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Abstract 

The object of this paper is the analysis of a Social 

Housing building-type in the north of Italy, with the goal 

of reducing the energy consumption. The proposed 

methodology allows, once different hypotheses of 

energy refurbishment intervention on the existing 

building have been identified, to evaluate at the same 

time both technical and cost feasibility. The compliance 

with Italian nZEB requirements was also verified. The 

approach is based on the execution of detailed dynamic 

simulations (energy audits), combined with optimization, 

which allow to identify the set of retrofit actions that 

would determine the lowest global cost during the 

building lifecycle. 

Introduction 

The European Union policy is strongly focused on the 

energy saving and on the reduction of the current energy 

consumption. In this context the role of the existing 

building stock is increasingly important.  

According to the last Italian census (carried out in 2011), 

the Italian residential building stock amounts to almost 

12 200 000 buildings (about 84% of the buildings on the 

Italian territory), with a total floor surface of about 2950 

Mm
2
. Moreover, Italy spends 45.2 billion euros each 

year for thermal and electrical consumption in existing 

residential buildings (CRESME, 2014), corresponding to 

around 30 Mtoe (Eurostat statistics). This is mainly due 

to the fact that, about 26% of residential buildings were 

built before the Second World War, about 60% was built 

between 1945 and 1990, while only the remaining 14% 

was built after 1991 (Corrado and Ballarini, 2016), and, 

therefore, after the first important Italian energy law, 

Law n°10/1991. The characteristics of the residential 

buildings in Italy and in the Piedmont Region were 

thoroughly investigated, regarding the building 

technologies, their thermal properties and the systems 

for the heating, cooling and DHW production (EEAP, 

2014; Corrado and Ballarini, 2016). 

The case study analysed in the following sections, was 

chosen among this typology of residential building, so as 

to be as representative as possible of the whole category. 

Energy audits and cost-optimal analysis of residential 

buildings 

The proposed procedure (a cost-optimal analysis 

combined with a detailed energy audit) was already 

developed by the authors (Corrado et al., 2017). It was 

used for the evaluation of the energy refurbishment 

strategies of school and office buildings (Corrado et al., 

2017). In this research it was then applied to residential 

buildings.  

On the one side, the evaluation of the energy 

performances of buildings are widespread; in Rhodes et 

al. (2015), the accuracies of the most common procedure 

are investigated. On the other side, the interest in the 

cost-optimality is still increasing and several 

methodologies are proposed in literature. For example, 

Dalla Mora et al. (2018), propose a methodology based 

on a life cycle cost assessment aimed to minimise the 

CO2 emissions (thermal properties, natural lighting, 

indoor air quality and acoustics are also considered as 

co-benefits). In Dodoo et al. (2017), cost-effectiveness 

of the energy refurbishment of a multi-storey residential 

building is evaluated considering the total and marginal 

investment costs of the measures, and also their net 

present value of total and marginal savings. Finally, 

Ascione et al. (2015), proposes to select the cost optimal 

solution considering also the minimum comfort level. 

Nearly Zero Energy Buildings requirements for 

residential buildings 

The requirements of nearly Zero Energy Buildings 

(nZEB) considered in the analysis are in conformity with 

the Interministerial Decree (I.D.) June 26
th

, 2015 and 

summarised in Table 1. 

Table 1: nZEB requirements (I.D. June 26
th

, 2015). 

Parameter Criteria 

H’T [W/m2K] 
H’T < H’T,limit (depending on the building 

compactness ratio and the climatic zone) 

Asol,sum/Af [-] 
Asol,sum/Af < (Asol,sum/Af)limit  

(depending on the building category) 

H [-] H > H,limit (reference building) 

W [-] W > W,limit (reference building) 

C [-] C > C,limit (reference building) 

EPH,nd [kWh/m2] 
EPH,nd < EPH,nd,limit(2019/21) 

(reference building) 

EPC,nd [kWh/m2] 
EPC,nd < EPC,nd,limit(2019/21) 

(reference building) 

EPgl,tot [kWh/m2] 

For residential 

buildings:  

EPgl,tot = EPH+ 

EPW+ EPV+ EPC 

EPgl,tot < EPgl,tot,limit(2019/21) 

Furthermore, with the exception of buildings connected 

to a district heating network that covers the entire 
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building, as required by the I.D. June 26
th

, 2015 (Table 

8), which represent the limits that the analysed building 

must comply with. In Table 8, the grey cells represent 

the energy performance indices which verify the limits 

imposed by the I.D. June 26
th

, 2015. 

