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Abstract 

Tensile materials are increasingly used in the building 

envelope as second-skin systems, despite a lack of 

investigation on their effects. In this work, a tensile 

material model has been validated through experimental 

data and used for a retrofit strategy. Eighteen simulation 

cases have been carried out, varying the design and the 

climatic conditions. The results show a reduction of the 

cooling energy demand (up to 42.4%), the primary energy 

(up to 9.12%), the CO2 equivalent emission (up to 5288.6 

kgCO2,eq). However, the tensile system is more expensive 

than a typical retrofit action; therefore, it should be 

supported by supplementary grants. 

Key Innovations 

• a tensile second-skin material is tested by using 

outdoor comparative test cells 

• a simulative model of the tensile second-skin 

material is developed and validated 

• the model has been used to develop specific 

retrofit action strategies 

• the strategies' performances have been 

investigated in several simulative case studies 

Practical Implications 

Pay attention to the experimental data interpretation when 

calibrating and validating the numerical model, as it may 

not be valid for every simulation scenario. The 

geometrical model should balance results accuracy and 

simulation time (more details could lead to errors or 

enormous simulation time, while not providing more 

accuracy). 

Introduction 

In the EU-28, only 3% of the buildings have an efficient 

building envelope (Cortiços, 2020), mainly because about 

35% of the EU's buildings are over 50 years old and only 

around 1% of them is renovated each year (European 

Commission, 2018). Certainly, the constraints associated 

to the new buildings are fewer with respect to those 

associated with the refurbishment of existing buildings, so 

new building allows for better-optimized design in terms 

of the envelope's energy efficiency (Ascione et al., 2019). 

However, in Italy, many buildings (about 4 million) were 

built in the first year of 1900 and about half of these have 

been classified as historical buildings and nowadays have 

been reused (Scorpio et al., 2020). Therefore, in the Italian 

scenario, the improvement of the energetic performances 

of the existing building envelope represents a crucial 

aspect in the increasing of the building's energy efficiency 

and the indoor environmental quality on a large-scale 

(Cattarin et al., 2016). In this context, Second-Skin (SS) 

systems represent today one of the best building solutions 

to ensure better thermal performances and indoor 

environmental quality, as well as to improve the aesthetic 

appeal of buildings. The literature review (Aparicio-

Fernández et al., 2014; Diallo et al., 2017) shows that 

conventional materials (glass, porcelain stoneware tile, 

natural stone, aluminum, white plastered oriented strand 

board and composite panels) are investigated as second-

skin. Nowadays, more and more innovative materials are 

being used in architecture as a SS layer (Polomová & 

Vargová, 2016; Pronina, 2020), even if evaluating their 

impact on the energy performance of the envelope is a 

complex task (Cattarin et al., 2016). Among these, the 

tensile materials are concurrently becoming more and 

more utilized in contemporary architecture design, thanks 

to the lightness and resistance of the material, as well as 

the effortless installation procedure, which results in a 

design solution useful for both new projects and 

refurbishment ones (FACID). The tensile materials prove 

themselves to offer quite unique characteristics from an 

architectural and economic point of view. At the same 

time, the physical effects on the indoor environment have 

been evaluated only for the shading effect from a visual 

point of view. Moreover, there is a lack of experimental 

testing and numerical model development for the tensile 

materials (Premier), even more, if considered in a SS 

system in front of the building envelope, to realize a 

flexible façade. 

In this work, a PVC-coated polyester fabric (Schueco; 

Serge Ferrari) is tested during summer as material in a SS 

system utilizing outdoor comparative full-scale test cells 

GEMINI, with the aim to: (i) evaluate its performances, 

and (ii) develop a numerical model of a seconds-skin 

system implemented with the tensile material. The 

numerical model of the tested system is developed by 

means of TRNSYS 18 (Transient System Simulation 

Tool) and, it has been calibrated and validated using the 

experimental data. Then, a set of case studies are 

modelled upon varying the retrofit action design and the 

climatic conditions in order to assess the potential 

achievable benefits in terms of (i) primary energy saving, 

(ii) reduction of carbon dioxide equivalent emissions. 

