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1. INTRODUCTION 

In Italy, office buildings have had a critical evolution of 

energy demand in recent years: the increase in electric energy 

use is also a consequence of augmented demand for summer 

cooling. The electrical energy demand in office buildings is 

about 50 % of the total energy demand [1]. 

Italian offices are almost 570,000, the 30.5 % of which has 

internal spaces in 64,911 buildings completely or 

predominantly assigned to offices, and they are responsible 

for a significant rate of the Italian energy demand. 

Considering only public offices, the electrical energy and 

thermal one used for air conditioning are approximately 1.88 

TWh/year and 1.01 TWh/year, respectively [2]. 

In EU-27, there is an estimated air-conditioned area of 

12.5 billion square meters and an average energy use of 159 

TWh/year for heating and 7 TWh/year for cooling [3]: the 

reduction of energy demand in office buildings, which 

represent a considerable rate of the building heritage, is an 

important target to reach. 

The use of one or more layers of insulating material on the 

opaque elements of the building envelope is a very common 

solution among the possible strategies to reduce energy 

requirements [4-7]. However, in some types of buildings, like 

office buildings, the uncritical application of large thermal 

insulation thicknesses could be counterproductive from the 

energetic, environmental and economic point of view: it is 

the case of buildings with high internal thermal loads and/or 

buildings placed in climates with hot summers and mild 

winters. An increase of cooling energy demand in summer 

higher than the reduction of heating energy one in winter 

may be obtained. The only reduction of the stationary 

thermal transmittance (U-value) of the building envelope 

opaque components could be hazardous. In fact, in a too 

insulated building envelope, there are difficulties to expel 

exceeding heat during summer and this might cancel the 

benefits due to the reduction of thermal losses in winter. 

The optimal insulation thickness is a function of many 

variables, such as the building type, intended use, orientation, 

climate, cost and type of energy source, efficiency of the 

systems, building envelope. Kaynakli [8] has observed these 
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influences. Usually, the optimal thermal insulation thickness 

is not too high, because when increasing the insulation 

thickness, the thermal loads of the building and energy costs 

decrease but material costs grow [8]. In many studies carried 

out considering the steady state, the results of economic 

analysis are based on heating and cooling demands and the 

concepts of degree-days and degree-hours have been 

frequently used [9-11]. On this topic, the experiences that 

consider a transient behaviour are quite limited [12-14]. 

 However, other researchers as Dombayci [15], Comakli et 

al. [16], Iqbal et al. [17] support the need to correlate also 

other parameters in addition to the traditional ones, such as 

CO2 and SO2 index, in order to obtain the optimum insulation 

thickness. Yildiz et al. [18] investigated the influence of 

different energy sources. 

The optimization of the building thermal insulation 

thickness very often refers to winter season but not summer. 

Unfortunately, this happens also in Mediterranean climates 

(as underlined in the recent Italian laws on building energy 

efficiency). Therefore, the current approach is inadequate, 

especially when it considers the cost-optimal methodology 

[19]. The limited researches about the energetic effect 

induced by the thermal insulation in summer are the main 

reason [20, 21].  

The calculation of the thermo-physical parameters of the 

opaque building envelope components [22, 23], in order to 

evaluate and optimize also the energy impacts in summer of 

insulating material, is appropriate. 

In this paper, the evaluation on a case study of the 

energetic and economic impacts of external thermal 

insulation is carried out, by using energy simulations under 

dynamic conditions. The analysis is performed for the cities 

of Palermo, Milan, Rome and Cairo, increasing the values of 

the internal thermal loads (10, 20, 30 W/m2). The optimal 

insulation thicknesses is obtained by calculating primary 

energy requirements and discounted payback periods, in 

order to demonstrate the need to avoid excessive thermal 

insulation thickness for buildings in Mediterranean climates. 

The current Italian tax deduction (65 %) is considered in the 

evaluation of the discounted payback period [24]. Moreover, 

the PMV index is evaluated for some disadvantaged rooms to 

consider also the thermal comfort requirements. 

2. CASE STUDY AND RESEARCH METHODOLOGY 

2.1 Reference building 

Basing on a recent statistical research [25] on the stock of 

Italian office buildings, the technological characteristics of 

the reference existing building are defined (Figure 1). The 

structural characteristics of this building are typical of Italian 

buildings from 1946 to 1970 (reinforced concrete frame 

structure with brick walls). The reference building has three 

levels, a basement and two floors. There is a parking area and 

a storage room in the basement. On the ground floor, there 

are the foyer, the dining room, a corridor, two bathrooms and 

four offices; at the first floor, there are six offices, a corridor 

and two bathrooms.  

