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Abstract

:

The majority of Italian schools (70%) were built in the absence of any legislation related to energy efficiency, and therefore have very low energy performance due to aging or poor quality of construction. An energy retrofit of this building stock is needed to meet the current European goals on greenhouse gas emission reduction. The retrofit is also needed in order to guarantee adequate comfort levels in indoor spaces and good conditions for learning and educational activities, that are often not reached in poor quality constructions. This work presents the results of an interdisciplinary study related to the energy requalification of a school located in Ostia, near Rome in Italy, built in the 1960s with a steel structure and Eternit infill. The scope of the analysis is to verify the economic and environmental effectiveness of four proposed retrofit interventions concerning the replacement of fixtures and the installation of an insulating coat. The current thermal transmittance of the walls was evaluated through thermofluximetric measurements conducted in situ; dynamic simulations were performed to determine the current energy performance and the energy performances following the four proposed retrofit scenarios. Energy and carbon payback times were evaluated (by means of the life cycle analysis (LCA) approach) and the economic value was determined for each of the four proposed retrofits, using a probabilistic approach. The results show that the replacement of windows is the most convenient intervention from all points of view. The study provides evidence that an assessment of schools’ energy retrofits should include both economic and life cycle aspects.
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1. Introduction


The construction sector is responsible for around 40% of final energy consumption and 36% of greenhouse gas emissions in Europe. Public buildings represent an important opportunity to promote energy efficiency and reduce consumption and climate-altering emissions. The Energy Performance Buildings Directive [1] has also imposed the Nearly Zero Energy Building Standard (almost zero energy buildings) for all new public buildings since 2019, giving public utility buildings an exemplary role in terms of energy efficiency and renewable sources.



The database of the Italian Ministry of Education (MIUR) accounts for about 59,000 buildings, 70% of which were built in the absence of any legislation related to energy efficiency [2], and therefore they were built before 1976, when the first law on this topic was promulgated in Italy. Many buildings, due to aging or because of their poor construction quality, are in critical condition, and their energy systems are quite old and inefficient. Several international literature studies have reported complaints about poor comfort conditions in classrooms. Zomorodian et al. [3] showed that adequate levels of ventilation were fundamental to guarantee good indoor air quality in classrooms and that students’ thermal preferences could not be in the comfort range provided by the standards. In addition, the necessity of glare reduction was observed by Michael and Heracleous [4], after the assessment of visual comfort in educational buildings located in Southern Europe. Since a comfortable environment increases concentration and learning [5], indoor comfort levels in school buildings, as well as their consequent energy performance, are of primary importance.



The energy consumption of schools is mainly related to heating and lighting of the spaces [6]; energy consumption also depends on functions that are integrated with the educational functions, for example, laboratories, canteens, gyms, sports equipment, and evening courses. In Italy, following the Legislative Decree 63/2013 [7], public buildings, with a total useful surface greater than 250 m2, must be equipped with an energy performance certificate. Therefore, several studies have been developed that defined energy consumption benchmark values for school buildings. For example, according to a study related to the Lazio region, the primary energy consumption of the regional school park was between 20 and 25 kWh/m3a, depending on the time of construction [8]. Another study about the energy consumption of 29 schools located in central Italy was developed by Desideri and Proietti [9], and they reported that heating represented about the 80% of the total energy requirement and that the potential saving achievable through retrofitting was 38% for thermal energy and 46% for electricity. Another important collection of data about the energy consumption by space heating of 120 schools in the province of Turin, northwest of Italy, was collected by Corgnati et al. [10]. The sample was characterized by an average specific energy supply for space heating of 38 kWh/m3. A variable energy consumption was also found for a sample of 60 schools located in the province of Treviso, northeast of Italy, by Arambula Lara et al. [11], which reported normalized values that ranged from 0.53 to 8.41 Wh/(m3 Kh).



