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ABSTRACT 

The retrofitting challenge for historical buildings 

consists of finding solutions that improve energy 

efficiency, preserving at the same time the buildings’ 

cultural and historical value. 

Italy, with its huge heritage, is one of the main 

beneficiaries of this new approach. The paper 

presents the dynamic simulation of one historical 

building in the city of Perugia, characterized by 

multi-storey constructions, close to each other, 

focusing therefore on shadow effects and paying 

particular attention to the influence of thermal 

bridges. The simulated building energy consumption 

results have been compared with the real data 

gathered from the users’ energy bills along three 

heating seasons. 

INTRODUCTION 

The attention to historical buildings increased in the 

last years, in order to operate on the retrofitting 

procedures addressed to energy saving. For this 

purpose, the European Union allocated consistent 

funds for the sustainable analysis on this topic, and 

various widespread rating systems defined specific 

guidelines for the performance evaluation of 

historical buildings [Asdrubali et al., 2015, Paoletti et 

al., 2013]. The challenge for the retrofit of these 

particular constructions consists of finding a 

compromise between the requirements of energy 

efficient solutions, and the need of maintaining the 

aesthetic, cultural, and historical value of the 

buildings [Abusoglu et al., 2014, de Lieto et al., 

2014, Salata et al., 2014]. A medieval building in the 

city of Perugia (Italy) has been chosen as a case 

study; during centuries, it was renovated to improve 

and fix several parts. In its first arrangement, the 

construction was a small shop, developed only in the 

ground floor. 

Figures 1 and 2 show the two current storeys: the 

staircase (blue ellipse) was built in the 20th century 

and the house was composed by two different parts 

(yellow and red rectangles), which were linked in the 

medieval age with a bridge on a little river (sky blue 

ellipse). The green ellipse shows a balcony in the 

south side. The building is placed in the city centre 

and it is very close to other constructions that 

overshadow it.  

 

 
Figure 1 Ground floor of the building. 

 

 
Figure 2 First floor of the building. 
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Table 1 shows the composition of the walls, slabs 

and floors with their thermophysical properties; these 

data refer to the parts of the envelope treated as 

multilayer surfaces, interested therefore by a one-

dimensional heat flux in the simulation. 

  

Table 1. Envelope thermophysical properties of the building analyzed 

 

N Layers 
S 

[m] 
λ 

[W/mK] 
C 

[J/kg K] 
r 

[kg/m3] 

 

Wall 1 

1 Internal plaster 0.02 0.72 1010 1400 

2 Stone 0.60/0.70 2.40 1100 2500 

3 External plaster 0.02 0.90 1010 1800 

Total thickness [m] 0.64/0.74 

Thermal transmittance [W/m2K] 2.12/1.95 

Wall 2 

1 Internal plaster 0.02 0.72 1010 1400 

 

2 Stone 0.30 2.40 1100 2500 

3 Light filling material 0.20 0.72 1000 1500 

4 Stone 0.30 2.40 1100 2500 

5 External plaster 0.02 0.90 1010 1800 

Total Thickness [m] 0.84 

Thermal transmittance [W/m2K] 1.32 

Slab concrete 

1 Stoneware floor 0.02 1.47 1000 1700 

 

2 Mortar 0.03 1.40 910 2000 

3 Concrete 0.10 1.16 910 2000 

4 Stone 0.40 1.20 1100 1700 

Total thickness [m] 0.55 

Thermal transmittance [W/m2K] 1.61 

Slab arch 

1 Parquet floor 0.01 0.18 1090 710 

 

2 Mortar 0.02 1.40 910 2000 

3 Light concrete 0.05 0.58 910 1400 

4 Flooring block 0.16 0.25 840 800 

5 External plaster 0.02 0.90 1010 1800 

Total thickness [m] 0.26 

Thermal transmittance [W/m2K] 1.01 

Slab block 

1 Stoneware floor 0.02 1.47 1000 1700 

 

2 Mortar 0.02 1.40 910 2000 

3 Light concrete 0.06 0.58 910 1400 

4 Mortar 0.02 1.40 910 2000 

5 Block 0.16 0.56 1000 900 

6 External plaster 0.02 0.90 1010 1800 

Total thickness [m] 0.30 

Thermal transmittance [W/m2K] 1.61 
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In addition, also the energy through windows 

[Baldinelli et al., 2014] was considered  with 

modelling of the window that have thermal 

transmittance equal to 2.10 W/m
2
K (aluminium 

frame and double glazing system) and g-value equal 

to 0.755.  

