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Abstract – Improving thermal and energy performance of historic buildings 
has become a relevant research theme on the pursuit of European goals for 
climate change and energy savings. Most of the building-stock from before 
1900 is composed of natural hydraulic lime-based mortars, which has a high 
vapour transmission rate and, therefore, was selected as binder for a cultural 
heritage compatible insulation plaster (ISOCAL) developed within the EU-Project 
EFFESUS (www.effesus.eu). After a large scale testing according to ETAG 004 
was conducted, this work aimed to build a numerical model of the experiment 
to perform hygrothermal simulations with the Delphin software for ISOCAL. 
The material assessment considered two different supporting walls (brick and 
stone) in different scenarios. The analyses show decreasing mould growth on 
the surfaces of the walls that received the insulation, with greater water amount 
(%) inside the stone walls with ISOCAL at the inner face side, besides low 
condensation risk in all cases when applying ISOCAL outside.
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1. INTRODUCTION

1.1 CULTURAL HERITAGE RETROFIT AND ASSESSMENT

Over the past years, energy efficiency in existing buildings has become a 
relevant research theme, including historic buildings that have architectural or 
cultural value and represent the unique character of European cities [1]. As a 
long-term aim, the European Union (EU) is committed to reduce 80–95 percent 
of greenhouse gas emissions by 2050, compared to 1990, and about 40 percent 
of these emissions are ascribed to the building sector [2]. Since most of the 
world’s building stock for the next 20 years already exists [3], improving thermal 
and energy performance of all existing structures is an important measure for a 
sustainable future. To achieve these goals in cultural heritage refurbishments [5, 
6], guidelines applications [4], methods and techniques have been used around 
the world.

In addition, researchers are using building simulation tools that when applied to 
historic buildings, can assess temperature and relative humidity of surfaces and 
wall layers, estimating their energy consumption and evaluating the benefits of 
retrofitting listed buildings [7]. In general, simulations analyses have been carried 
out to assess the retrofit performance of historic buildings with regards to material 
thermal transmittance [8]; photovoltaic systems and lighting aspects [9, 10]; 
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mould growth and surface condensation both for retrofitting with external [11] and 
internal insulation [12], as well as energy efficiency assessment as a whole [13, 
14].

Considering that historic buildings normally have listed properties that must be 
preserved, insulation from the inside is often the only option when optimizing 
the envelope performance of these buildings by improving its U-value. However, 
internal insulation not only reduces interior space, but also risks causing accumu-
lation of moisture inside the wall material’s pores, which can harm the structure 
and even human health in the long-term [15, 16]. Thus, the material behaviour 
concerning moisture regime is an important characteristic when improving the 
energy and thermal performance of cultural heritage buildings, and it is funda-
mental to accurately account moisture buffering in building simulations [17].

Weeb’s work [18] discusses several energy retrofits performed in existing 
buildings and states that currently there is a push to better tailor analysis 
methods, particularly simulation tools, in order to reduce the discrepancy 
between simulated and real building performance. Specifically addressing the 
hygrothermal simulation programs, some difficulties are the calculation limitations 
presented in methods and available software, and the fact that most of them 
were developed in the research projects context being often not updated, thus 
preventing their use [19].

In this perspective, this article aims to evaluate the performance of a cultural 
heritage compatible insulation plaster, developed within the EU project EFFESUS 
(Energy Efficiency for EU Historic Districts’ Sustainability) through hygrothermal 
simulations, which consider both heat and moisture transport process. The 
simulations were undertaken to evaluate the material behaviour when combined 
with two typical walls found in historic buildings during longer periods, and under 
natural climate conditions.

1.2 THE EFFESUS PROJECT

The main goal of EFFESUS project was to develop and demonstrate through 
case studies a methodology for assessing and selecting energy efficiency inter-
ventions, based on existing and new technologies that are compatible with the 
built cultural heritage [20]. EFFESUS developed and implemented new and 
adapted technologies/systems which are cost-effective, technically and visually 
suitable for application in historic buildings and urban districts [14].

One of these technologies, named ISOCAL, is a thermal insulating natural 
hydraulic lime mortar (NHL5) with EPS (expanded polystyrene) as insulation filling 
material [20]. The hygric and thermal properties of the material are presented 
in Table 1. The choice for natural hydraulic lime-based mortars is due to their 
low modulus of elasticity, which allows the normal expansion and contraction 
of the material in response to climate exposure, thus suppressing the use of 
dilation joints. In addition, the material has a high vapour transmission rate, which 
is beneficial to the breathing capacity of monolithic historic masonry, and is 
inversely proportional to mould growth and condensation potential in walls [21].
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A large-scale laboratory test (EOTA-wall test) was performed according to 
ETAG 004 [24] to assess the durability of the plaster system. The test chamber 
consisted of two opposing walls spaced one meter apart, with the plaster 
system facing each other. One wall was half lime stone and half brick masonry, 
and the other wall was composed of timber frames filled with brick masonry, 
each measuring 4.0 x 2.1 x 0.1 m (length x high x depth) [21]. This large-scale 
test consists of weathering cycles, where the wall is exposed to heat-rain and 
heat-cold cycles (Figure 1). Normally, this method is dedicated to test “External 
Thermal Insulation Composite Systems (ETICS) with Rendering” [24], not meant 
for insulation plasters or renders, but it provides a good accelerated test for 
durability due to their harsh conditions.