Finally, the simple pay-back period has been evaluated for 

all the proposed actions, also considering a national grant. 
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The GEMINI facilities 

GEMINI facilities (Ciampi et al., 2021) are designed and 

built at the Ri.A.S. - Built Environment Control 

Laboratory of the Department of Architecture and 

Industrial Design of the University of Campania Luigi 

Vanvitelli in Aversa (40°59'39.1"N, 14°10'48.5"E). These 

full-size outdoor test cells have been designed with the 

purpose of performing experimental evaluations on 

double-skin façade modules' performances in real outdoor 

weather conditions. The test cells are designed as an 

identical couple in order to carry out comparative 

measurements. The GEMINI internal dimensions are 2.20 

m wide by 2.80 m deep and 2.40 m tall, oriented with the 

long side along the north-south axis. These dimensions 

correspond to the gross dimension of the main steel frame 

structure, on which the shell has been fixed externally and 

seamlessly, in order to avoid thermal bridges. The shell 

has been realized in a single layer of 10 mm thick 

sandwich panels consisting of two galvanized steel sheets 

and a polyurethane rigid foam filling, with a thermal 

transmittance (Uwall) value of 0.23 W/(m2K) (Ciampi et 

al., 2021). Then, for the floor, a 10 cm air gap and a wood 

flooring have been added above the structure, while, for 

the ceiling, a sheet metal roof has been placed 10 cm 

above the outer panels, with a 2% slope, to allow a natural 

rainwater outflow. The GEMINI are well-instrumented to 

acquire different indoor and outdoor physical quantities; 

in particular, the following sensors have been installed: 1 

I class anemometer, 3 thermo-hygrometer, 1 barometer, 3 

II class thermopile pyranometer, 2 hot wire air speed 

transmitter (W) and 10 T-type thermocouples (T). Figure 

1 shows the measurement layout of GEMINI 1. More 

details are reported in (Ciampi et al., 2021). 

 

Figure 1: Measurement layout of GEMINI 1. 

Experimental results and numerical model 

The experimental data were acquired and stored every 1 

minute on a period of 1 month (from 30th July to 30th 

August) and, later, averaged on an interval of 15 minutes. 

In particular, a SS system realized with an innovative 

material, a PVC-coated polyester fabric (Schueco; Serge 

Ferrari), has been mounted and tested on GEMINI 1, with 

an air cavity gap equal to 10.0 cm, while GEMINI 2 has 

been left unequipped and used as a reference (Figure 2).  

 

Figure 2: GEMINI facilities with the tested material. 

Figure 3 reports the experimental results in terms of a) 

cavity air temperature as a function of the height (sensors 

T2, T5 and T9) and b) air speed at the inlet (sensor W1) 

and the outlet (sensor W2) of the air cavity during a 

typical summer day (5th August). 

 

 

Figure 3: Experimental values: a) cavity air temperature 

upon varying the height and b) air speed at the inlet and 

the outlet of the air cavity during the day. 
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The experimental results highlighted that both the 