Obviously, the influence of thermal bridges has also 

to be taken into account [Theodosiou et al., 2008]. 

Generally speaking, a thermal bridge is individuated 

by the linear thermal transmittance, obtained by a 

two-dimensional calculation [ISO 10211:2008] and 

defined by the following equation (1): 

kk

n

k

D lUL 



1

2  (1) 

 

where L2D is the linear thermal coupling term derived 

by the two-dimensional calculation, Uk is the thermal 

transmittance of the k
th

 one-dimensional component 

(length lk) that separates the internal side from the 

external environment. 

Thus, the quantitative classification of thermal 

bridges is identified by the value of ψ, that gives the 

thermal flux transferred per length and temperature 

unit in steady-state conditions. 

The methodology elaborated by [Asdrubali et al., 

2012], proposes a quantitative evaluation of thermal 

bridges through the thermographic technique. 

Considering that each IR image shows the surface 

temperature of every pixel by means of the radiation 

emitted from each examined surface, the entire 

thermal field of the area covered by the detector optic 

is available. 

The previous definition of a thermal bridge [ISO 

10211:2008] highlights a zone whose thermal 

properties are significantly different from the ones of 

the rest of the envelope. As a consequence, the 

surface temperature of the internal side of the 

building envelope is characterized by considerable 

discontinuities; on the other hand, in the part of the 

structure where the heat flux can be considered as 

one-dimensional, the same superficial temperature is 

almost homogeneous. In this “undisturbed” zone, the 

temperature is a function of the thickness and thermal 

conductivity of the different wall layers. For instance, 

considering a structural thermal bridge constituted by 

an infinitely high wall right-angle, the pertinent 

thermogram shows a minimum temperature level in 

correspondence of the angle. Moving towards the 

homogeneous zone of the wall, the temperature 

profile progressively describes an asymptote, until 

the effect of the thermal bridge is supposed to be 

negligible (Figure 3). 

Equation (2) shows the mathematical meaning of a 

proposed index (Itb), describing the ratio between the 

thermal loss calculated from the measured 

temperature in the IR images and the hypothetical 

thermal loss of the same area in the wall, when 

calculated without considering the effect of thermal 

bridges. 
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With the hypothesis of steady-state conditions and 

constant convective coefficient (htb = h1D), the index 

is the ratio between the temperature difference in the 

real case and in the hypothetical scenario where the 

thermal bridge effects are neglected. 

The benefit of having both temperature values of the 

two considered areas (i.e., the thermal bridge area 

and the homogeneous one) in one same IR image, 

allows to minimize further sources of error related to 

non-contemporary measurements, and to the 

influence produced by different IR camera view 

angles. Moreover, the capture of only one IR image 

avoids the influence of the emissivity dependence 

from the surface distance and view angle. The ratio 

between the two fluxes considered in the definition 

of Itb, and in particular the direct definition of T1D_is 

from the thermogram, results useful to normalize the 

analysis, further simplifying experimental 

evaluations. 

