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ABSTRACT
Energy efficiency of selected envelopes of historical buildings is assessed. The historical masonry is 
represented by two types of sandstone walls with different thicknesses, which are retrofitted using inter-
nal thermal insulation systems preserving the original look of the external facades. All energy-related 
calculations are based on the results of hygrothermal analysis of the studied envelopes exposed to 
dynamic climatic conditions. The comparison of energy balances of non-insulated and retrofitted walls 
shows that the reduction of energy loss can reach up to 89%, depending on the type of the wall that is 
analysed. Hydrophobic and hydrophilic mineral wools exhibit the best results not only from the point 
of view of energy efficiency but also from that of hygric performance.
Keywords: dynamic simulation, energy balance, interior thermal insulation, mineral wool, retrofitting, 
sandstone.

1  INTRODUCTION
Thermal insulating properties of building materials play a very important  and, sometimes, 
even a decisive role in the field of energy consumption.  As the energy consumed by heating 
accounts for the largest part of the overall energy consumption of buildings [1], the current 
trends in the building industry aim at improving the qualities of building envelopes from the 
point of view of their thermal properties. This means that either new types of building materi-
als with excellent thermal insulating skills are developed [2–3] or that thermal insulations 
become integral part of envelopes. Most of the older buildings are retrofitted as well [4–5].

On the other hand, common reconstruction treatments of old buildings are not always pos-
sible since some of them may be under the protection of preservationists who insist on  
maintaining the original facades of the  buildings. Especially in metropolises, the share of 
buildings under the surveillance of preservationists may be appreciable. These buildings are 
usually represented not only by the old town sights such as churches, cathedrals or other sacral 
buildings but also by schools and older residential or commercial buildings in the city centres.

Most of the historical buildings are made of materials typical for the period they have been 
built in. One can find objects built of wood or solid clay bricks, but the largest part is made of 
natural stones that proved to have excellent physical properties as well as durability. In addi-
tion, magnificence and aesthetic function are also  characteristic of natural stones. However, 
their weakest point can be seen in their poor thermal insulating capabilities [6]. This disad-
vantage used to be overcome by the extensive thickness of the walls, but according to current 
thermal standards this is not enough anymore. Therefore, solutions to meet the conditions of 
both preservationists and thermal standards are being sought.
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2  COMPUTATIONAL ANALYSIS
The computational analysis was performed after several input parameters had been gathered. 
It was necessary to select proper mathematical models, draw an analysed construction detail 
including its mesh, assign boundary conditions and material parameters, choose time interval 
and specify time step of simulation. The detailed description is provided in the following sec-
tion. Based on the input data, the hygrothermal performance of the selected construction detail 
was investigated using the computer code HEMOT [7], which was developed at the Department 
of Materials Engineering and Chemistry, Faculty of Civil Engineering, Czech Technical 
University in Prague. It works on the basis of the general finite element package SIFEL [8].

2.1  Analysed construction detail

As a representative wall of historical buildings, solid stone walls having two different thick-
nesses were selected: 500 mm and 800 mm. At first, these walls were analysed as stand-alone, 
i.e. without thermal insulation materials and with only plasters from both sides. In the second 
phase, several types of thermally insulating layers were applied on the interior side as the 
preservation authorities usually insist in maintaining the original look of historical facades. 
The scheme of analysed stone masonry is provided in Fig. 1.

2.2  Material parameters

Two types of sandstone were analysed in this article. The first one originates in the Úpice 
quarry, the second one comes from the Záměl quarry. As  thermal insulations, expanded poly-
styrene (EPS), hydrophobic (MW1) and hydrophilic mineral wool (MW2) were used. The 
lime-cement based plaster was assumed from both sides of the wall.

All the basic physical, heat and moisture transport and storage parameters used as input 
data (see Tables 1 and 2) were measured in the laboratories of the Department of Materials 

Figure 1: Scheme of analysed construction detail.
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Engineering and Chemistry, Faculty of Civil Engineering, Czech Technical University in 
Prague [6, 9–11] according to the methodology presented in [12].

The used symbols have the following meaning: r – bulk density [kg m−3], ψ - porosity 
[%], c – specific heat capacity [J kg−1 K−1], m – water vapor diffusion resistance factor [–], 
l  – thermal conductivity [W m−1 K−1], kapp – apparent moisture diffusivity [m2 s−1], 
whyg – hygroscopic moisture content by volume [m3 m−3].

2.3  Mathematical model

The transport of heat and moisture was described by balance equations formulated in Künzel’s 
mathematical model [13]. It is one of the most frequently used mathematical models because 
of its several advantages such as use of relative humidity j for description of coupled water 
and water vapor transport, which allows moisture content to be expressed by a continuous 
quantity on a material interface. Although it contains several simplifications, the main phe-
nomena are retained. Therefore, it requires only a tight set of input parameters that make it 
predestined for wide applications in the field of building physics. This model was verified and 
successfully applied in numerous hygrothermal simulations earlier.