temperatures and the air speed rise from the inlet to the 

outlet of the air cavity, so the test material behaves as a 

conventional material for SS systems. Then, the software 

TRNSYS 18 (Transient System Simulation Tool) has 

been used to model the GEMINI test cells and to develop 

the second-skin model. TRNSYS software adopts a 

modular approach by using Fortran subroutines. Each 

Fortran subroutine is called “Type” and contains the 

model for a single system component. In this study, the 

SS system has been modelled by means of the Type 1230 

(TESS Component Library, 2014), which effectively 

reproduces the behaviour of an external SS layer with an 

air cavity behind it. Type 1230 takes into account: a) the 

radiation (solar and long wave) and the air convection on 

the external surface of the SS layer, b) the energy storage 

and the conduction in the SS layer, c) radiation exchange 

between all the surfaces facing in the air cavity and d) the 

conduction through the interface layer. The last external 

layer of the Type 56 building wall (interface wall 

construction, see Table 1) acts as an interface layer 

between Type 56 and Type 1230, by coupling its 

temperature and thermal resistance to model the wall heat 

transfer. The SS system instead has been characterized by 

the data provided by the manufacturer of the PVC-coated 

polyester fabric, taking into account thickness, density 

and thermal conductivity, specifically. Table 1 reports the 

parameters used to characterize the TRNSYS model 

based on m   f        ’      (Serge Ferrari). For the 

south wall, which acts as the interface between Type 56 

and Type 1230, only half of the total thickness has been 

modelled, while the characteristics of the other half of the 

wall have been represented by the convective heat transfer 

coefficient, which reciprocates     h  “            f 

interface wall” p   m         h    p        In this study, 

the experimental weather data acquired from 30th July to 

30th August have been used as input in TRNSYS to 

validate the numerical model of the proposed SS system. 

Table 1: Parameters used to characterize the SS system. 

Component Parameter Value 

Type 1230 Thickness of air gap 0.10 m 

Density of the SS layer 579 kg/m3 

Specific heat 

of the SS layer 

1.00 

kJ/kgK 

Conductivity 

of the SS layer 

1.64  

W/mK 

Resistance  

of interface wall 

0.61 

hm2K/kJ 

Type 56, 

interface wall 

construction 

Total thickness 0.05 m 

Back convective heat 

transfer coefficient 

1.65 

kJ/(h m2 K) 

During the simulation, both the time base, used to solve 

the differential equations, and the simulation timestep, 

have been set equal to 15 minutes, in order to have a full 

correlation to the timestep of the experimental input data. 

Figure 4 reports the comparison between the simulation 

results and the experimental data acquired during the 

whole test period in terms of: a) GEMINI's indoor air 

temperature (Tindoor) and b) temperature inside the air 

cavity (Tcavity), respectively. These figures highlight that 

the model is quite reliable, with values of Tindoor ranging 

between a minimum of -3.5%, and a maximum of 5.4%, 

while the values of Tcavity vary between a minimum of -

6.8% and a maximum of 5.7%. 

 

 

Figure 4: Comparison between the simulated values and 

the experimental values acquired during the whole test 

period in terms of: a) Tindoor and b) Tcavity. 

In addition, figures underline that: (i) the Mean Error 

(ME) and the Mean Absolute Error (MAE) associated to 

the Tindoor are equal 0.4°C and 0.6°C, respectively, while 

those associated to the Tcavity are equal to 0.1°C, and 

0.4°C, respectively; (ii) the values of Root Mean Square 

Error (RMSE) are equal to 0.5°C and 0.4°C for Tindoor and 

Tcavity, respectively. These results highlight the good 

reliability of the simulation approach. Therefore, the 

approach used to simulate the PVC-coated polyester 

fabric as second-skin can be used to predict the potential 

benefit in building refurbishment case study accurately. 

Case studies  

The software TRNSYS 18 is used to evaluate the potential 

benefit achievable in an office building refurbishment 

using the PVC-coated polyester fabric as material in a SS 

system in terms of (i) primary energy saving, (ii) 

reduction of carbon dioxide equivalent emissions and (iii) 

simple pay-back period. In particular, the building 

investigated in this research is an office building 

consisting of three identical floors. Each floor has a 

surface of 451 m2 and a volume equal to 1503 m3, with a 

total window area (Aw,total) of about 112.3 m2 (Aw,North= 

24.5 m2, Aw,South= 87.8 m2). The same typical three-story 

office building is investigated upon varying: (i) retrofit 

action design (five different arrangements of the retrofit 
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action) and (ii) the climatic condition (three different 

locations: a) Palermo, b) Napoli and c) Milano), for a total 

of 15 simulation cases with a retrofit action and three 

simulation cases (one for each location) associated to the 

reference cases. In order to simulate the weather 

condition, the corresponding EnergyPlus weather data 

(EnergyPlus) has been used for each city. Table 2 reports 

the six case studies investigated for every location. 

Table 2: Case studies investigated for every location. 