The interventions that are usefully proposed mainly concern the reduction of heating energy requirement, for example, insulation of external walls, substitution of windows, an increase in the efficiency of the energy generators, installation of regulation systems, installation of shadings, and integration of renewable energy systems [12]. Butala and Novak [13] showed that the insulation of walls and substitution of windows were the most effective interventions from a cost and energy perspective for some Slovenian schools. Zinzi et al. [14] proposed a deep energy retrofit for Plauto School in Cesena (north Italy); the interventions regarded the insulation of envelope, replacement of windows, installation of condensing boilers, and installation of regulation and control systems (e.g., thermostatic valves and programmable thermostats). The energy saving observed after two years of monitoring was very high, i.e., space heating was cut from 143 to 23 kWh/m2 year (−84%). De Santoli et al. [15] performed an economic analysis of some retrofit interventions in schools located in Lazio (central Italy) and considered the simple payback time as a useful parameter to identify priorities for action. Different combinations of interventions regarding envelope (e.g., insulation and substitution of windows) and energy systems (e.g., condensing boilers, thermostatic valves, etc.) were proposed. Ceccherini and Donato [16] performed an energy audit of three schools in Florence (central Italy) and quantified the energy savings in terms of a costs and benefits ratio, i.e., the simulated energy consumptions were compared with bill data obtained during the energy audit. Very interesting payback times were obtained by substituting fluorescent lamps with Light Emitting Diode (LED) lights (two to four years), while quite longer periods were calculated for the installation of insulation panels and thermostatic valves (11 years) and for replacement of windows (12–13 years also considering incentives). Dall’O’ and Sarto [17] showed that, although it was very important to upgrade schools through energy retrofitting, it was not always economically convenient to push energy performance beyond certain values and that environmental aspects should also be taken into account.



The analyses found in the literature have usually focused on the detection of economic convenient and energy efficient interventions. A multicriteria approach was proposed by Moazzen et al. [18] and used to choose different alternatives. They showed that the potential primary energy saving could reach about 60% and that the global cost saving could be over 40%. A methodology to evaluate the cost-optimal level of some energy retrofits was also introduced by the Commission Delegated Regulation No. 244/2012 [19]. The work proposed by Asdrubali et al. [20] tried to extend the cost-optimal and energetic analysis to an environmental analysis using life cycle analysis (LCA) methodologies. The integration of the LCA methodology is fundamental for a comprehensive evaluation of the real environmental performance of retrofit interventions. Different retrofit interventions that can be undertaken, in fact, can cause a burden shifting from one life cycle stage to another reducing the benefits achieved during the operational phase. In low energy constructions, the embodied components can contribute significantly to the total life cycle impacts. Recently, Opher et al. [21] estimated an incidence of 69% for the embodied carbon of a building subjected to an energy retrofit designed to achieve net zero carbon emissions. Röck et al. [22] analyzed 238 case studies and observed a recent trend of an increase in the embodied carbon of new or retrofitted buildings; starting from ~20% in existing standard constructions, the embodied carbon could reach a share of ~50% in new advanced buildings, or surpass 90% of the total in extreme cases. As a consequence, integration of life cycle optimization methodologies has already been proposed by different authors [23,24,25,26].



This work fits into this line of research and, by employing a multidisciplinary approach, aims at evaluating the environmental (considering primary energy consumption and related greenhouse gas emissions) and economic performance of some energy retrofit interventions proposed for a school building built in the 1960s. An extension of the energetic analysis to an environmental analysis is performed through the application of the LCA method and considering the embodied energy and carbon of the building components used for the retrofit. Moreover, a comprehensive economic and financial analysis is performed that considers the financial discounting of monetary flows and employs a probabilistic approach to evaluate the sensitivity of the results to uncertain variables. The two analyses are undertaken separately, and then the results are compared.



The paper is organized as follows: In Section 2, we describe the materials and methodologies used for the energy, economic, and life cycle analysis; in Section 3, we introduce the case study; in Section 4, we report the results of the study; while in Section 5, we provide the conclusions.




2. Materials and Methods


The study was conceived as an integration of two main assessments, i.e., an environmental analysis that focused on the impacts linked to energy consumption and related greenhouse gas emissions, and an economic analysis.



