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ABSTRACT
Shifting climate zones is considered as one of the critical aspects of climate change that may cause damage to cultural heritage.
To gain more insight into climate related damage processes, the impact of meteorological data at various locations in Europe
on the damage risk to a characteristic historic building is assessed. An indoor climate simulation model is coupled with
meteorological datasets that are derived from Meteonorm. Considering an unheated as well as a heated situation, the calculated
indoor climate conditions across Europe are compared and the damage risk of biological, chemical, and mechanical
degradation is evaluated. The predicted indoor climate conditions across Europe show large variations; for both situations,
there is no location in Europe where no damage is predicted. In cold, humid areas, the damage risk of chemical degradation is
regularly low, while the risk of mechanical degradation is relatively high. In contrast, in warm, dry areas, mechanical
degradation risk can be reduced, but a high risk on chemical degradation is predicted. Heating may decrease the risk of fungal
growth at most locations, but could increase the risk of mechanical degradation in cold climates. The impact of heating on the
risk of chemical degradation seems relatively small at each location.

1. Introduction
Within the EU project Climate for Culture, the effects of
climate change on the indoor environment of historic
buildings and damage potential for museum objects are
assessed. By combining indoor climate simulation models
with different meteorological datasets that vary in time and
location, more insight can be generated into climate related
damage processes. In this way, the impact of climate change
can be evaluated and presented in European damage atlases.
The indoor environment of historic buildings is generally
strongly influenced by weather conditions: because of the
monumental value of the buildings, insulating the external
walls and adding extensive climate control systems is often
not desired. For this reason, climate change is expected to
have a significant impact on the indoor climate conditions in
historic buildings. Besides rising temperatures, also sea level
rise, shifting of climate zones, and enhanced amounts of
precipitation are expected to have critical effects (Sabbioni et
al., 2010). Increasing precipitation causes a wider variability
of relative humidity (RH), which may increase the risk of
unfavourable microclimate indoor conditions that could
cause damage to historic buildings and their collections. The
microclimate indoor conditions in historic buildings can also
significantly change when heating systems are introduced. In
particular in cold climates, high RH drops will occur when
the temperature is increased. Even rapid heating for 1 or 2
hours can cause sharp microclimate variations that may
damage artworks (Camuffo et al., 2010).
The objective of this study is to assess the impact of shifting
climate zones in Europe on the indoor climate conditions of a
characteristic historic building in an unheated and a heated
situation. An indoor climate simulation model of one
reference building has been created and validated with onsite measurements. Meteorological datasets from 138
locations across Europe and North Africa have been obtained
from Meteonorm (2011). These datasets are used as

boundary condition in the simulation model to calculate the
indoor climate conditions in the reference building as if it
was located on all 138 locations. The indoor climate
conditions are calculated considering both an unheated
building as well as a heated building. The predicted mean
annual climate conditions are hereafter presented in
European climate maps. In addition, damage functions are
applied to evaluate the damage potential of the predicted
indoor climate conditions on a typical museum object.
The next section describes the method that has been applied.
It contains an overview of the reference building, as well as
the modelling method and the damage functions. The
preliminary results are described in Section 3. Section 4
contains conclusions and recommendations for future
research.

2. Method
2.1

Reference building

Three requirements have been defined for the reference
building: it has to be a historic building, it has to represent a
typical building style that can be found all over Europe and it
has to be in use for its original function. A small church near
Eindhoven, the Netherlands, was selected (Fig. 1, 2 and 3).
The church, which was built in the 19th century, has been
registered as a state monument since 1968. The building is
frequently used for services, marriages and funerals. A
heating system consisting of several radiator panels has been
installed (Fig. 3). In the sanctuary, a minimum temperature of
12°C is maintained during the week. During services, most
frequently on Sunday morning, the temperature in the
sanctuary is increased to 20°C. The services are attended by
approximately 50 persons. The building has no cooling or
(de)humidification systems.
Continuous on-site measurements of the air temperature,
surface temperature, and RH at various locations in and
around the church were started in March 2011. In addition,

measurements of the air exchange rate and heat flow through
the walls have been carried out. These data are used for
validation of the indoor climate simulation model, which is
discussed in the next paragraph.