Case 

study 

Insulation Flexible Façade 

Orientation Surface 

(m2) 

Installed Surface 

(m2) 

Case 0 - - No - 

Case 1 South 372.22 No - 

Case 2 South 372.22 Yes 460 

Case 3 South & East 472.22 Yes 560 

Case 4 South & West 472.22 Yes 560 

Case 5 South, East 

& West 

472.22 Yes 660 

Case 0 is the reference case without the SS system, Case 

1 is a simulation case that includes a typical thermal 

insulation retrofit action (Figure 5a) and the other cases 

(from Case 2 to Case 5) use the PVC-coated polyester 

fabric as material for the second-skin layer to realize the 

SS system (Figure 5b). Moreover, the SS system is 

realized by an insulation layer on the building wall, a 

cavity 10 cm deep and the polyester fabric; also, in order 

to take advantage of the characteristics of the polyester 

fabric, which allow to see-through, the second skin is 

placed on the whole façade, windows included; the 

polyester fabric portions installed in front of the windows 

are operated in order to manage the solar gains across the 

year, keeping them closed on the whole façade during the 

summer, while opening them during the winter. Also, the 

shutters at the inlet and the outlet of the air cavity are 

operated in order to keep the cavity open during the 

summer, to maximize the ventilation through the cavity, 

and closed during the winter to maximise the second-skin 

efficiency. Then, for every city, different thicknesses of 

the insulation have been used in order to meet the U-value 

suggested by the Italian Law (Italian Government, 2015): 

in particular, the insulation layer, in the different Cases 1, 

is 0.067 m thick in Palermo, 0.078 m thick in Napoli and 

0.118 m thick in Milano, while it is 0.060 m thick in 

Palermo, 0.072 m thick in Napoli and 0.104 m thick in 

Milano when implemented in the SS system (Case 2 to 5). 

In Case 2 only the south façade is equipped with the SS 

system, while in Cases 3 and 4, the east and west façade 

are also covered, respectively. Finally, in Case 5, all three 

façades (south, east and west) are equipped with the SS 

system. The office building is firstly modelled in the 

SketchUp 3D software (Figure 6). Then, the 3D model 

geometries were exported through the Trnsys3d plug-in 

and successively imported into TRNSYS 18 in order to 

model the building envelope (stratigraphy of the opaque 

wall and window typology), to define the infiltration, the 

internal gains, the operation period of the heating and 

cooling systems as well as the operation of the electric 

equipment and lighting system. 

           

Figure 5: Section of the building: a) Cases 1, b) Cases 2, 

3, 4 and 5 south walls with the second-skin system. 

In particular, Type 56 has been used to model the whole 

building in detail, while the SS system has been modelled 

by means of Type 1230, which effectively reproduces the 

behavior of an external second-skin layer with an air 

cavity behind it. Table 3 shows the thermal-physical 

properties of the building opaque walls implemented in 

the reference case studies.  

  

Figure 6: Office building modelled in this study: a) south 

view and b) north view. 

Table 3: Thermal-physical properties of the opaque walls implemented in the reference case study. 

Surface Material Thickness 

(m) 

Density 

(kg/m3) 

Thermal conductivity 

(W/mK) 

Thermal capacity 

(kJ/kgK) 

Thermal Transmittance 

(W/m2K) 

Vertical 

Walls 

Plaster 0.015 1400 0.70 1.01 1.15 

Bricks 0.238 600 0.36 0.84 

Mortar 0.015 1800 0.90 0.91 

Roof Plaster 0.015 1400 0.70 1.01 1.10 

Light concrete 0.027 500 0.17 0.88 

Bricks 0.150 600 0.36 0.84 

Concrete 0.020 600 0.18 0.88 

Bitumen 0.005 1200 0.17 1.47 

Floor Tiles 0.020 2000 1.00 1.00 0.94 

Concrete 0.050 600 0.18 0.88 

Bricks 0.150 600 0.36 0.84 

Light concrete 0.030 500 0.17 0.88 

a) b) 

a) b) 
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Table 4 highlights the internal thermal gains considered 

in this work. 

Table 4: Summary of the internal gains. 