2.1. Energy Modeling and Life Cycle Indicators


An accurate analysis of a building’s energy retrofit options can be performed using simulation models that reproduce the thermal behavior of the structure. To build such models, a dynamic software such as TRNSYS (Transient System Simulation Tool, Thermal Energy System Specialists, Madison, WI, USA) can be used; the code is able to accurately reproduce both the external environmental conditions, through the “TRNSYS Studio” interface, and the geometry of the buildings, through the “TRNSYS Build” interface [27]. The software is based on an advanced calculation code, which applies the approach of the transfer function of Mitalas [28], and the implementation of specific types, or small program codes written in FORTRAN or C++ language. The energy modeling of the case study building was performed in a dynamic hourly regime.



The following inputs were defined in the software: the location, the weather-climatic conditions, the plant components, the characteristics of the building envelope (both transparent and opaque), and the indoor air temperature set points. For the analyzed building, 11 thermal zones were identified, and the following were specified for each of them:




	
Operating data, i.e., the volume of air (m3) and the total heat capacity of the air within the area, as well as the type of heating, infiltration, and humidity;



	
Opaque surfaces (area in m2, orientation, materials, thicknesses, and thermophysical characteristics of the different masonry packages);



	
Transparent surfaces (area in m2, orientation, thermal transmittance of the frame, and the type of different windows).








The building’s characteristics were defined by visual inspections and in situ measurements, through the use of a heat flow meter, temperature probes, and a thermal imaging camera. The heat flow meter was used to estimate the thermal transmittance of the walls, the temperature probes were used to measure the temperature of the air inside the building, while the thermal imaging camera made it possible to analyze the building envelope, in order to assess heat losses.



These measurements were important for the calibration process of the building model, which took place in compliance with the admissibility ranges of the mean bias error (MBE) and coefficient of variation of the root mean square error (CV(RMSE)) indices [29], using the following equations, Equations (1) and (2):


  M B E  ( % )  =    ∑  i = 1    N p     (   m i  −  s i   )     ∑  i = 1  n   m i     



(1)






  C  V  R M S E    ( % )    =      ∑  i = 1  N     (   m i  −  s i   )   2  /  N p      m ¯    



(2)




where    m i    and    s i    are, respectively, measured and simulated data values for each model instance i;    N p    is the number of data points at interval  p ; and   m ¯   is the average of the measured data values.



The model is considered to be calibrated if the MBE is between ±10% and the CV(RMSE) range is ±30%, on an hourly basis, in accordance with the criteria established by the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) Guideline 14 [30,31].



Subsequently, the calibrated building energy model was used to simulate retrofit strategies aimed at reducing annual energy needs and improving the building thermal performance.



After that, the results obtained from the building energy modeling were employed as input for the LCA analysis, with the aim of determining the effectiveness of the proposed retrofits in terms of reduction in primary energy consumption and related greenhouse gas emissions.



The two main indicators to evaluate the environmental effectiveness of energy retrofit interventions are the energy payback time (EPBT) and the carbon payback time (CPBT). It is possible to define the energy payback time as the ratio between the variation of embodied energy (EE) of the building following the retrofit and the annual energy savings (ESa) achieved through the retrofit, as in Equation (3):


  E P B T =     Δ E E   E S a    



(3)







Similarly, the carbon payback time is defined as the ratio between the change in embodied carbon (EC) of the building following the retrofit and the annual emissions avoided (CSa) through the retrofit, as in Equation (4):


  C P B T =     Δ E C   C S a    



(4)







The calculation of the EE and EC variation of the building was carried out using the SimaPro software (Prè Sustainability, Amersfoort, The Netherlands): in particular, the Ecoinvent database was used and the single impact indicators called cumulative energy demand (CED) and global warming potential (GWP 100a) were employed. As shown in Figure 1, the embodied impacts were determined using a “cradle to site” approach that includes the stages A1–A4 defined in the product category rules for the compilation of the environmental product declarations of buildings [32].



In the case of wooden materials, on the one hand, the biogenic carbon was not considered to be within the calculation of the CPBT. The energy consumption connected to phase A5, on the other hand, was considered to be negligible.