Table 2: Material characteristics of thermal insulations.

Parameter EPS MW1 MW2

r [kg m−3] 16.5 100 70

ψ [%] 98.4 96.6 96.9
c [J kg−1 K−1] 1,570 790 810
μ [-] 29.0–58.0 1.3–2.6 1.2–2.4
ldry [W m−1 K−1] 0.037 0.036 0.037
lsat [W m−1 K−1] 0.513 0.701 0.790
kapp [m

2 s−1] 1.50e-9 6.10e-11 8.50e-6
whyg [m

3 m−3] 0.00018 0.00021 0.00026

Table 1: Material characteristics of stone and plaster.

Parameter Sandstone Úpice Sandstone Záměl Lime-cement plaster

r [kg m−3] 2,433 2,076 1,244

ψ [%] 7.3 22.8 49.8
c [J kg−1 K−1] 646–734 694–1,098 1,054–1,592
m [-] 76.9 6.9–11.8 5.5–7.5
ldry [W m−1 K−1] 3.665 2.10 0.296
lsat [W m−1 K−1] 4.167 3.88 0.943
kapp [m

2 s−1] 1.12e-7 7.76e-7 8.30e-9
whyg [m

3 m−3] 0.0083 0.0038 0.0144
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2.4  Boundary conditions and time interval of simulation

Dynamic climatic conditions in the form of test reference year (TRY) for Olomouc were 
applied on the exterior side of analysed building envelopes in order to obtain as realistic 
results as possible. Olomouc is the historical metropolis of the Moravian region of the Czech 
Republic with a large number of sacral buildings. TRY contains long-term average hourly 
values of several weather parameters such as temperature, relative humidity, wind velocity, 
wind direction, rainfall or sun radiation. These data were obtained from the Czech 
Hydrometeorological Institute. The boundary conditions on the interior side of building 
envelopes were assumed as constant and were set to 21°C and 55% of relative humidity.

The results of the hygrothermal simulations have to be evaluated after a certain period of 
time which is necessary for the properties to achieve a kind of dynamic equilibrium, as the 
hygric and thermal properties of building materials used as input parameters depend on the 
state variables such as temperature or moisture content. Therefore, the results of the hygro-
thermal performance presented in this article are related to the tenth year of simulation which 
is, according to the previous experience, long enough for the development of cyclic hygro-
thermal behaviour.

2.5  Energy balance estimation

The energy efficiency calculated in this article expresses the annual amount of heat trans-
ported through the envelope. It is calculated as the time integral of heat flux according to the 
relation

	
Q q t dt
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where Q denotes the energy transferred through a square meter of the envelope per annum 
[kWh m−2

env a
−1] and q(t) is the heat flux as a function of time [W m−2

env] in a boundary ele-
ment of the building envelope cross-section. It is calculated as
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where l(w) is the thermal conductivity depending on the moisture content [W m−1 K−1], dT 
is the difference between temperatures of two nodes defining the boundary element [K] and 
dx is the size of the element [m].

In order to quantify the contribution of retrofitting the envelope to the energy efficiency,  
reference envelope without thermal insulation was also analysed.

3  RESULTS AND DISCUSSION
The annual energy balances of one square meter of reference building envelopes, i.e. made of 
stones without thermal insulation, proved to be very inefficient, no matter how thick they 
were. The difference between particular stones was only marginal and better results were 
achieved when Záměl sandstone was assumed. This is in accordance with the values of ther-
mal conductivity presented in Table 2. By increasing the thickness of the wall by 300 mm, the 
annual amount of energy transported through one square meter of the envelope was reduced 
approximately by 16%–20%. It is therefore obvious that increasing the thickness is not an 
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effective approach from the point of view of energy balance. The time functions of heat fluxes 
through particular envelopes are provided in Fig. 2, and the summary of energy balances is 
provided in Table 3.

By providing the walls with interior thermal insulation systems, the annual energy bal-
ances were substantially improved as all the considered insulation materials have excellent 
thermal properties (see Table 2). As one can see in Figs 3 and 4, the differences between 
particular material solutions are very small and barely distinguishable. It can be explained 
by the similar thermal properties of applied thermal insulations and, in particular, by the 
application of the insulation on the interior side. This means that the hygric behaviour of 
the wall cannot be controlled by the thermal insulation which thus cannot protect it against 
excessive moisture intake due to exposure to weather conditions. Because thermal param-
eters of building materials are strongly dependent on the moisture content that is very 
similar in all the investigated variations, the thermal behaviour is therefore also almost 
identical.