Internal Gain Radiative Convective 

Lighting 11.1 W/m2 4.8 W/m2 

Equipment 1.4 W/m2 5.6 W/m2 

Occupants 2.5 W/m2 2.5 W/m2 

In all the cases, two parallel-connected electric heat pump 

(EHP) devices, coupled with a multi-split type air 

conditioning system, have been used to cover both the 

heating and cooling demands. In Palermo, the CLINT 

CRA/K 81 was implemented in the model, in Napoli the 

CLINT CRA/K 91, while in Milano, the CLINT CRA/K 

101 (G.I. Industrial Holding). The national grid has been 

used to cover all the electrical energy demand. The 

setpoint for the heating period is 20 °C, while the set point 

for the cooling period is 26 °C. For the operational period 

of the heating and cooling systems, the Italian Regulation 

was used as a reference for each climatic zone (Italian 

Government, 2013). In all the simulation cases, the air 

infiltration rate was set equal to 0.6 V/h. The occupancy 

schedule, being the simulation case of an office building, 

has been set as "workdays", so 8:00 to 18:00, and 

completely off on the weekends. 

Finally, the simulation timestep has been set equal to 30 

minutes. 

Methodology 

The energy comparison between the proposed case (PC) 

and the reference case (RC) has been performed 

considering the primary energy consumption through the 

index PES (Primary Energy Saving) (Ciampi et al., 2014): 

 ( )   -  100=   
  

RC PC RC
p p pPES E E E  (1) 

where 𝐸𝑝
𝑅𝐶  is the primary energy associated with the 

reference case (Case 0, see Table 2), while 𝐸𝑝
𝑃𝐶  is the 

primary energy associated with each of the five proposed 

cases (Cases 1 – 5, see Table 2). 

The environmental comparison between the proposed 

case (PC) and the reference case (RC) has been performed 

considering the reduction of carbon dioxide equivalent 

emission (CO2) (Ciampi et al., 2014): 

 2
2, 2,

   -   =
RC PC
CO COeq eq

CO m m  (2) 

where 𝑚𝐶𝑂2,𝑒𝑞
𝑅𝐶  is the mass of the dioxide equivalent 

emission associated with the reference case (Case 0, see 

Table 2), while 𝑚𝐶𝑂2,𝑒𝑞
𝑃𝐶  is the one associated with each of 

the five proposed cases (Cases 1 – 5, see Table 2). 

With respect to the economic incentives, it should be 

underlined that the Italian Government has dedica    €   

billion to address the economic consequences of the 

Covid-19 lockdown. These measures include an increase 

in the so-called "eco-bonus" for retrofit projects from 65% 

to 110% of capital costs and a jump supporting energy-

efficient measures associated with such renovation 

projects (Italian Government, 2020). In this work, a 

similar National Grant (NG) has been hypothesized. In 

particular, the NG considered is equal to 100% of the 

  p          w  h     m    f   ,    €/       g, wh  h w    

be refunded through a tax deduction for a maximum 

period of five years. Considering this NG, two different 

typologies of Simple-Pay Back (SPB) periods have been 

calculated. The SPB period without considering the NG 

has been calculated by using the following equation 

(Ciampi et al., 2014): 

 ( )/ _  -  = PC RC PC
w o grantSPB CC OC OC  (3) 

where 𝐶𝐶𝑃𝐶 is the capital cost associated to the five 

proposed cases (Cases 1 – 5, see Table 2), 𝑂𝐶𝑅𝐶  are the 

operating costs associated with the Case 0, while 𝑂𝐶𝑃𝐶  

are the operating costs associated with the proposed cases. 

The 𝐶𝐶𝑃𝐶 has been calculated on the basis of the current 

market reference for the proposed interventions. In 

particular, in the Cases 1, the cost of intervention, 

including the thermal coat composed by the insulation 

layer plus the plaster coat, has been derived, for each 

location, by their regional price list for civil works 

(Campania, 2020; Lombardia, 2020; Sicilia, 2019). 