Fig. 1. The reference building near Eindhoven, The
Netherlands

on the building properties, climate control systems and
outdoor climate conditions (exterior air temperature, exterior
RH, diffuse solar radiation on the horizontal surface, direct
normal intensity and cloud cover). The indoor climate in
HAMBase is characterized by three properties that are
assumed to be uniform in the zone: radiant temperature, air
temperature and RH. HAMBase allows the user to easily
vary exterior climate data, building dimensions, material
properties, and climate control systems to investigate the
impact of changing input parameters.
The indoor climate simulation model for the reference
building consists of four zones: the sanctuary (volume:
758m³), the consistory (volume: 25m³), the attic above the
sanctuary (volume: 193m³) and the attic above the consistory
(volume: 33m³). This study focuses on the results for the
main zone in the church: the sanctuary. An overview of the
physical properties of the materials in the sanctuary and the
church usage during services is given in the Appendix. For
validation of the indoor climate simulation model, the set
point for heating in the model was taken equal to the current
situation. Outdoor climate conditions from the weather
station close to the church were provided by the Royal
Netherlands Meteorological Institute.
A comparison between the measured and simulated indoor
temperature, RH and humidity ratio is presented in Fig. 4. It
should be noticed that in the simulation model, the number of
visitors during ceremonies was kept constant and only
ceremonies on Sunday morning were taken into account. The
simulated temperature generally varied between ±2°C from
the measured temperature. However, some discrepancies
were found between the measured and simulated RH. This
could be caused by a moisture source in the church walls due
to high amounts of precipitation in spring and summer.

Fig. 2. Interior of the reference building

Fig. 3. Floor plan of the reference building including
locations of radiator panels
2.2

Modelling

The indoor climate simulation model HAMBase (de Wit,
2006) was used as method to simulate the indoor
environment in the reference building. With HAMBase, the
thermal and hygric indoor climate and energy use for heating
and cooling of multi-zone buildings can be simulated based

Fig. 4. Comparison between measured and simulated indoor
climate conditions from April 2011 until January 2012

(1)

representative objects in many historic buildings. In addition,
the hygroscopic and mechanical behaviour of panel paintings
have been subject of some extensive studies (Mecklenburg et
al., 1998, Dionisi Vici et al., 2005). For panel paintings, two
types of mechanical damage are important. The first type of
damage is damage to the wooden construction of the
painting, caused by a slow RH change over time. The entire
object responds to this slow change thus creating
dimensional changes of the materials that are usually
hindered by the construction of the object. The second type
of damage is damage to the pictorial layer of the painting.

The RH response of the object at time i is determined by
taking the previous RH response (at i – 1), adding a fraction
of the current RH in the room and dividing by 1 plus that
fraction. When the response time is defined as the time
needed to react for 95% to a step change in RH, the fraction
equals 3/n, with n the number of data points in the response
time.

For damage to the base material of the panel painting, a
10mm wooden panel, Fig. 6 displays the response of a panel
painting to a step change in RH. Curves are displayed for a
yield strain of 0.004 and for failure. The painting behaves
elastically in the region between the upper and the lower
yield strain of 0.004. For this analysis, the RH response
calculated with the surface’s response time (4.3 days) is used
as ending RH, while the RH response calculated for the bulk
(response time of 26 days) is used as starting RH.

2.3

Damage functions

For the assessment of damage to objects a new method is
developed in (Martens, 2012). This specific climate risk
assessment method uses the indoor climate to calculate the
microclimate experienced by the objects. This microclimate
is calculated using the response time of the object using
formula 1:
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Biological degradation

Biological degradation is assessed by calculating whether
germination can occur on the object and, if it occurs, by
calculating the total amount of fungal growth. Sedlbauer’s
method (Sedlbauer, 2001) is used as indicated by the graphs
in Fig. 5.