As for the current building (pre-retrofit), the energy 

classification of the reference apartment in the case of 

cost-optimal solution was evaluated, which appears to be 

in class C (EPgl,nren equal to 83.7 kWh/m
2
). 

Table 8: Cost-optimal configuration: energy 

performances indices and limits. 

Index 
Cost-optimal 

building 

Limit 

enforced 

since 2015 

Limit 

enforced 

since 2021 

H’T [W/m2K] 0.84 0.75 

Asol,sum/Af [-] 0.04 0.04 

EPH,nd [kWh/m2] 65.0 25.1 19.5 

EPgl,tot [kWh/m2] 83.0 86.1 77.4 

H [-] 0.61 0.61 0.59 

W [-] 0.79 0.40 0.40 

RERW [%] 54% 50% 

RERH+C+W [%] 12% 50% 

nZEB configuration 

For the nZEB configuration, an invertible heat pump was 

considered as a generation system (for heating, cooling 

and DHW), with the consequent replacement of the 

current radiators with fan coils.  

Table 9 shows for each EEM the EEO that allows to 

reach the nZEB target (compliance with the year 2021 

limit values of the energy performance indices, 

determined for the reference building, as indicated in the 

I.D. June 26
th

, 2015). 

Table 9: nZEB configuration: EEM and EEO. 

n° 

EEM 
EEM Parameter 

EEO 

Value n° 

1 
Opaque envelope 

thermal insulation 
Uop [W/m2K] 0.29 2 

2 Upper slab ins. Us.u [W/m2K] 0.24 3 

3 Lower slab ins. Us,l [W/m2K] 0.26 3 

4 

Windows replac. 

(apartments) 
Uw [W/m2K] 1.4 3 

Windows replac. (stairs) Uw,s [W/m2K] 2.8 2 

5 Unmovable shading Fsh,ob [-] 0.89 3 

6 Heat pump COP [-] 4.1 3 

7 Solar collectors Acoil [m
2] 36 3 

8 Photovoltaic panels Wp [kW] 14 3 

The energy performance indices at the building level of 

the cost-optimal solution are shown in Figure 7. 

The nZEB net energy need for the heating is equal to 

32.7 kWh/m
2
, for the DHW production remains 18.1 

kWh/m
2
, and for the cooling is 14.3 kWh/m

2
. The total 

overall energy performance of the building is about 118 

kWh/m
2
. The nZEB solution determines an energy 

saving of about 54% compared to the cost-optimal 

solution, in terms of global non-renewable EP, against a 

total cost increase of about 275 €/m2
 (the nZEB solution 

cost is about 480 €/m2
). The nZEB annual CO2 

emissions amount to about 9 kg/m
2
 (less than half of the 

cost-optimal solution). 

 

Figure 7: nZEB energy performance (CTER with 

standard climate data). 

The comparison between the energy performance indices 

(primary energy) calculated using a standard user of the 

nZEB solution, and the legislative requirements (I.D. 

June 26
th

, 2015) is shown in Table 10. A critical issue is 

represented by the verification of the EPH,nd. This 

behaviour is, anyway, common for very thermally 

insulated buildings, where it is very difficult to 

simultaneously meet both the requirements on heating 

(EPH,nd) and those on cooling (EPC,nd) (Corrado et al., 

2017 Report ENEA). The energy class for the nZEB 

reference apartment is A2 (with an EPgl,nren equal to 45.3 

kWh/m
2
). 

Table 10: nZEB configuration: energy performances 

indices and limits. 

Index 
nZEB 

building 

Limit 

enforced 

since 2015 

Limit 

enforced 

since 2021 

H’T [W/m2K] 0.37 0.75 

Asol,sum/Af [-] 0.03 0.04 

EPH,nd [kWh/m2] 21.0 25.7 19.6 

EPC,nd [kWh/m2] 22.0 22.1 22.7 

EPgl,tot [kWh/m2] 61.5 131.0 124.7 

H [-] 0.50 0.50 0.48 

C [-] 0.88 0.80 0.79 

W [-] 0.69 0.35 0.33 

RERW [%] 51% 50% 

RERH+C+W [%] 74% 50% 

Sensitivity analysis 

Through a sensitivity analysis, the influence of the 

individual EEM on the overall energy needs of the 

building was assessed (in terms of EPgl). The following 

EEMs were considered: 

 insulation of the first and the last slabs (levels EEO2 

and EEO3); 

 energy refurbishment of the whole opaque building 

envelope, which means the vertical envelope, and the 

first and the last slabs (levels EEO2 and EEO3); 

 use of solar panels (levels EEO2 and EEO3); 

 replacement of the generation system with a gas 

condensing boiler. 