In Cases 2, 3, 4 and 5, where the arrangement of the 

second-skin is involved, the regional Public Works price 

lists could be used to deduct the cost of the insulation 

layer only, while the cost of the second-skin has been 

taken from the manufacturer. In particular, the cost of the 

retrofit action for Cases 1 (simple thermal insulation 

retrofit) ranges    w                     €/m2, while the 

cost for Cases 2, 3, 4 and 5 (SS system with the tensile 

material) almost doubles, ranging between 198.94 and 

       €/m2 upon varying the region and reference price 

list. The Simple-Pay Back (SPB) period considering the 

national grant (NG) has been calculated by using the 

following equation (Ciampi et al., 2014): 

 ( ) -  = +PC RC PC
grantSPB CC OC OC NG  (4) 

where NG is the national grant described above. 

Simulation results 

The energy flows, in terms of heating and cooling energy 

associated with the whole building, for the three studied 

locations are reported in Table 5. In the table, the values 

associated to the thermal energy flows are in red, while 

those associated to the cooling energy are in blue; the 

shade of the colors is more intense in correspondence of 

the maximum values for each location.  

The first part of this table is associated with Palermo, 

highlighting that: 

• in comparison to Case 0_PA, the reduction of the 

space heating energy demand associated to Case 1_PA 

is about 7.3%, and the reduction of space cooling 

energy demand is about 2.5%; 

• the adoption of the SS system (Cases 2, 3, 4 and 5, 

Table 2) always allows for a sensible improvement in 

terms of cooling energy demand with respect to the 

Case 1_PA; 

• for the SS system Cases, the smaller improvements are 

returned by Case 2_PA, with a reduction of the space 
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heating energy demand of about 6.0% and a reduction 

of space cooling energy demand of about 31.3%; 

• for the SS system Cases, Case 5_PA returns the best 

results, with a reduction of the space heating energy 

demand of about 11.8% and a reduction of space 

cooling energy demand of about 33.6%. 

In Table 5, the results associated with Napoli show that: 

• in comparison to Case 0_NA, the reduction of the 

space heating energy demand associated to Case 

1_NA is about 8.2%, and the reduction of space 

cooling energy demand is about 1.5%; 

• the adoption of the SS system (Cases 2, 3, 4 and 5, 

Table 2) always allows for a sensible improvement in 

terms of cooling energy demand with respect to Case 

1_NA;  

• for the SS system Cases, the smaller improvements are 

returned by Case 2_NA, with a reduction of the space 

heating energy demand of about 6.8% and a reduction 

of space cooling energy demand of about 34.8%; 

• for the SS system Cases, Case 5_NA returns the best 

results, with a reduction of the space heating energy 

demand of about 12.3% and a reduction of space 

cooling energy demand of about 37.0%.  

Finally, the last part of Table 5 shows the results in 

Milano, highlighting that: 

• in comparison to Case 0_MI, the reduction of the 

space heating energy demand associated to Case 1_MI 

is about 9.5%, while the space cooling energy demand 

is increased by about 0.7%; 

• the adoption of the SS system (Cases 2, 3, 4 and 5, 

Table 2) always allows for a sensible improvement in 

terms of cooling energy demand with respect to the 

Case 1_MI; 

• for the SS system Cases, the smaller improvements are 

returned by Case 2_MI, with a reduction of the space 

heating energy demand of about 8.2% and a reduction 

of space cooling energy demand of about 41.6%;  

• for the SS system Cases, Case 5_MI returns the best 

results, with a reduction of the space heating energy 

demand of about 13.9% and a reduction of space 

cooling energy demand of about 42.4%. 

Figure 7 shows the values of PES (Eq. 1) upon varying 

the simulation case and the location. Figures 7a, 7b and 

7c report the values of PES associated with Palermo, 

Napoli and Milano, respectively. These figures highlight 

that: 

• all the proposed cases allow for a reduction of the 

primary energy consumption; 

• the values of PES range from a minimum of 1.80% 

(Case 1_PA) and a maximum equal to 9.12% (Case 

5_MI); 

• whatever the city is, the adoption of SS systems (Cases 

2, 3, 4 and 5, Table 2) allows increasing the values of 

PES in comparison to Cases 1 (Table 2); in particular, 

the least increment (+1.37%) is achieved in the Case 

1_MI, while the highest increase (+6.05%) is obtained 

in Case 5_PA. 