The summary of energy balances of particular building envelopes is provided in Tables 4 
and 5.

Despite the fact that the extent of the improvement was higher  by ~2%–3% in the case of 
thinner walls, the absolute annual energy balance of thicker walls remained better by 0.60–
1.98 kWh/m2

enva. However, the absolute numbers are very small compared to the original 
values (142.54–219.99 kWh/m2

enva), so one can conclude that all the insulating materials 

Figure 2: Time function of heat flux – external walls without thermal insulation.

Table 3: Annual energy balance – external walls without thermal insulation.

Sandstone Úpice Sandstone Záměl

500 mm 800 mm 500 mm 800 mm

Energy balance [kWh m−2
env a

−1] 219.99 181.58 180.32 142.52
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Figure 3: Time function of heat flux – Záměl sandstone.

Figure 4: Time function of heat flux – Záměl sandstone.

Table 4: Annual energy balance – 800 mm.

Sandstone Úpice Sandstone Záměl

Q [kWh/m2
enva] Improvement [%] Q [kWh/m2

enva] Improvement [%]

Un-insulated 181.58 — 142.54 —

EPS 26.24 85.55 25.27 82.27
MW1 25.61 85.90 24.68 82.69
MW2 26.14 85.60 25.17 83.04
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applied from the interior side that were investigated showed excellent thermal performance 
and the best results were obtained after hydrophobic mineral wool had been applied on the 
800-mm thick wall made of sandstone from the Záměl quarry (Q = 24.68 kWh/m2

enva).
Unlike thermal performance, the hygric performance of particular envelopes is not so sim-

ilar. Because thermal insulation slows down the transport of water vapour through the wall, it 
contributes to higher accumulation of moisture inside the masonry. The rate of accumulation 
depends on the water vapour transport properties and generally it is observed that the lower 
the water vapour resistance factor, the lower the moisture content. Hence, higher moisture 
content can be observed when EPS is applied. Moisture diffusivity of thermal insulation is 
another factor affecting the hygric performance of the envelope, as it may help to hasten 
moisture redistribution and thus prevent its accumulation. The time function of moisture 
content on the interface between Úpice sandstone (800 mm) and thermal insulation is depicted 
in Fig. 5. It is obvious that EPS can increase the relative humidity up by 7.2% compared to 
an un-insulated wall, while MW1 and MW2 can increase the same only by 1.1%. A com-
parison of moisture profiles on a summer day of reference year (July 10) is provided in Fig. 6 
highlighting the differences in hygric performance.

The presented results only proved the fact that capillary active materials are most suitable  
as interior thermal insulations [13] as they can prevent excessive moisture accumulation that 
occurs due to the inverse sequence of layers in the composition of an external wall while the 
thermal performance is substantially increased.

Table 5: Annual energy balance – 500 mm.

Sandstone Úpice Sandstone Záměl

Q [kWh/m2
enva] Improvement [%] Q [kWh/m2

enva] Improvement [%]

Un-insulated 219.99 — 180.32 —

EPS 26.88 87.78 26.25 85.44
MW1 26.21 88.09 25.61 85.80
MW2 26.78 87.83 26.15 85.50

Figure 5: �Time function of moisture content on the interface between stone and insulation, 
sandstone Úpice, 800 mm.
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4  CONCLUSIONS
The application of interior thermal insulation systems is a very specific task that is not usually 
solved as the exterior systems are applied much more frequently. However, in several cases, e.g. 
as in historical buildings, the interior insulations represent the only way of thermal protection. 
Then, computational analysis may be a very effective tool for the assessment of hygrothermal 
performance of walls provided with various types of thermal insulating systems.

In this article, two types of sandstones with different thicknesses were analysed as the 
representatives of historical masonry. Their energy balance was calculated without thermal 
insulation and then compared to the results obtained with three different insulation materials 
applied on the interior side.

The results showed that presence of thermal insulation is absolutely necessary from the 
point of view of energy balance. The original values of energy balance of non-insulated sand-
stone walls were reduced from ~142–220 kWh/m2

enva to ~25–27 kWh/m2
enva which 

represents an improvement of ~82%–88%. Because all the insulation materials reached 
almost similar reduction of energy transported through the envelope, their selection based on 
such a point of view cannot be decisive enough. Therefore, one should also consider the other 
aspects such as hygric performance of the walls. It was observed that EPS is not as suitable 
as mineral wools because its application on the interior side causes increase in moisture con-
tent which goes along with some negatives such as increased risk of biodegradation, salt 
attack or deterioration of physical and thermal properties.

Generally, it can be stated that capillary active materials represent the best choice for inte-
rior thermal insulations because they are capable of redistributing the moisture content inside 
the wall and thus prevent its excessive accumulation.
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