Table 1. Isocal thermal and hydric properties

Isocal

Properties

Thermal 
Conductivity

Density Porosity Water 
vapour 

resistance

Adsorption 
at 80 % RH

Specific 
heat 

capacity

Water uptake 
coefficient

λ1 ρ1 Φ2 µ2 W80 Cp3 Aw1

W/mK kg/m³ m³/m³ - m³/m³ J/kgK kg/(m2 √s)

0,0682 307 0,69 11,25 0,009 1000 0,007

1 [21], 2 [22], 3 [23]

Figure 1. Weathering cycles and material moisture monitoring – EOTA wall test.

The relative humidity measured inside de plaster went up to 100 % within the first 
cycles during the heat-rain rounds (Figure 1). Therefore, the experiment results 
were not sufficient to evaluate the moisture storage function of the material. 
Hence, the hygrothermal simulation analysis is an alternative to overcome this 
gap.



Energy Efficiency in Historic Buildings 2018

92

2. HYGROTHERMAL SIMULATIONS

The ISOCAL behaviour related to moisture control was tested using the Delphin 5 
software, a numerical simulation program that calculates coupled heat, humidity, 
and air transport in capillarity porous building materials under natural climate 
conditions [25]. This software was chosen because it gives quantitative infor-
mation related to hygrothermal performance of buildings, considering heat and 
moisture transport process by modelling physical events.

First, the large-scale experiment previously carried out was modelled in the 
software. The objective was not only to obtain more data about the ISOCAL 
hygrothermal behaviour, but also to validate the computational model, thus giving 
reliability to further results. The methodological procedure covers the material 
assessment in two different supporting walls that represent typical retrofitting 
cases in historic heritage: brick masonry (W1-W3) and lime stone (W4-W6). The 
wall composed of timber frames filled with brick masonry tested in ETAG 004 [24] 
[21] was not modelled. The analyses considered a base case without ISOCAL 
(W1 and W4), and different scenarios with an internal (W2, W5abc) or an external 
layer (W3, W6abc) of the developed natural hydraulic lime insulation plaster with 
different thicknesses (a=3, b=5, and c=8 cm), 14 cases in total. An inner or an 
outer coating lime plaster layer (0.82 W/mK) was also considered, always on the 
opposite side from the insulation. In addition, the walls were submitted to different 

Figure 2. Simulated walls: in natural state and with insulation (with and without driven rain).
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conditions: under and not under driven rain load. 28 one-dimensional (1D) cases 
were analysed (Figure 2), and all simulations were calculated for minimum heat 
protection according to DIN 4108–2 [26], and real climate conditions (Munich Test 
Reference Year – Delphin Library) for a six-year period.

As outputs, the simulations presented the temperature (°) and the liquid water 
content, LWC (volume fraction–%) inside the studied walls, in the presence or not 
of ISOCAL (W1-W6). The analysis was based on the criteria established by DIN 
4108-3 [27], which addresses the protection against moisture subject to climate 
condition. Furthermore, the existing Mould Prediction with VVT Model available in 
Delphin was used to assess the mould growth on wall surface. While the lowest 
value of “0” means no mould growth, the maximal index of “6” means a complete 
coverage with mould.

3. RESULTS AND DISCUSSION

In this section, the results from the computational model of the EOTA-wall test 
are presented, and the hygrothermal responses of the six analysed walls (W1 – 
W6), with and without rain load, are discussed. Figure 3 shows that the outputs 
presented by the Delphin computational model are compatible with the data from 
the laboratory test. Consequently, it is corroborated that the ISOCAL properties 
used as input in the simulation software are reliable, thus validating the further 
computational models produced.

Figure 3. Comparison between Delphin results and EOTA wall test.