Phases B1–B5 have been neglected since, in general, the energy and carbon return times are much lower than the useful life of the different components [20]. As regards Stage B6, the most updated primary energy conversion and emission factors that referred to Italy were employed in the life cycle impact assessment phase.



The end-of-life is, instead, an essential part of a building’s life cycle and different hypotheses can be made about the recycling or reuse potential of the materials and components. In this work, the adopted approach considered only stages C2–C4, neglecting any sort of benefit deriving from recycling or reusing of dismantled materials. In this way, the end-of-life of the components dismantled during a retrofit generates an increment of the environmental impacts linked to the retrofit intervention. As proposed for the construction and installation process, the deconstruction stage (C1) was considered to be negligible, since the operations did not need energy intensive processes. The entire building was considered to be a functional unit.




2.2. Economic Analysis


From an economic-financial perspective, the international literature seemed to estimate the convenience of retrofit interventions in an incomplete manner.



Mainly, it considered the energy savings, resulting from retrofit interventions, as the only economic benefit, choosing the intervention which guaranteed the quickest recovery of the investment or the shortest payback time (Verbeeck and Hens [33], Ballarini et al. [34], Niemela et al. [35], and Ortiz et al. [36]).



The suggested method was quite easy to apply, but it showed two factors of weakness:




	
The method does not discount, with an appropriate cost of capital, the costs and benefits of the investment, which occur in different years, often in very long periods, and that are estimates (i.e., uncertain values);



	
The method does not provide a threshold value, with which to compare the recovery period of individual interventions (for a stand-alone evaluation of their convenience).








The analysis conducted here applied a complete financial approach, which only considered the monetary costs and benefits of the retrofit. The net present value (NPV) was used, which measured the today’s monetary value of the intervention and it discounted the net cash flows by a rate which considered the time value of the money and the risk premium, calculated with reference to the main risk drivers of the investment. The retrofit is convenient if the NPV is non-negative and it is the more convenient the higher its value.



Furthermore, a probabilistic approach was used to measure the risk of the NPV of each retrofit alternative: it assumed optimistic and pessimistic estimates (defined in a subjective manner) of the uncertain variables and measured the corresponding range of NPV. This analysis provides two useful results for a decision maker:




	
To identify which variable, that influences the investment’s NPV, mostly affects its variability (sensitivity analysis);



	
To derive an approximate measure of the risk of retrofit, under some hypotheses (Hull [37]); in fact, it is possible to estimate the probability distribution of the NPV that allows the decision maker to choose better than a single value; the decision maker can translate his/her risk aversion into a minimum acceptable percentage of non-negative values of the NPV and compare the percentage emerging from the NPV probability distribution with this threshold value (Berk et al. [38]).








However, as it usually happens in the literature, the economic-financial analysis conducted here considered only the energy savings of the retrofit which were measurable in monetary terms. It did not consider its environmental benefits (in this case lower CO2 emissions) and, generally speaking, its impact on the “internal environmental quality” (IEQ), due to the difficulty and subjectivity of their economic measurement, despite the cruciality of these aspects for educational buildings, due to their specific characteristics. A multicriteria methodology (MCDA) is being developed that would measure, for the different retrofit interventions, the main descriptors of the IEQ in relative terms, with respect to the acceptable ranges defined by EU regulations. This approach uses linear optimization models in order to allow the decision maker to compare the retrofit alternatives with each other and with the current state of a building.





3. The Case Study


The case study is represented by the Institute “Via Giuliano da Sangallo” in Ostia, near Rome (located in climatic zone D by the Italian law number 412 of 1993 [39]). The building, built in the 1960s, is characterized by an exposed steel structure and opaque infill panels, alternated with transparent surfaces (Figure 2), according to a very common typology at that time. The building is equipped with a conventional heating system with a natural gas boiler and radiators, while it has no summer cooling.



The school is characterized by a total glazed surface of 199 m2, with an iron frame and 4 mm single glass with a thermal transmittance of 5.10 W/m2 K. The window assumed for the retrofit is double glazed, has a thickness of 8 cm with a wooden frame and a “warm edge” plastic spacer. Two types of windows were proposed:




	
Type 1 window, U-value 2.83 W/m2 K, g-value 0.755, and T-vis 0.817;



	
Type 2 window, U-value 2.54 W/m2 K, g-value 0.440, and T-vis 0.472.