For damage to the pictorial layer, only the bulk RH response
is used. This bulk RH is compared to Fig. 7. This figure
provides safe amplitudes in RH for periodic changes in RH.
Short fluctuations are not noticed by the panel, while long
changes do not occur very frequent. Intermediate changes are
noticed and occur more often: the graph has its minimum of
15%RH at a period of 30 days. The calculated RH response
of the bulk is compared to this graph: changes smaller that
15%RH are safe, larger than 15% might cause damage. For
values above the dotted line damage is likely.

Fig. 5. Germination time [days] (left) and mycelium growth
speed [mm/day] (right) for combinations of temperature and
relative humidity, for materials that are nutrients to the
fungus (Sedlbauer, 2001).
2.3.2

Chemical degradation

For chemical degradation the Lifetime Multiplier (LM) is
used (Michalski, 2003). This is the time an object remains
usable compared to a constant condition of 20ºC and
50%RH. Formula 2 is used to calculate the LM:
1.3

E 1

Fig. 6. The response of cottonwood to changes in RH – fully
restrained in tangential direction (Mecklenburg et al, 1998).
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Next to T and RH, the LM also depends on the activation
energy Ea, which is a material property. R is the universal gas
constant (8.314J/Kmol).
2.3.3

Mechanical degradation

Changes in RH lead to dimensional changes in materials.
When materials are not free to expand and contract, stresses
occur in the object. These stresses might lead to mechanical
degradation. In this paper, mechanical damage to panel
paintings is assessed because these paintings are

Fig. 7. RH variations which do not cause damage to gesso on
a 10mm wooden panel during 100 years (Bratasz et al, 2010)

3. Results
3.1

Outdoor climate conditions

In this section, the HAMBase model of the reference
building is combined with the meteorological data of
Meteonorm. For each weather station location, Meteonorm
provides hourly weather data for one year. The
meteorological data have been composed of climate
measurements from several years to represent a characteristic
climate for the specific location. An overview of the
locations and altitudes of the 138 Meteonorm weather
stations is shown in Fig. 8. It can be seen that most stations
are located in Western Europe and Scandinavia, which means
that the most accurate results are probably found for these
regions. Some weather stations are located at high altitudes
(>1000m). The weather data provided from these stations
may considerably differ from weather data of nearby located
stations at lower altitudes.

with the annual mean outdoor temperature and RH across
Europe. The indoor temperature is only a few degrees higher
than the exterior air temperature, while the indoor RH is
approximately 20% below the exterior RH.

Fig. 9. Annual mean outdoor temperature across Europe

Fig. 8. Overview of weather station locations

Fig. 10. Annual mean outdoor relative humidity across
Europe

The meteorological data from the weather stations can be
interpolated to a grid over Europe. This grid has a resolution
of 376x226 data points and covers the area between 30°N
until 75°N and 28°W until 45°E. Fig. 9 and Fig. 10 show the
annual mean outdoor temperature and RH across Europe.
The annual mean outdoor temperature in the continent varies
between approximately -5°C and 25°C, while the annual
mean outdoor RH varies between approximately 55 and
90%. In Northern Europe and at high altitudes in central
Europe, the exterior climate is characterised by very low
temperatures and high RH values, while the exterior climate
in the Mediterranean area is generally warm and has a
medium RH. In between, the area around the United
Kingdom and Ireland shows a medium annual mean
temperature and a high annual mean RH value.
3.2
3.2.1

Indoor climate conditions
Unheated building

The indoor climate simulation model of the unheated
reference building assumes free floating conditions in the
building; no climate control systems were taken into account.
Climate maps of the annual mean indoor temperature and RH
are shown in Fig. 11 and Fig. 12. It can be seen that the
distribution of annual mean indoor temperature and RH in
the unheated reference building across Europe closely agrees