This quantitative phenomenon could also be 

described as a sort of increase in the thermal 

transmittance U1D of the undisturbed zone. Therefore, 

considering the thermal bridge effect, in the 

hypothesis of stationary conditions, the value of the 

thermal transmittance Utb can be written as follows 

(3): 

tbDtb IUU  1
 (3) 

ANALYSIS OF THERMAL BRIDGES IN 

THE CASE STUDY 

Five types of thermal bridges were analysed,  

representing all the typologies present in the entire 

building. Each thermal bridge was examined with IR 

images, in order to determine the Incidence factor of 

 
Figure 3. Example of an angular thermal bridge and relative thermogram output. 
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thermal bridge with the methodology previously 

described. The five categories of thermal bridges are 

described below: 

1. Line between two walls (L-WW) 

2. Corner between wall and roof (C-WR) 

3. Line between steel beam and concrete of the 

roof (L-BC) 

4. Line between wall and door (L-WD) 

5. Line between wall and window (L-WI) 

Figure 4 shows the first one: the temperature trend in 

the plot along the green line highlights the 

asymptotic temperature that defines the undisturbed 

zone. During the IR thermography data retrieval, the 

air temperature was set to 23°C.  The extent of the 

thermal bridge is well identified in the first part of 

the graph near the corner, where lower temperatures 

are observed. For this thermal bridge, equation 1 

gives an Itb value equal to 1.45. 

 

 

 

 

Figure 4. IR thermography image on a L-WW 

thermal bridge with the temperature trend along the 

picture green line. 

 

Itb values for the five thermal bridges are shown in 

table 2. Excluding the C-WR case, results describe a 

light influence of thermal bridges to the total 

envelope heat loss. Their low impact is mainly due to 

the high values of the walls thermal transmittance, a 

typical characteristic of historical buildings. 

 

Table 2. Itb of the analysed thermal bridges 

 

Thermal Bridges Itb 

L-WW 1.45 

C-WR 2.33 

L-BC 1.10 

L-WD 1.09 

L-WI 1.30 

 

According to equation 2, it is possible to evaluate the 

increased thermal transmittance for the area 

influenced by the thermal bridge. Table 3 shows the 

value of the building influenced areas and the 

thermal transmittances increased according to 

Incidence factor for each thermal bridge. 

 

Table 3. Effect on the thermal transmittance of 

thermal bridges and their area of influence 

 

Thermal 

bridges 

U1D 

[W/m2K] 

Utb 

[W/m2K] 

Area of 

influence [m2] 

L-WW 1.32 1.92 1.11 

C-WR 1.95 4.55 3.37 

L-BC 0.67 0.74 4.85 

L-WD 1.08 1.18 0.37 

L-WI 1.32 1.72 0.55 

DYNAMIC SIMULATION ANALYSIS 

WITH TRNSYS 

Once the thermal bridges effects were considered, the 

building dynamic energy behaviour was simulated by 

means of the TRNSYS software [TRNSYS Web 

site]. Thanks to Google SketchUp [SketchUp Web 

site], it is possible to define the building model and 

the elements creating shadows on the external walls. 

Figure 5 shows the analyzed building with the model 

of the other neighbouring constructions, at the aim of 

evaluating their shadow effect on solar irradiation. 

 

 

Figure 5. Building model in SketchUp with the 

shading surrounding constructions. 
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The simulations were carried out with two different 

configurations of the walls, in order to perform the 

analysis with and without the influence of thermal 

bridges. A model was created with the influence 

areas of thermal bridges, to keep the possibility of 

assigning them the increased value of thermal 

transmittance. Figure 6 shows a particular of this 

second model. 

 

 

Figure 6. Particular of the model with the influence 

area of thermal bridges. 

Particular attention was given to the definition of the 

kitchen heat gains, since, according to the experience 

of the habitants, the presence of people and the 

energy input for lighting and cooking presents 

significant values for this room. The power linked to 

the persons’ presence is calculated by the software, 

following the Standard [ISO 7730:2005]. As far as 

lighting and cooking, a timetable was created to take 

into account of the lunch and dinner schedules. Thus, 

the heating system was tuned with the yearly 

schedule linked to the winter period in Perugia (15 

October – 15 April), and the weekly and daily 

schedules according to the actual use of the 

inhabitants. The temperature set point of the heating 

system was set to 17.4°C, the value truly measured 

inside the house (the users thought to keep the inner 

air temperature to 20°C but, since the regulation 

device is an old model, a misleading set point was 

fixed for the entire campaign). 