Since it was not possible to obtain the original technical design reports or carry out in situ destructive investigations, the determination of the actual masonry package took place following an iterative process, i.e., different packages, all characterized by the presence of Eternit and foaming, were assumed and different thicknesses and thermophysical characteristics of the layers were hypothesized until the U-value (thermal transmittance) equal to 0.257 W/m2 K was reached, which was within 20% of the maximum admissible tolerance as compared with the measured value, equal to 0.214 W/m2 K. The latter was determined thanks to the execution of measurements on a typical wall of the school, by means of a complete instrumentation, consisting of a thermofluximetric plate applied on the wall being analyzed and of internal and external air temperature probes. The installation of a thermal coat was proposed as a further retrofit intervention, according to the specifications reported in Table 1.



The total surface area of the external masonry subjected to the installation of the coat is 500 m2. The insertion of the insulation reduces the thermal transmittance of the external walls down to 0.188 W/m2 K. This value is lower than the current legal limits in force in Italy [40], and therefore the insertion of a higher thickness is considered to be unnecessary. By combining the replacement of fixtures with external insulation, the following scenarios were hypothesized for the energy retrofit:




	
Retrofit 1, replacement of transparent surfaces with Type 1 windows



	
Retrofit 2, replacement of transparent surfaces with Type 2 windows



	
Retrofit 3, the same as Retrofit 1 plus a thermal coat with a thickness of 5 cm



	
Retrofit 4, the same as Retrofit 2 plus a 5 cm thick thermal coat.









4. Results


4.1. Energy and Environmental Aspects


The energy model of the building was calibrated by comparing the internal air temperature values of a classroom, taken as a “control zone” and acquired through the in situ measurements, with those simulated by the software (Figure 3).



In particular, the values of the MBE and CV(RMSE) indexes were equal to −5.4% and 13.3%, respectively, falling within the range identified by ASHRAE (±10% for the MBE and ±30% for the CV(RMSE)).



The calibrated model was used to estimate the current heating needs of the building and the heating needs resulting from the different retrofit interventions (Figure 4).



The most significant retrofit interventions in terms of decrease in annual primary energy consumption for heating are those offered by the replacement of fixtures (Retrofits 1 and 2), while the additional installation of the external coat in XPS has only a limited impact (Retrofit 3 and 4) because the perimeter walls already have quite a low thermal transmittance. Furthermore, the school under study is characterized by an overall transparent surface of 199 m2; therefore, an intervention on the high transparent component of the building envelope is a very effective retrofit solution.



Figure 5 shows the renewable and non-renewable parts of the CED for the various retrofit interventions.



As it can be noted, the retrofits add mainly non-renewable primary energy to the embodied energy of the building. The contribution of the impacts derived from dismantling the existing windows is about 2%. The calculation results for the EPBT and CPBT values are shown in Table 2.



The various retrofits cause an increase in the embodied impacts which is only temporary, since the obtained energy and carbon paybacks, which are equal to about two to three years for the replacement of the fixtures and five to six years when the external coat is also added, are shorter than the useful life of the components. Furthermore, as confirmed by other literature studies [20], the energy and carbon return times are lower than the economic ones. However, it should be emphasized that the values obtained do not consider the additional impacts associated with phases B1–B3.




4.2. Economic Aspects


In order to calculate the NPV, the differential costs and benefits of the four analyzed retrofit interventions (as compared with the current state) were estimated.



Lazio Region’s price list was used to estimate the material and processing costs necessary to insulate the walls and to replace the transparent surfaces. The costs of retrofit Interventions 1 and 2 also include, in addition to the supply of materials and glass windows with frames, the assembling/disassembling costs of the new/old fixtures and their installation. Interventions 3 and 4, in addition to the costs of Retrofits 1 and 2, include costs of the installation of the external thermal coat as follows: supply of insulating materials, plaster, painting of the surface, and assembling, for a total surface of 500 m2.