Fig. 11. Annual mean indoor temperature in unheated
reference building

Fig. 12. Annual mean indoor relative humidity in unheated
reference building

Fig. 14. Annual mean indoor relative humidity in heated
reference building

3.2.2

3.3

Heated building

The heated situation corresponds with the current set points:
it was assumed that the minimum indoor temperature in the
church is maintained at 12°C and that the sanctuary is heated
to a temperature of 20°C every Sunday from 9a.m. until
1p.m. Climate maps of the predicted annual mean indoor
temperature and RH are given in Fig. 13 and Fig. 14. As can
be expected, the calculated annual mean indoor temperature
varies between 12°C and 25°C. The heating system
considerably decreases the indoor RH in the cooler regions:
in Northern Europe, an annual mean indoor RH of 20-50% is
predicted, while the estimated annual mean indoor RH in the
Mediterranean area varies between 45-65%.

Energy consumption

For the heated building, an estimation of the annual energy
consumption was generated. The total annual energy demand
for heating of the sanctuary across Europe is shown in Fig.
15. The predicted annual energy consumption varies from
100kWh to 65000kWh. In Southern Europe, the estimated
energy demand is generally below 10000kWh, while the
predicted annual energy demand in Northern Europe usually
exceeds 30000kWh.

Fig. 15. Required annual energy consumption for heating of
the sanctuary
3.4
Fig. 13. Annual mean indoor temperature in heated reference
building

3.4.1

Damage functions
Unheated building

In this paragraph, the risk of fungal growth, chemical
degradation, and mechanical degradation is predicted based
on the simulated indoor climate conditions in the unheated
building. The results of the specific climate risk assessment
model for one Meteonorm weather station, located in France,
are shown in Fig. 16. The figure shows that for this location,
the indoor climate conditions are safe for mould growth: no
germination is predicted. The annually averaged lifespan is
1.38. The tolerable RH fluctuations for safe, reversible
deformation are exceeded, so damage to the base material is
possible. In addition, RH fluctuations larger than 15% occur,
so damage to the pictorial layer is also possible at this
location.

Fig. 18. Predicted annually averaged lifetime multiplier in
the unheated reference building
Fig. 16. Specific climate risk assessment for the unheated
building at a Meteonorm weather station in France. The
upper left graph shows the predicted mould growth, the
upper right graph shows the Lifetime Multiplier, the lower
left graph shows the risk on mechanical damage to the base
material, and the lower right graphs shows the risk on
mechanical damage to the pictorial layer.
A figure of the total annual fungal growth is shown in Fig.
17. The highest risk of fungal growth is predicted in Ireland
and the United Kingdom. This area is characterised by a
generally high annual mean indoor RH (approximately 70%)
and an annual mean indoor temperature of around 10°C. In
the Northern and Southern European regions, the risk of
fungal growth in the unheated building seems small. As can
be seen in Fig. 18, the predicted annually averaged lifespan
for objects in the Mediterranean is lower than 1. In the
northern part LM values of 3 are estimated. The chemical
degradation therefore varies considerably across Europe.

The damage functions for mechanical degradation only
generate three possible outputs: ‘safe’, ‘damage possible’,
and ‘damage likely’. It is therefore not possible to estimate
an average mechanical damage risk across Europe between
the weather stations. For this reason, the damage potential for
mechanical degradation has been interpolated to the nearest
weather station location. In regions with many weather
stations, the damage risk is predicted for a considerably
smaller area than for regions with fewer weather stations.
Fig. 19 displays the predicted risks on mechanical damage to
the wooden base material. The panel painting seems safe at
only one location, while at the other locations damage may
be possible. There are no regions were damage may be likely.
The predicted risks on damage to the pictorial layer are
displayed in Fig. 20. In some Northern parts damage may be
likely, while in most regions damage may be possible.