The characteristics of the opaque and transparent building 

envelope components are shown in the Tables 1 and 2. The 

air conditioning system consists of fan-coils powered by an 

air-to-water electrical heat pump for heating and cooling 

(Tables 3 and 4). The total heated and cooled building area is 

394 m2. 

 

 
 

Figure 1. Reference building and first floor isometric views 

Table 1. Characteristics of the opaque components 

 

 
 

Table 2. Characteristics of the windows 

 

 
 

Table 3. Heating periods and COP of the heat pump for the 

three Italian climatic zones 

 

 
 

Table 4. Cooling periods and EER of the heat pump for the 

three Italian climatic zones 

 

 

2.2 Research methodology  

The evaluation of the influence of the external thermal 

insulation on the building energy demand is performed. 

s λ c U Y k

(m) (W/mK) (kJ/kgK) (W/m
2
K) (W/m

2
K) (kJ/m

2
K)

Cement plaster 0.02 0.700 1.01

Forated brick 0.08 0.900 0.84

Air gap 0.06 -

Solid brick 0.12 0.810 0.84

Cement plaster 0.02 0.700 1.01

Hollow floor slab 0.22 -

Waterproof sheath 0.002 0.200 1.67

Expanded clay 0.05 0.120 0.92

Screed 0.03 1.400 0.67

Cement coating 0.03 1.400 0.67

Tiles 0.02 1.300 0.84

Screed 0.03 1.400 0.67

Hollow floor slab 0.18 -

Cement plaster 0.02 0.700 1.01

Material (from the 

inside towards the 

outside)

1.800 1.09 60.7

0.6141.012 55.4

Floor 1.868 0.746 76.8

External 

wall

Roof 

slab

Material s λ A U

(m) (W/mK) (m
2
) (W/m

2
K)

Painted wooden frame 0.05 2.500 1.350

Generic glass 0.006 1.000 3.15

Argon gas 0.013 0.017

Generic glass 0.006 1.000

External 

windows
2.050

City
Heating

 season

Internal 

temperature
COP

(from-to)

Palermo Zone B 1 Dec-31 Mar 8h (8-12 and 16-20) 20 °C 2.80

Rome Zone D 1 Nov-15 Apr 12 h (8-20) 20 °C 2.70

Milan Zone E 15 Ott-15 Apr 14 h (8-20) 20 °C 2.50

Climatic 

Zone 

[29]

Maximum number 

operating hours for 

a day (from-to)

City
Cooling 

season

Internal 

temperature
EER

(from-to)

Palermo Zone B 1 May-30 Sept (9-19) 26 °C 2.50

Rome Zone D 15 May-15 Sep (10-18) 26 °C 2.70

Milan Zone E 1 Jun-15 Sep (11-18) 26 °C 2.80

Climatic 

Zone 

[29]

Maximum number 

operating hours for 

a day (from-to)
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Three cases are considered: insulation only on the walls -

Proposal A; on the walls and roof slab - Proposal B; on the 

walls, roof slab and the floor of the ground storey (i.e., the 

slab between the ground storey and the basement) - Proposal 

C. The Table 5 shows the values of U, Y and k for opaque 

components of the building envelope before and after the 

application of the insulating material with variable 

thicknesses (from 2 to 12 cm, with an interval of 2 cm). The 

analysis is carried out considering two kinds of insulating 

materials, a little massive EPS (Expanded Polystyrene) and a 

massive wood fibre. In brief, since the similarity of the 

obtained results, only the analysis related to the wood fibre is 

reported (λ = 0.038 W/mK, ρ = 150 kg/m3, c = 2.1 kJ/kgK). 

 

Table 5. Values of U, Y and k before and after the 

application of the insulation on the building envelope 

 

 
 

The optimal insulation thickness depends a lot on the 

climatic characteristics of the context where the building 

stands. Four different cities (Palermo, Rome, Milan and 

Cairo) are chosen to perform the analysis. Their design 

outdoor temperatures are reported in Table 6 [26].  

Table 6. Design outdoor temperatures for the considered 

localities 

 

 
 

In the cases of Palermo, Rome and Milan (Italian cities), 

the thermal transmittance limit values to respect the current 

national laws on energy saving in buildings [27] and the 

previous ones [28], in the case of refurbishment, are reported 

in the Table 7. The usage profiles of the systems defined by 

Italian laws [29] are shown in Tables 3 and 4. For Cairo and 

Palermo, the same usage profiles are considered. 

