
90.25

	
143.27

	
33.26

	
71.29

	
117.12

	
195.15

	
44.24

	
97.33

	
138.79

	
239.44

	
44.52

	
115.12

	
135.66

	
262.66




	
7

	
39.39

	
51.52

	
90.45

	
145.19

	
39.40

	
95.20

	
117.30

	
195.91

	
41.03

	
104.86

	
138.80

	
243.34

	
50.77

	
120.00

	
135.97

	
264.77




	
8

	
36.78

	
47.16

	
90.49

	
145.40

	
38.47

	
69.59

	
117.48

	
195.93

	
45.18

	
96.23

	
138.84

	
243.47

	
47.36

	
124.40

	
135.98

	
265.16




	
9

	
37.64

	
55.90

	
90.56

	
148.95

	
31.78

	
79.04

	
117.66

	
200.07

	
42.08

	
94.68

	
139.40

	
244.54

	
49.96

	
126.56

	
136.32

	
266.57




	
10

	
40.22

	
53.45

	
90.78

	
151.27

	
32.84

	
102.70

	
117.74

	
201.91

	
43.03

	
104.67

	
139.46

	
245.77

	
52.80

	
123.67

	
136.61

	
267.87




	
11

	
36.84

	
64.95

	
90.81

	
152.93

	
37.02

	
75.37

	
118.07

	
202.68

	
46.25

	
104.50

	
139.46

	
249.33

	
46.35

	
157.03

	
136.96

	
269.14




	
12

	
41.70

	
64.95

	
90.88

	
154.34

	
38.09

	
93.92

	
118.13

	
208.58

	
49.70

	
122.54

	
140.02

	
249.70

	
50.49

	
117.22

	
137.06

	
273.84








Source: Elaboration from the Deliverable 3.4 and Annexes, HAPPEN Project, D3.4—Calculations on Reference Buildings and Identification of Optimal Integrated Packages of Solutions. Available online: https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5ccfa6591&appId=PPGMS (accessed on 6 November 2021).
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