 

Figure 7: Values of PES upon varying the simulation 

case and location: a) Palermo, b) Napoli, and c) Milano. 

Table 6 reports the values of (Eq. 2) and SPB period (Eqs. 

3 and 4) as a function of the city for all simulation cases. 

Table 6 highlights that: 

• considering the Cases 1 (Table 2), the proposed 

refurbishment solution allow for a reduction of the 

CO2 equivalent emissions ranging from 720.3 kgCO2,eq 

(Case 1_PA) to 2780.4 kgCO2,eq (Case 1_MI); 

• in all Cases in which the SS system is installed (Cases 

2, 3, 4 and 5, Table 2), the results underline values of 

CO2 higher than those obtained in Case 1, ranging 

from 2544.4 kgCO2,eq (Case 2_PA) to 5288.6 kgCO2,eq 

(Case 5_MI);  

• with respect to Cases 1 (Table 2), the lowest value of 

SPBw/o_grant is achieved in Milano, equal to 38.3 

years and the highest value is returned by Case 1_PA, 

equal to 160.4 years, while the lowest value of 

SPBgrant is achieved in Milano, equal to 4.4 years, 
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while the highest value is returned by Case 1_PA, 

equal to 4.9 years; 

• whatever the location is, the best results in terms of 

CO2 are returned by the Cases 5, while the Cases 2 

allow the least improvements; 

• with respect to the refurbishment Cases in which the 

second-skin is implemented (Cases 2, 3, 4 and 5, Table 

2), the lowest value of SPBw/o_grant is achieved in 

Case 5_MI, equal to 69.6 years and the highest value 

is returned by Case 5_PA, equal to 124.3 years, while 

the lowest value of SPBgrant is achieved in Case 

2_MI, equal to 7.8 years, while the highest value is 

returned by Case 5_PA, equal to 37.9 years. 

In terms of the SPB period, all the proposed SS system 

retrofit actions are always greater than five years, because 

the intervention's cost is higher than the maximum 

hypothesized NG limit  f   ,    €/       g  

 

Table 5: Thermal and cooling energy flows in MWh, upon varying the location and the month. 

Case study Energy flow Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Whole year 