The contribution of internal thermal loads is also varied. In 

offices buildings there are many electronic devices (PCs, 

printers, copiers, monitors, etc.). The values of the internal 

thermal loads may be very high: 10, 20 and 30 W/m2 are 

considered (the thermal load due to artificial lighting is not 

included).  

Design Builder [30] is the software used for the calculation 

of building energy demands for heating and cooling and the 

evaluation of the indoor thermal comfort index (PMV). It is a 

software for energetic dynamic simulation and represents a 

graphical user interface of Energy Plus software. Energy Plus 

calculation engine has been experimentally validated through 

analysis on the building envelope and HVAC systems. 

Table 7. Maximum U-values for the Italian cities according 

to national laws on energy saving in buildings 

 

 

3. RESULTS  

3.1 Results for Palermo 

The energetic analysis carried out in the climatic context of 

Palermo (Southern Italy - warm summers and mild winters) 

shows an initial reduction of annual primary energy 

requirement, up to 2 cm of insulating thickness, for all the 

proposals A, B, C (Figure 2). When considering higher 

thickness, a quite constant trend is obtained for the proposal 

A (Figure 2a) and a slight reduction of the annual energy 

demand in the case B (Figure 2b). The application of 

insulating material with a thickness higher than 2-4 cm is not 

convenient in the case C (Figure 2c). Moreover, the annual 

energy requirement grows with the internal thermal loads and 

it is due to the increased cooling demand. In terms of 

seasonal energetic requirements (Figure 3, referred to 

proposal B and internal thermal load of 20 W/m2), the 

cooling demand grows over 2 cm of insulation, while the 

heating one is always decreasing.  

Comparing the three proposals from annual primary 

energy point of view, the most convenient solution is the 

proposal B (insulation on walls and roof slab), followed by 

the C (insulation on all opaque building envelope) and then 

the A (insulation on walls). The proposal B is better than C 

because the basement storey represents a suitable cold source 

in summer, so a not insulated floor of the ground storey is 

preferable. Moreover, the optimal insulation thickness 

calculated in the case of Palermo (2-4 cm) is significantly 

lower than the one obtained by applying the thermal 

transmittance limits imposed by current Italian laws on 

energy efficiency in buildings (6-8 cm). 

 

 
 

Figure 2a. Annual primary energy requirement as a 

function of the insulation thickness - Proposal A for Palermo 

0 2 4 6 8 10 12

U-value (W/m
2
K) 1.800 0.900 0.611 0.462 0.372 0.311 0.267

Y-value (W/m
2
K) 1.090 0.214 0.117 0.078 0.056 0.040 0.029

k-value (kJ/m
2
K) 60.70 55.60 54.40 53.90 53.50 53.20 53.00

U-value (W/m
2
K) 1.012 0.660 0.490 0.390 0.323 0.276 0.241

Y-value (W/m
2
K) 0.614 0.225 0.127 0.084 0.059 0.043 0.030

k-value (kJ/m
2
K) 55.40 52.70 51.30 50.50 50.10 49.70 49.50

U-value (W/m
2
K) 1.868 0.942 0.630 0.473 0.379 0.316 0.271

Y-value (W/m
2
K) 0.746 0.193 0.107 0.072 0.051 0.037 0.027

k-value (kJ/m
2
K) 76.80 71.00 69.70 69.20 68.80 68.50 68.30

External 

wall

Roof 

slab

Floor

Insulation thickness (cm)

City Winter (°C) Summer (°C)

Milan (Italy) -9.0 31.5

Rome (Italy) -0.4 30.9

Palermo (Italy) 6.9 33.8

Cairo (Egypt) 7.4 38.1

City

External wall Roof slab Floor External wall Roof slab Floor

(W/m
2
K) (W/m

2
K) (W/m

2
K) (W/m

2
K) (W/m

2
K) (W/m

2
K)

Palermo 0.48 0.38 0.49 0.45 0.34 0.48

(Zone B)

Rome 0.36 0.32 0.36 0.36 0.28 0.36

(Zone D)

Milan 0.34 0.30 0.33 0.30 0.26 0.31

(Zone E)

Maximum U-values since 

01.10.2015 (D.M. 26/06/2015) [27]

Maximum U-values until 

30.09.2015 (D.P.R. 59/2009) [28]

10 W/m2 20 W/m2 30 W/m2 

(k
W

h
/m

2
) 
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Figure 2b. Annual primary energy requirement as a function 

of the insulation thickness - Proposal B for Palermo 

 
 