The results are shown in Figure 8, where, for each case 

analysed, the values of the non-renewable overall EP, is 

compared to the renewable overall EP; the percentage is 

the EPgl,nren variation compared to the CB condition. 
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Figure 8: EPgl,tot obtained from the sensitivity analysis 

for each type of intervention. 

The intervention on the slabs reduces the non-renewable 

primary energy use of about 10%, compared to the CB. 

If combined with the insulation of the vertical opaque 

envelope, this reduction reaches 37% and 40%, for the 

minimum performance level required in 2015 and 2021, 

respectively. With only the solar thermal intervention, 

the savings on EPgl,nren is approximately 12% (for both 

EE2 and EE3). Moreover, the use of condensing boilers 

would lead to a reduction of 17% in the non-renewable 

primary energy needs.  

The nZEB solution is not directly comparable with the 

others, as the energy needs are also affected by the 

summer cooling. Indeed, the data related to heating and 

DHW production were separated from those for cooling. 

The EPH+W of the nZEB solution is significantly lower 

than both the CB and the cost-optimal solution. In 

particular, the EPgl,nren decreases respectively by 74% 

and 67%, with a use of renewable energies almost eight 

times higher than in the cost-optimal solution (due to the 

presence of both solar thermal and photovoltaic system). 

Figure 9 shows the global costs of all the analysed 

EEMs, divided into investment costs, maintenance and 

management costs, and energy costs. The percentages in 

the figure refer to the change in global cost compared to 

the current building (* in the case of the nZEB solution, 

the percentage refers to the global cost, excluding the 

energy cost for summer cooling). The energy cost of the 

nZEB solution is influenced by the contribution for 

summer cooling, although it is in any case extremely 

low, compared to the current situation. This contribution 

is equal to about 17% of the total energy cost (black 

coloured in Figure 9). The energy cost savings obtained, 

however, are thwarted by the very high investment cost. 

For all the analysed measures, while the global cost is 

slightly reduced (between 5%, for interventions on the 

opaque envelope and slabs, and 11%, in the case of 

intervention only on the slabs), the individual cost items 

are significantly variable (in particular, the investment 

and the energy costs). For example, in the case of the 

entire opaque envelope insulation, the energy cost is 

considerably reduced, almost 40%, while the investment 

cost is significantly higher than all other single measures 

considered. 

 

Figure 9: Global Costs obtained from the sensitivity 

analysis for each type of intervention. 

Conclusions 

The research activity concerned the energy audit of a 

building located in the province of Torino, representative 

of the residential building stock in the climate zone E. 

The aim was to identify energy retrofit interventions 

framed in a major building energy renovation, 

complying with the current legislative provisions (I.D. 

June 26
th

, 2015). This was pursued through an 

innovative analysis methodology, based on detailed 

dynamic simulations, model calibration and associated 

cost-optimization of the supposed Energy Efficiency 

Measures (EEMs). The EEMs were, indeed, selected to 

identify the refurbishment solution characterised by the 

lowest global cost over a period of 30 years (cost-

optimal solution). It was observed that this solution 

didn’t meet the nZEB requirements. Therefore, a new 

configuration, characterised by the highest levels of 

Energy Efficiency Options of the involved EEM (except 

for the insulation of the opaque envelope), and able to 

exploit more renewable resources, was selected. The so 

identified nZEB solution allows a halving of the energy 

consumption in terms of EPgl,nren, compared to the cost-

optimal solution, but causes almost a doubling of the 

total investment cost, compared to the current building 

(excluding the summer period energy costs). 

Finally, through a sensitivity analysis, it was 

demonstrated that the interventions that involve greater 

exploitation of renewable sources are those that allow 

greater energy savings, second only to the whole opaque 

envelope insulation (which required a significant initial 

investment cost). 

The use of dynamic simulation for cost-optimal analysis 

is an advanced and not common approach, which 

requires particular attention in the programming phase of 

the simulations, and in the definition of the input data. 

For example, the number of simulation runs (and, 

consequently, the required time for each optimization) is 

strongly influenced by the complexity of the model. Also 

the cost evaluation requires some assumptions and 

simplifications. Therefore, to maximize the potential of 

this approach, which allows simulating very accurately 

the actual building energy behaviour, it is fundamental to 
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