P
a

le
rm

o
 

Case 0 
Cooling     0.05 0.66 3.37 8.34 9.88 5.90 2.63 0.38  31.22 

Thermal 11.22 9.31 8.19        0.02 8.25 36.99 

Case 1 
Cooling    0.04 0.66 3.39 8.16 9.57 5.75 2.55 0.34  30.46 

Thermal 10.41 8.66 7.58        0.02 7.63 34.29 

Case 2 
Cooling     0.25 2.24 6.61 7.71 3.69 0.92 0.03  21.45 

Thermal 10.56 8.77 7.66        0.02 7.75 34.76 

Case 3 
Cooling     0.23 2.16 6.46 7.57 3.65 0.92 0.03  21.03 

Thermal 10.25 8.50 7.41        0.02 7.49 33.67 

Case 4 
Cooling     0.25 2.20 6.47 7.58 3.68 0.94 0.03  21.15 

Thermal 10.26 8.51 7.44        0.02 7.50 33.74 

Case 5 
Cooling     0.23 2.12 6.32 7.44 3.65 0.95 0.03  20.73 

Thermal 9.95 8.24 7.19        0.02 7.23 32.63 

N
a

p
o

li
 

Case 0 
Cooling     0.46 2.70 7.05 7.19 3.50 0.61 0.01  21.51 

Thermal 18.90 16.36 12.96        6.14 15.70 70.06 

Case 1 
Cooling     0.47 2.73 6.93 7.03 3.44 0.59   21.19 

Thermal 17.40 15.05 11.93        5.56 14.37 64.33 

Case 2 
Cooling     0.12 1.66 5.28 5.10 1.77 0.08   14.02 

Thermal 17.67 15.28 12.10        5.67 14.59 65.31 

Case 3 
Cooling     0.11 1.60 5.15 5.02 1.75 0.08   13.72 

Thermal 17.17 14.83 11.74        5.48 14.13 63.36 

Case 4 
Cooling     0.12 1.64 5.19 5.05 1.78 0.08   13.86 

Thermal 17.18 14.84 11.77        5.48 14.14 63.41 

Case 5 
Cooling     0.11 1.58 5.06 4.97 1.76 0.08    13.57 

Thermal 16.68 14.39 11.41        5.28 13.67 61.43 

M
il

a
n

o
 

Case 0 
Cooling     0.03 1.42 4.45 4.12 1.23    11.26 

Thermal 33.27 26.98 20.37 5.84      5.82 21.76 31.59 145.64 

Case 1 
Cooling     0.04 1.46 4.47 4.11 1.26    11.34 

Thermal 30.26 24.57 18.50 5.28      5.15 19.50 28.60 131.86 

Case 2 
Cooling      0.73 2.86 2.45 0.54    6.58 

Thermal 30.69 24.91 18.76 5.34      5.23 19.78 29.01 133.73 

Case 3 
Cooling      0.72 2.81 2.42 0.54    6.49 

Thermal 29.81 24.19 18.19 5.18      5.00 19.09 28.13 129.58 

Case 4 
Cooling      0.73 2.85 2.45 0.55    6.58 

Thermal 29.81 24.19 18.18 5.19      5.00 19.09 28.13 129.59 

Case 5 
Cooling      0.72 2.80 2.42 0.56    6.49 

Thermal 28.91 23.46 17.60 5.02      4.76 18.39 27.23 125.39 

Table 6: Values of CO2 and SPB period upon varying the location. 

Case 

study 

Palermo Napoli Milano 

CO2 

(kgCO2,eq) 

SPBw/o_grant 

(years) 

SPBgrant 

(years) 

CO2 

(kgCO2,eq) 

SPBw/o_grant 

(years) 

SPBgrant 

(years) 

CO2 

(kgCO2,eq) 

SPBw/o_grant 

(years) 

SPBgrant 

(years) 

Case 1 720.3 160.4 4.9 1307.0 78.0 4.7 2780.4 38.3 4.4 

Case 2 2544.4 104.5 8.5 2802.1 88.3 7.9 3572.7 70.5 7.8 

Case 3 2858.4 114.7 22.2 3292.3 92.5 17.3 4436.2 69.9 13.9 

Case 4 2819.4 116.3 22.2 3246.3 93.8 17.3 4414.0 70.2 13.9 

Case 5 3135.8 124.3 37.9 3741.3 96.6 29.7 5288.6 69.6 21.4 
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Conclusions 

In this work, the numerical model of the PVC-coated 

polyester fabric has been developed and validated. This 

model has been implemented in a second-skin system for 

different refurbishment cases, upon varying the retrofit 

action design and the climatic conditions, in order to 

assess the potential achievable benefits in terms of (i) 

primary energy saving, (ii) reduction of carbon dioxide 

equivalent emissions. Finally, the simple pay-back period 

has been evaluated for all the proposed actions, also 

considering a national grant. The simulation results 

highlight that the best results in terms of PES and CO2, 

equal to 9.12% and 5288.6 kgCO2,eq respectively, are 

achieved in Milano when the second-skin system is 

installed on the South, East and West façade (Case 5_MI), 

while the best results in terms of SPB period (4.4 years) 

are achieved in Milano when a typical thermal insulation 

retrofit action (Case 1_MI) is implemented. Finally, Cases 

2 in Palermo and Napoli, as well as Cases 3 in Milano, 

seem to be good compromises that meet the energy, 

environmental and economic aspects. However, the 

second-skin system implemented with the PVC-coated 

polyester fabric is about two times more expensive than a 

typical thermal insulation retrofit, so it would not be 

economically sustainable without a supplementary grant. 
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