Figure 7 shows a ten days acquisition carried out to 

register the average temperature inside the building 

during the heating period. The infiltration loads were 

considered equal to 0.3 vol/h, according to the 

natural infiltration value suggested by the Standard 

[ISO 13780:2008].  

 

 

Figure 7. Experimental data to register the building 

inner temperature. 

 

The simulation results for the two models represent 

the annual energy losses from the building envelope, 

referred to the schedules for the set point and internal 

gains previously defined. The annual energy for the 

model without thermal bridges is equal to 1.98 x 10
4
 

kWh, and the value which includes the influence of 

thermal bridges is equal to 2.03 x 10
4 
kWh. 

 

DISCUSSION OF RESULTS AND 

COMPARISON WITH THE REAL 

CONSUMPTIONS 

The simulation results of the two models provide the 

total heat transfer during the heating period, 

considering the transmission and ventilation losses. 

In order to compare the results with the real 

consumptions of natural gas, it is necessary to take 

into account the energy losses due to the efficiency of 

the heating system (generation, distribution, emission 

and regulation), the cooking, and domestic hot water 

needs. The Standard [UNI-TS 11300-2:2014] defines 

the calculation method for the evaluation of the total 

natural gas consumption on the basis on the heating 

system specification, the building size, and the 

number of occupants. Table 4 shows the efficiencies 

of the different subsystems, their energy thermal 

losses, the energy necessary for domestic hot water 

and the cooking consumptions. 

The building real energy consumptions are obtained 

by three years (2011-2013) natural gas bills. The 

Table 4. Energy losses and energy consumptions for the entire building  

 
 Subsystem efficiency Energy losses [kWh] 

Heating system 

Emission 0.94 1.37 x 103 

Regulation 0.94 1.35 x 103 

Distribution 0.91 2.15 x 103 

Generation 0.86 3.69 x 103 

Domestic hot 

water 

ΔT [K] V [l/G] Energy need [kWh] 
Energy need with subsystem 

efficiency [kWh] 

25 242.9 2.22 x 103 2.97 x 103 

Cooking consumption 
Energy need [kWh] 

1.83 x 103 
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documents report the total value of natural gas 

volume [m
3
] spent each year for heating, domestic 

hot water and cooking. By means of the calorific 

value of the natural gas (stated as 55,00 MJ/kg), it is 

possible to calculate the total energy consumption for 

each year and its three years average (table 5). 

The mean value of the energy need is comparable 

with the value obtained from TRNSYS simulations, 

in conjunction with the energy losses and 

consumptions calculated according to UNI TS 

11300-2.  

The theoretical analysis provided two different 

energy needs for the building: 3,32 x 10
4
 kWh 

without the influence of thermal bridges, and 3,37 x 

10
4
 kWh considering the influence of thermal 

bridges. At the light of these outcomes, it is possible 

to state that the incidence of thermal bridges in the 

entire building energy need results almost negligible 

(around 1%), in good agreement with the thermal 

behavior of historical buildings [Ascione et al., 

2011]. In fact, even if thermal bridges constitute 

generally the weakest points of the construction, their  

relative effect remains attenuated especially when the 

structure is badly insulated, as often happens in old 

buildings. On the contrary, when the envelope 

thermal transmittance lowers, the thermal bridges 

incidence increases [Bergrren et al., 2013].  

 

Table 5. Energy real consumptions for the analyzed 

building. 

 

Year 
Energy real 

consumptions [kWh] 

2011 3.52 x 104 

2012 3.55 x 104 

2013 2.99 x 104 

Average 3.35 x 104 

 

The results of the total consumptions calculated by 

means of simulations and theoretical approach reveal 

close to the real consumptions of natural gas 

evaluated as a three years average. 

However, it is necessary to underline that this 

encouraging outcome is affected by significant 

uncertainties, implicit in the various approaches. The 

evaluation of thermal bridges energy losses is 

characterized by the intrinsic uncertainties related to 

the thermographic technique [Minkina et al., 2009]. 