In order to estimate benefits, the annual savings related to the methane gas consumption and the tax incentives ex Decreto Interministeriale 16.02.2016 (called Conto Termico 2.0 [41]) were considered.



The price of methane gas was obtained by the average of prices applied by different suppliers in 2020, equal to 0.0985 euro per kWh. From the historical price series of methane gas over the last 10 years (Eurostat data) an annual growth rate of methane gas of 1.77% was obtained, applied during the whole duration of the retrofit (as a trend estimate).



As far as the duration is concerned, Choi et al. [42] showed that a useful life of 20 years is usually taken as a benchmark for insulating materials such as the XPS. However, the material may not be removed from the walls and it could continue to partially carry out its task for 20 years more. Therefore, for this kind of intervention, a linear compound decay rate was estimated to be equal to 1.575% per year from year 20 to year 40. The windows guarantee the declared performance for 30 years on average; and then they gradually decay up to simply playing a role of separation between inside and outside, after a further 30 years (Litti et al. [43]). This means that, for the first 30 years, the new window performs an insulation function which complies with the values declared at the time of installation, i.e., from year 30 to year 60, an annual compound decay rate has been estimated of 2.47% and of 2.84% for the retrofit Interventions 1 and 2, respectively.



To estimate the tax incentives, based on the current regulation, a tax deduction of 40% of the total expenditure was assumed over five years.



To estimate the cost of capital, the capital asset pricing model approach was used, with the following parameters:




	
Risk free rate equal to 1.59%, obtained from the average of the 10-year BTP returns during the last 12 months (Investing data) (the rate includes both inflation expectations and country risk premium, perceived by the market);



	
Market risk premium equal to 5% (IBES consensus estimate);



	
Beta equal to 0.65, estimated on the basis of the systematic variability of the methane gas price (source, Eurostat), referred to the Italian GDP (sources, Bank of Italy and Istat) from 1991 to today. The 1991–2019 time series of Italian GDP and methane gas price are considered, obtaining variation coefficients (i.e., their normalized volatility) of 22.36% and 18.76%, respectively; their Pearson coefficient of correlation is 0.77. Beta was calculated using Equations (5) and (6) as follows:










  b e t a =   c o r r e l a t i o  n  g a s   p r i c e ,   G D P   × v o l a t i l i t  y  g a s   p r i c e     v o l a t i l i t  y  G D P      



(5)






  b e t a =   0.77 × 0.1876   0.2236   ≅ 0.65  



(6)







A cost of capital of 4.84% was obtained by Equations (7) and (8) as follows:


  c o s t   o f   c a p i t a l = r i s k f r e e   r a t e + b e t a   × m a r k e t   r i s k   p r e m i u m  



(7)






  c o s t   o f   c a p i t a l = 1.59 + 0.65 × 5 = 4.84  



(8)




and it was used as a discount rate of the energy savings.



The tax incentives were discounted by the risk-free interest rate, since they were relatively certain.



Table 3 summarizes costs, benefits, and NPV of the four retrofits.



It is possible to conclude that the only retrofit that gives economic benefits is the Retrofit 1, with a positive expected NPV. Retrofits 3 and 4, which foresee the application of the outside coat, have excessively high costs as compared with the energy savings they generate.



A sensitivity analysis was implemented for retrofit Interventions 1 and 2 (the only ones valuable on the basis of the results of the previous analysis), by forecasting optimistic and pessimistic estimates of the main uncertain drivers of the NPV, i.e., duration, methane price, and cost of capital. The assumptions were the following:




	
The duration is included in the range of 55–65 years; the full saving range is 25–35 years, and the decay period is a further 30 years.



	
The methane gas price’s change is equal to ±13% (as compared with 2020), measured on the basis of the price semiannual time series (Eurostat data). The gas price is assumed to be normally distributed and the values corresponding to 5° and 95° percentiles of probability distribution are considered (this variation is added to the growth trend, hypothesized above).