LWC and temperature profiles presented by the base cases (W1 and W4) and by 
the cases that received an internal ISOCAL layer (W2abc, W5abc), are shown 
in Figure 4. The results of the cases with an external layer of the developed 
insulation (W3abc, W6abc), are presented in Figure 5. In all graphs, it is possible 
to observe that there is an inversely proportional relationship between the tempe-
rature and the water content amount in the layers. At the same time, it is noted 
that the difference between LWC for the solid brick and for the stone wall, is also 
considerable.
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For the cases without rain (Figure 4a, 3b), the addition of the inner insulation layer 
shows that the thicker the ISOCAL is, the smaller the amount of water found in 
the brick wall; while in the lime stone the insulation increases the LWC. In dry 
conditions, the water content in a brick masonry wall with insulation, does not 
reach 0.3 %, while in a stone wall the LWC goes from 1 % to almost 7 % after 
ISOCAL addition. On the other hand, after driven rain (Figure 4c, 3d), the water 
content in the brick wall reaches almost 23 % when insulated, while the stone 
wall does not show major changes. However, the amount of water found at the 
inner insulated Brick Wall cases (W2) is always lower than at the base case (W1), 
without the ISOCAL addition.

These differences occur due to the hydrophilic/hydrophobic properties of 
the materials. Solid brick is considered a vapour permeable capillary active 
material, allowing liquid moisture transfer, thus facilitating the drying process. 
Nevertheless, liquid transfer is delayed at the lime stone wall, due to its low 
porosity and vapour tight system. Consequently, the presence of water in the 
inner layer is greater in the lime stone wall than in the solid brick wall, even if 
the latter presents a greater increase in its water volume in the wet scenario. 
However, when comparing changes in the water content within one-year interval, 
both cases meet the requirements of DIN 4108-3 [25], presenting changes 
smaller than 0.1 % in relation to the previous year. Only after a four-year 
simulation, the lime stone presented values above the standard’s threshold.

Figure 4. Water content and temperatures of W1, W2, W4 and W5 walls.
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When added to the outer layer, both the solid brick (Figure 5a) and the lime stone 
(Figure 5b) walls exhibited low water content, <0.09 % and <0.9 % respectively, 
avoiding condensation risk on the internal walls.

When analysing mould growth on the wall surface at the inner face side, speci-
fically in the driven rain cases (Figure 6a), it was observed that the additional 
insulation layer decreases the risk of the phenomenon at the solid brick (W1) 
and at the lime stone (W4) walls. The mould growth at the base cases after 
the four-year simulation almost reaches an index of “2” at the brick masonry 
wall, meaning that several local mould growth colonies on the surface occur 
(microscope), and presents an index greater than “0” at the lime stone case, 
which may indicate an initial growth state.

Figure 5. Water content and temperatures of W3 and W6 walls.

Figure 6. Progress of mould index on internal surface – cases with driven rain.
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The difference in mould growth between the brick and stone walls is clearly 
seen in the graph lines. While the brick wall (W1), presented in Figure 6a, has an 
increasing linear behaviour over the years, the stone wall (W4) has an intermittent 
mould growth, that looks like a column graph. When assessing the mould growth 
inside the wall, especially at the W2 and W5 cases, where the ISOCAL was 
applied at the interior side of the wall (Figure 6b), it is possible to see an index 
greater than “1” at the stone wall (W5), and the evolution of the index on the brick 
wall is nearly the same.

The additional ISOCAL layer, applied to the outer or inner face of the base cases, 
has a mould growth index of “0”, meaning either no growth or no active spores. 
Despite this, the risk of mould inside the walls still exists, being inversely propor-
tional to the thickness of the applied insulation.

4. RECOMMENDATIONS AND CONCLUSION

The ISOCAL has reasonably low thermal conductivity and high specific heat 
capacity, presenting at the same time vapour permeability due to its open 
porosity. These good insulation properties of ISOCAL contribute positively to 
indoor thermal comfort and energy savings. When applied to the external face 
of the wall, it presented a low risk of internal condensation in both studied cases. 
On the other hand, when used in cultural heritage refurbishments as internal 
insulation, its performance was affected by the envelope materials characte-
ristics. At the simulations, when applied to the solid brick wall (W1, W2abc, 
W3abc), a capillary active system, the ISOCAL properties were optimized, 
presenting lower inner LWC in comparison to the lime stone walls (W4, W5abc, 
W6abc), a more vapour tight material. At the same time, the additional insulation 
layer, applied externally or internally, reduces the risk of mould growth on the 
internal surface to “0”, when the surface is free of any barriers, contributing to the 
building conservation and to the user’s health. However, the risk of mould inside 
the wall does not cease to exist after applying the insulation on the internal side, 
which makes it necessary to investigate the properties of the base wall prior to 
the internal installation of ISOCAL. Therefore, since it is a vapour permeable and 
capillarity active material, the ISOCAL properties are better used when combined 
with another system that also enables to wick liquid moisture accumulations and 
facilitates drying, especially when applied inside. When used as an outer coating, 
the concern with the base layer properties may be lower.
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