Although the dynamic simulation was carried out 

with particular attention to the real habits of the users 

and calibrated thanks to the measured temperature 

inside the building, some input data remained are 

affected to important approximations, such as 

meteorological data or standard parameters like, for 

instance, air infiltrations. Finally, the real 

consumption was indicated as the average of three 

specific years, so it is directly linked with the specific 

weather data.   

In addition, the electricity uses have been considered. 

The total energy consumptions of the building are 

composed by the natural gas and the electricity 

energy uses. The actual electricity consumption of 

the case study, derived by the average of two years 

electricity bills (2013-2014), results equal to 2.86 x 

10
3
 kWh. According to the Italian Regulatory 

Authority for Electricity Gas and Water [AEEG web 

site] the electricity amount can be converted into 

primary energy by means of the Italian average 

thermoelectric plants efficiency (equal to 0.46), 

obtaining a value of 6.21 x 10
3
 kWh, that represents 

the 16% of the building total energy consumptions. 

Therefore, the energy losses for heating purposes of 

the historical building result undoubtedly the 

majority of the total energy use.   

 

CONCLUSION 

The energy analyses of historical buildings play an 

important role to define the retrofit solutions that 

usually result difficult for this type of building. 

Dynamic simulations represent an useful decision-

making tool for choosing the best solution. 

A historical pilot-building located in Perugia (Italy) 

city centre has been studied to compare the results of 

the simulation with the real consumptions. Particular 

attention was paid to the building boundary 

conditions, with the definition of the other 

constructions that overshadow the case study, and to 

the definition of internal gains schedule, knowing the 

habits of the tenants. By means of an experimental 

campaign executed during the winter season, an IR 

thermography campaign was carried out in order to 

assess the quantitative influence of thermal bridges in 

the total heat losses, thanks to a methodology  

proposed by the authors in  previous studies 

(Incidence factor of thermal bridge). Thus, it has 

been possible to consider in the simulation also the 

effect of thermal bridges. 

The comparison of the building energy need derived 

from simulations and the natural gas consumption 

obtained from the bills (three years average), implied 

the calculation of the heating system efficiency, 

domestic hot water energy needs and the cooking 

consumption. Results showed a good agreement 

between the two approaches, even if it must be 

underlined that both are affected by not negligible 

approximations. Anyway, a careful definition of the 

input parameters (internal gains, set point 

temperature, shadows, etc…) was carried out, at the 

aim of minimizing the total uncertainty.  The effect 

of thermal bridges (assessed with the thermographic 

technique) in the building energy losses resulted 

almost negligible (1%), in agreement with the low 

performance of the wall thermal insulation, typical 

for historical buildings. The analysis will be repeated 

with the same methodology in other constructions, 
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including modern buildings, where the effect of 

thermal bridges should be more significant. 

                

NOMENCLATURE 

Apixel  = Area of the pixel [m
2
] 

AT = Area of the thermogram [m
2
] 

C-WR = Thermal bridge - Corner between wall and 

roof 

h1D = Convective coefficient of undisturbed zone 

[W/m
2
 K] 

htb = Convective coefficient of thermal bridge 

zone [W/m
2
 K] 

Itb = Incidence factor of thermal bridge 

IR = InfraRed 

L2D  = Linear thermal coupling term derived by the 

two-dimensional calculation [W/m K] 

lk  = Lenght of the k
th

 one-dimensional 

component [m] 

L-BC = Thermal bridge - Line between steel beam 

and concrete of the roof 

L-WD = Thermal bridge - Line between wall and 

door 

L-WI = Thermal bridge - Line between wall and 

window 

L-WW = Thermal bridge - Line between two walls 

T1D_is  = Surface temperature of the undisturbed area 

from the thermogram [°C] 

Ti = Air temperature [°C] 

Tpixel_is = Surface temperature of the pixel [°C] 

U1D  = Thermal transmittance of the undisturbed 

area [W/m
2
 K] 

Uk  = Thermal transmittance of the k
th

 one-

dimensional component [W/m
2
 K] 

Utb  = Thermal transmittance of the affected area 

by thermal bridge [W/m
2
 K] 

Ψ = Linear thermal transmittance  [W/m K] 
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