	
The cost of capital is included in the range 4.24–5.52%, calculated as follows: (i) As an optimistic estimate, a risk-free rate equal to 1.59% and a beta of 0.53 are considered (the average beta of listed producers from Datastream dataset is used). (ii) As a pessimistic estimate, the average beta of the gas industry (but including both gas producers and related service providers) and a risk-free rate equal to 1.82% are used. In this case, the risk-free rate was measured by adopting a more conservative approach, in fact, the German Bund 10-year returns were corrected by means of the inflation differential between Germany and Italy and a country risk premium was added, by using the differentials of credit default swap (CDS) spreads over 10 years (Bloomberg data).








Table 4 shows the NPV values corresponding to the above estimates (changing a driver at a time) and the related NPV range.



The last two columns measure the coefficients of NPV sensitivity, i.e., how much each driver variability influences the NPV variability.



Figure 6 shows the cumulative probability distribution of NPV of each retrofit, where NPV variance is measured as in Equation (9) (by simplifying, the uncertain drivers are assumed to be independent of each other and linearly related to NPV):


   σ  N P V  2  =   ∑      k i 2  ×  S i 2   



(9)




where    S i    = NPV range between optimistic estimate    U i    and pessimistic one    L i    of uncertain driver i (see columns 8–9 in Table 4) and    k i  =  σ i  /  (   U i  −  L i   )   , where    σ i    is its volatility (in this case,    k i    is equal to 0.3).



The main results are the following:




	
The NPV volatility mainly depends on the change of gas price, as well as the cost of capital (about 50% and 43%, respectively); on the contrary, the duration variability affects NPV dispersion less than 7%.



	
Retrofit 1 has a variation coefficient of NPV equal to 88% and the 90% of NPV distribution is in the range −2000/+11,000 euros and assumes non-negative values in 87% of the cases. It is also a convenient investment, from a risk perspective. On the contrary, Retrofit 2 has a variation coefficient of NPV equal to 103%, its NPV is in the range −9000/+2300 euros (in 90% of the cases) and has non-negative values only in 17% of the cases.









4.3. Limitations and Future Developments


The obtained results are strongly dependent on the specific case study. The construction has a high transparent surface and a modular steel structure that is only characteristic of some buildings realized during the sixties. Therefore, the results obtained should not be generalized.



As regards the LCA, it should, in principle, include all relevant environmental impacts related to the analyzed product or service. The present study focuses only on energy resources consumption and climate change, neglecting other categories of environmental impact. Acidification, for example, can represent a significant environmental burden in the case of windows products [44]. The current standards [45] do not specify the impact categories that must be included in a LCA analysis but they only give some suggestions about typical environmental impacts. Future evaluations can be performed including other LCA impacts or aggregated indicators.



The results are also strongly sensitive to the hypothesis made about the lifetime of the materials proposed for the retrofit. Other authors have already underlined [46] the high sensitivity of LCA results to the proposed lifespan of the building studied.



Regarding the financial analysis, it includes only costs and benefits that are measurable in monetary terms, excluding the improvements in the IEQ and the environmental benefits deriving from the reduced greenhouse gas emissions and other environmental impacts. What is still difficult to determine is the impact of the retrofit on the learning capabilities and educational performances of the students. Therefore, the benefits achievable should embrace the improvements in internal comfort conditions and in educational performances. This field is still worth future research developments.





5. Conclusions


The existing building stock was built in Italy before the regulations on energy efficiency had a significantly high potential of energy saving. Existing public buildings, including schools, should adopt, in an exemplary way, the most advanced energy standards. The work presents the results of a study conducted on a school located in Ostia, near Rome, built in the 1960s. After carrying out on-site measurements to determine the current energy performance, four retrofit scenarios were simulated, i.e., two related to the replacement of fixtures and two characterized by an external coat. Then, an economic-financial analysis was performed to determine the NPV of every intervention and its probability distribution. This approach guarantees the possibility of selecting the interventions with a positive NPV and also allows the decision maker to compare the NPV probability distribution with his/her risk aversion in terms of the minimum acceptable percentage of non-negative values that can be sustained. Finally, LCA methodologies are applied to calculate the energy and carbon payback times with the aim of integrating the economic-financial analysis with an environmental analysis.