Figure 2c. Annual primary energy requirement as a function 

of the insulation thickness - Proposal C for Palermo 

 
Figure 3. Seasonal primary energy requirement as a function 

of the insulation thickness- Proposal B for Palermo, 20 W/m2 

 

 
 

Figure 4. Discounted payback as a function of the insulation 

thickness - Proposal B for Palermo 

Table 8. PMV for office 6 on 20 August – Palermo, 

insulation thickness of 4 cm, internal loads of 20 W/m2 

 

 
Considering a DPB analysis, the best solution is still the 

second one (B), with optimal thicknesses of thermal 

insulation in the range 2-4 cm (Figure 4). Also in terms of 

indoor thermal comfort in summer, by applying an insulation 

thickness of 2-4 cm, the Fanger PMV index in the office 6 

(one of the most disadvantaged rooms in summer) is 

acceptable (Table 8). 

3.2 Results for Milan 

In the case of Milan (Northern Italy – warm summers and 

very cold winters), there is always a reduction of the annual 

primary energy requirement for heating and cooling with the 

increase of the insulation thickness, as shown for the cases A 

(Figure 5a), B (Figure 5b) and C (Figure 5c). Moreover, for 

all the proposals, the curves related to the various considered 

internal thermal load values tend to overlap. Considering 

Figure 6 (seasonal energy analysis), it is clear that this is due 

to the fact that heating energy needs are significantly higher 

than cooling ones, because of the cold winters. In this 

climatic context, the proposals C (thermal insulation on all 

opaque building envelope) and B (thermal insulation on all 

opaque building envelope except the ground slab) are 

characterized by the lowest energy requirements. 

 
Figure 5a. Annual primary energy requirement as a function 

of the insulation thickness - Proposal A for Milan 

 
Figure 5b. Annual primary energy requirement as a function 

of the insulation thickness - Proposal B for Milan 

h.8 h.10 h.12 h.14 h.16 h.18  Average value 

Proposal A 0.31 0.33 0.33 0.33 0.33 0.32 0.33 

Proposal B 0.26 0.28 0.28 0.28 0.28 0.27 0.28 

Proposal C 0.28 0.30 0.30 0.30 0.30 0.29 0.30 

Fanger PMV 
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Figure 5c. Annual primary energy requirement as a function 

of the insulation thickness - Proposal C for Milan 

 

 
 

Figure 6. Seasonal primary energy requirement as a function 

of the insulation thickness- Proposal B for Milan, 20 W/m2 

 

3.3 Results for Rome 

  

 
Figure 7. Discounted payback as a function of the insulation 

thickness - Proposal C for Milan 

 

Table 9. PMV for office 1 on 21 January - Milan, insulation 

thickness of 8 cm, internal loads of 20 W/m2 

 

 
In the climatic context of Rome (Central Italy, warm 

summers and cold winters), there is a reduction of annual 

primary energy for heating and cooling with the increasing of 

thermal insulation thickness, for all the proposals A (Figure 

8a), B (Figure 8b) and C (Figure 8c). The reduction is 

gradually decreasing. From the energy point of view, the best 

proposal is B. The proposal B is better than C because the 

basement storey represents a suitable cold source in summer, 

so a not insulated floor of the ground storey is preferable. As 

shown in the seasonal primary energy analysis (Figure 9), for 

a thickness higher than 4-6 cm, the energy demand for 

cooling is higher than energy demand for heating. Moreover, 

the energy requirement for cooling increases with the 

insulation thickness for values higher than 2 cm.  

 

 
 

Figure 8a. Annual primary energy requirement as a function 

of the insulation thickness - Proposal A for Rome 

In the Figure 10, there is the DPB analysis in the case of 

Rome. It shows that the most convenient thickness is about 6-

8 cm. A higher insulation thickness reduces the economic 

convenience of the investment. Using the legislative limits of 

thermal transmittance, the thicknesses are in the range 8-10 

cm: so, the obtained optimal thermal insulation thickness is 

slightly lower. 

 

   

 
Figure 8b. Annual primary energy requirement as a function 

of the insulation thickness - Proposal B for Rome 

  

 
 

Figure 8c. Annual primary energy requirement as a function 

of the insulation thickness - Proposal C for Rome 

h.8 h.10 h.12 h.14 h.16 h.18  Average value 

Proposal A -1.40 -1.19 -1.11 -1.06 - -1.01 -1.16 

Proposal B -1.29 -1.03 -0.93 -0.89 - -0.84 -1.00 

Proposal C -0.88 -0.67 -0.62 -0.59 - -0.56 -0.67 
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Figure 9. Seasonal primary energy requirement as a function 

of the insulation thickness- Proposal B for Rome, 20 W/m2 

In terms of thermal comfort, when applying an insulation 

thickness of 6 cm, the PMV index in the office 6 (one of the 

most disadvantaged rooms in summer) evaluated in summer 

conditions is acceptable (Table 10). 