Fig. 19. Predicted risk on damage to the base material of
panel paintings in the unheated reference building
Fig. 17. Predicted total annual fungal growth in the unheated
reference building

Fig. 20. Predicted risk on damage to the pictorial layer of
panel paintings in the unheated reference building
3.4.2

Fig. 22. Predicted annually averaged lifetime multiplier in
the heated reference building

Heated building

When the building is heated, the changed indoor climate
conditions may cause different risks on damage. Fungal
growth, as displayed in Fig. 21, seems to be avoided in most
regions, but may still occur at some locations. The annually
averaged LM, see Fig. 22, shows little difference when
compared to Fig. 17. This can be explained as follows: when
increasing temperature, RH is lowered. Both have an
opposite effect according to formula 2: higher T decreases
the LM, while lower RH increases the LM. The net change is
very small.
The base temperature and short periods of comfort
temperature cause the RH to be lower and more stable;
however, Fig. 23 shows that damage to the base material is
still possible in the largest part of Europe. Furthermore, Fig.
6 shows that for high RH values the critical strain is easily
reached, while lower RH values show a wider safe range in
RH change. Damage to the pictorial layer is mainly caused
by large RH cycles throughout the year. The heated situation
causes a very low winter RH, while the summer RH remains
high. This may bring about a high risk in the North-East part
of Europe (Fig. 24). In Ireland and West France the risks are
reduced, while in the Central region damage remains
possible.

Fig. 23. Predicted risk on damage to the base material of
panel paintings in the heated reference building

Fig. 24. Predicted risk on damage to the pictorial layer of
panel paintings in the heated reference building

4. Conclusions
Fig. 21. Predicted total annual fungal growth in the heated
reference building

This study presents a prediction of the indoor climate
conditions in a typical historic building when the building is
placed at various positions over Europe. The indoor climate
conditions are calculated for both an unheated and a heated
situation. Based on the predicted indoor climate conditions,
the damage potential of biological and chemical degradation

as well as mechanical degradation to one specific museum
object (a panel painting) is evaluated for each location. The
preliminary results show that it is possible to predict damage
over a large area while using regional climate data. It also
shows that, based on the predicted indoor climate conditions,
there are no positions in Europe where no damage to objects
is to be expected. In cold, humid climates, the risk of
chemical degradation is regularly low, while the risk of
mechanical degradation is relatively high. In contrast, in
warm, dry climates mechanical degradation risk is regularly
low, but a high risk on chemical degradation is predicted.
Heating of the building may reduce the risk of fungal growth
at some locations. Additionally, in particular in cold climates,
heating could increase the risk on mechanical degradation
due to large RH cycles. A comparison between the annually
averaged Lifetime Multiplier in the unheated and the heated
situation suggests that the impact of heating on the risk of
chemical degradation seems relatively small at each location.
Of course, the comparison is a bit crude. Normally, set points
will not be the same everywhere and building, climate
system and objects will be fine tuned to the local situation.
Also the fact that materials adapt to the local circumstances
is not taken into account. In the near future, more generic
building types for different areas in Europe will be selected
to acquire a more appropriate reference building for each
location. In addition more objects will be included in the
damage potential analysis, e.g. wooden organs. It is also
expected that meteorological data from more weather
stations will be available in the near future and that for a
large selection of weather stations, future outdoor climate
scenarios will be produced. With these data, the interpolation
of indoor climate conditions across Europe will be more
accurate and a prediction of the impact of future climate
change to the damage potential for museum objects can be
generated as well.
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Appendix
Table 1. Physical properties of materials in sanctuary (from
inside to outside)
k [W/
ρ
c
[J/
Material d [m] mK]
[kg/m³] kgK]
Outdoor
walls

Floor
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Glazing

Plaster

0.010

0.8
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Brick

0.30.75
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1500
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Natural
stone
tiles
Concrete
Sand

0.027

2.3

2750

840

0.105
0.3

1.04
3

1900
1650

840
840

Wooden
panels
Slate

0.02

0.14
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1880

0.012

2.9

2750
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Plaster

0.01

0.8

1900

840

Brick
Plaster

0.3
0.01

1.3
0.8

2100
1900

840
840

Single
glazing

U value = 5.4 W/m²K

Table 2. Church usage during services
Time
Every Sunday from 10a.m.
until 1p.m.
Minimum temperature set 20°C
point
Number of persons
50
Additional internal moisture 2kg/h
production
Additional internal heat load 5000W