The results show that the environmental convenience, from an energy consumption and climate change point of view, of only replacing the frames is higher than that of the combined interventions on windows and walls. The results also show that a windows replacement scenario (Retrofit 1) is the only scenario that has a positive NPV. This scenario represents the best solution from both economic and environmental perspectives, and therefore has strong relevance in the definition of the retrofit to be realized.
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Figure 1. Life cycle stages considered for the calculation of the energy payback time (EPBT) and carbon payback time (CPBT) (green marked). 
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Figure 2. Picture of the school “Via Giuliano da Sangallo” in Ostia. 
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Figure 3. Comparison between measured and simulated indoor air temperatures. 
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Figure 4. Annual consumption of primary energy for heating (kWh/y) of the various scenarios. 
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Figure 5. Cumulative energy demand (CED) for the various retrofits, i.e., renewable (CEDren) and non-renewable (CEDnren) values. 
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Figure 6. NPV cumulative probability distributions of Retrofits 1 and 2. 






Figure 6. NPV cumulative probability distributions of Retrofits 1 and 2.



[image: Buildings 11 00012 g006]







[image: Table] 





Table 1. Thickness and properties of the materials used for the insulation.
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	External Insulation
	Density
	Thickness (cm)





	Insulation glue
	1500 kg/m3
	0.5



	XPS
	32 kg/m3
	5



	First leveling plaster
	2000 kg/m3
	1



	Fiberglass mesh 33 × 33
	1 kg/m2
	~0



	Second leveling plaster
	2000 kg/m3
	1



	Insulation glue
	1500 kg/m3
	0.5
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Table 2. Results related to energy and CO2 paybacks.
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	Retrofit Option
	ΔEE

(kWh)
	ΔEC

(kgCO2eq)
	Energy Saving

(kWh/y)
	Avoided Emissions

(kgCO2/y)
	EPBT

(Years)
	CPBT

(Years)





	Retrofit 1
	32,124
	8231
	14,731
	2961
	2.18
	2.78



	Retrofit 2
	33,472
	8827
	12,891
	2591
	2.60
	3.41



	Retrofit 3
	69,217
	16,651
	15,054
	3026
	4.60
	5.50



	Retrofit 4
	70,565
	17,247
	13,184
	2650
	5.35
	6.51
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Table 3. Calculation of the net present value (NPV) of retrofit interventions (euros).
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	Cash flows and NPV
	Retrofit 1
	Retrofit 2
	Retrofit 3
	Retrofit 4





	Present value (energy savings)
	36,270.62
	31,427.93
	36,226.61
	31,468.96



	Present value (tax deduction)
	20,094.95
	22,007.58
	34,252.11
	36,164.74



	Lump-sum investment
	51,835.81
	56,769.52
	88,354.81
	93,288.52



	NPV
	4529.76
	−3334.01
	−17,876.09
	−25,654.83
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Table 4. Sensitivity analysis of the NPV.
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Input Data

	
NPV (Optimistic Estimate)

	
NPV (Pessimistic Estimate)

	
NPV Range

	
Coefficient of Sensitivity




	
Uncertain Drivers

	
Optimistic Estimate

	
Pessimistic Estimate

	
Retrofit 1

	
Retrofit 2

	
Retrofit 1

	
Retrofit 2

	
Retrofit 1

	
Retrofit 2

	
Retrofit 1

	
Retrofit 2






	
Duration (years)

	
35 + 30

	
25 + 30

	
6048.42

	
−1961.9

	
2767.81

	
−4925.93

	
3280.61

	
2964.02

	
6.1%

	
6.7%




	
Methane price (kwh)

	
0.1113

	
0.0857

	
9244.94

	
751.62

	
−185.42

	
−7419.64

	
9430.36

	
8171.26

	
50.5%

	
50.9%




	
Cost of capital

	
4.24%

	
5.52%

	
9005.37

	
486.09

	
271.31

	
−6978.21

	
8734.06

	
7464.30

	
43.3%

	
42.4%
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