3.4 Results for Cairo 

         

 
 

Figure 10. Discounted payback as a function of the 

insulation thickness - Proposal B for Rome 

 

Table 10. PMV for office 6 on 20 August - Rome, insulation 

thickness of 6 cm, internal loads of 20 W/m2 

 

 
 

In the climatic context of Cairo (Egypt, very warm 

climate), the energetic analysis (Figures 11a, 11b, and 11c) 

shows that annual primary energy requirement grows with 

the insulation thickness, for each proposal, because summer 

is very warm and winter is mild: thus, the application of 

insulating material is not convenient. This is due to seasonal 

energy trends (Figure 12), which confirms that summer 

energy demand is larger than winter one. Really, the 

application of an insulating layer up to a thickness of 2 cm 

leads to a very slight decrease in energy requirements, but it 

is not enough to obtain the minimum DPB, as demonstrated 

by a DPB analysis not reported in this paper. 

 

 
 

Figure 11a. Annual primary energy requirement as a 

function of the insulation thickness- Proposal A for Cairo 

 

4. CONCLUSIONS 

 

In this paper, an existing office building is analysed under 

dynamic thermal conditions to find the optimal insulation 

thickness. Three cases (A - thermal insulation on the walls; B 

- thermal insulation on the walls and the roof slab; C - 

thermal insulation on the walls, the roof slab and the floor of 

the ground storey) are compared by evaluating the primary 

energy requirements for heating and cooling and discounted 

payback periods, considering four Mediterranean climates.  

In all these climatic zones, when applying thermal 

insulation thickness over 2 cm, there is an increasing of the 

summer energy requirements, while the winter energy 

demand always decreases with the insulation thickness 

increasing. Considering the annual primary energy demands 

and a discounted payback analysis, the following optimal 

insulation thickness values are obtained, depending on the 

climate:  

- for Palermo (Southern Italy, warm summers and 

mild winters), 2-4 cm; 

- for Rome (Central Italy, warm summers and cold 

winters), 6-8 cm; 

- for Milan (Northern Italy, warm summers and very 

cold winters), 8-10 cm; 

- for Cairo (Egypt, very warm climate), the thermal 

insulation is not convenient. 

Moreover, a comparison between the optimal insulation 

thicknesses obtained in this study and those necessary to 

respect the Italian legislative rules shows that the first ones 

are greater than the second ones in the cases of Rome and 

mainly Palermo, while they are similar in the case of Milan. 

The proposal that provides the greatest energy savings and 

simultaneously leads to the lowest payback period is the 

proposal B, except for Milan. In fact, in the cold winters of 

Milan the proposal B is not adequate in terms of thermal 

comfort (in this case, the most suitable proposal is C). 

Anyway, when using the obtained optimal insulation 

thicknesses, acceptable comfort levels are obtained also in 

the most disadvantaged rooms. 

 

h.8 h.10 h.12 h.14 h.16 h.18 Average value

Proposal A 0.29 0.32 0.32 0.32 0.32 0.31 0.31

Proposal B 0.25 0.27 0.27 0.27 0.27 0.26 0.27

Proposal C 0.27 0.29 0.29 0.29 0.29 0.28 0.29

Fanger PMV

(k
W

h
/m

2
) 

(k
W

h
/m

2
) 

(k
W

h
/m

2
) 

S566



 

   

 
 

Figure 11b. Annual primary energy requirement as a 

function of the insulation thickness - Proposal B for Cairo 

   

 
 

Figure 11c. Annual primary energy requirement as a 

function of the insulation thickness - Proposal C for Cairo 

 
 

Figure 12. Seasonal primary energy demand as a function 

of the insulation thickness- Proposal B for Cairo, 20 W/m2 
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NOMENCLATURE 

c specific heat capacity, J. kg-1. K-1 

COP Coefficient Of Performance 

DPB Discounted Payback, years 

EER Energy Efficiency Ratio 

k internal areal heat capacity, J. m-2. K-1 

PMV Predicted Mean Vote 

s thickness, m 

R unitary thermal resistance, m2. K. W-1 

U unitary thermal transmittance, W.m-2. K-1 

Y 

 

Greek symbols 

 

dynamic transmittance, W.m-2.K-1 

λ thermal conductivity, W. m-1. K-1 

 density, kg. m-3  
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