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Built cultural heritage in times of climate change

Editorial
Brussels/Holzkirchen, October 2014
Climate for Culture was the first large-scale European-funded research project in the field of
preservation of cultural heritage. The findings from five years of multidisciplinary research
on the impact of climate change on historic buildings were presented in 28 lectures at an
international conference which took place 9 -10 July 2014 in the Munich “Residenz”. At this final
meeting of the project around 160 experts (scientists, conservators, curators, administrators,
journalists and politicians) from Europe, the United States, Egypt, Iran and Taiwan discussed
with the Climate for Culture team the newly developed Climate for Culture methodology and
its transfer into practice.
In the closing speeches at the evening ceremony in the “Kaisersaal”, Director Dr Kurt
Vandenberghe from the Directorate General Research and Innovation of the European
Commission emphasized the responsibility of the European Union and its citizens to protect
and sustain our cultural heritage and how important the role of research and innovation is in
achieving these goals. He expressed his thanks to the multidisciplinary Climate for Culture
team for the substantial contributions they had made. Dr Angelika Niebler, member of the
European Parliament, recalled the support of the Parliament for the inclusion of cultural heritage research in the European research framework programme Horizon2020. In particular,
she explained that the members of the Parliament are very pleased to be regularly informed
about the progress in research on the preservation of cultural heritage in Europe. Dr Niebler
explained that the Climate for Culture project had been exemplary in this respect.
In addition to the articles in this brochure, more information can be found at www.climateforculture.eu

Johanna Leissner
Coordinator
Fraunhofer Gesellschaft

Ralf Kilian
Scientific Coordinator
Fraunhofer Institute for Building Physics IBP
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Overview of Climate for Culture
Climate Change is one of the most critical global challenges of our time. For many decades numerous scientists from all over the world have been researching this topic and complex climate
models suitable for making future climate projections have been developed. Climate change in
itself is not the main concern; more important is its impact on the planet. But there is not so
much information available on how the changing climate will affect mankind and its environment. Although many studies have been conducted to explore the impact of climate change on
economy, biodiversity and agriculture or on fresh water availability, only a little is known, to
whether, and how, climate change influences our cultural heritage. Within the European funded project Climate for Culture running from 2009 until 2014, a multidisciplinary research team
consisting of 27 partners from the EU and Egypt, has conducted research in order to estimate
the impact of climate change on the indoor environments of historic buildings in Europe and
the Mediterranean region and on the vast collections they contain.
For this purpose, the CLIMATE FOR CULTURE project has coupled for the first time ever climate modelling with whole building simulation tools: The high resolution climate change evolution scenarios provide the necessary climate indices for different periods in the past (19611990), near (2021-2050) and far (2071-2100) future. Here the regional climate model REMO
with the high spatial resolution of approx. 10x10 km has been further developed over the whole
of Europe and the Mediterranean. This set of climate indices is used in whole building simulation tools to assess future projections of outdoor climate changes on the indoor environments
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in historic buildings and its impact on cultural heritage items in
Europe and Egypt. In addition, predictions for sea level rise up
to 2100 produced from the climate models identifies the sites
most at risk in Europe. By coupling of climate modelling with
building simulation future indoor climates and energy demands
can be calculated and thus suitable mitigation strategies developed and tested. Valuable collections in historic buildings from
different climate zones have been included in in situ investigations of current and past problems and in making projections
of future issues.
For the high resolution climate simulations within the Climate
for Culture project two moderate scenarios are investigated,
the A1B scenario and the very recent RCP4.5 scenario of the
IPCC assessment report 5 (AR5). The mid-line A1B scenario
assumes a greater CO2 emission increase until 2050 and a decrease afterwards. In the recent past the global circulation
model community launched the climate runs driven by the
new AR5 IPCC emission scenarios which served for the second
phase. RCP 4 .5 stands for Representative Concentration Pathway and is a scenario based on long-term, global emissions of
greenhouse gases, short-lived species, and land-use-land-cover which stabilizes radiative forcing at 4.5 Watts per square meter (W m-2, approximately 650 ppm CO2 equivalent) in the year
2100 without ever exceeding that value.
For the development of the whole building simulation tools,
sets of climate indices were defined. The test datasets were
prepared for the period of 1950 to 2100. Modelled climate data
needed to be verified and processed to be suitable for building
simulation. New methods and modules for the simulation tools
had to be developed, implemented, tested and used. The successful application of suitable simulation tools allows computational testing of active and passive adaptation and preservation strategies. Several building simulation tools were tested
and two - Hambase and WUFI Plus - proved to be suitable to
model temperature and the change in relative humidity fluctuations due to moisture buffering. Software models for some
case study buildings already exist, for instance in Germany,
Linderhof castle, The Kings House on the Schachen, the church
of Roggersdorf and in the Netherlands, Amerongen Castle.

Those case study building models were used to produce the
first results, derive suggestions for software development and
improvement as well as to apply different active and passive
measures in the model.
The development of the building simulation tool is also based
on real data from historic buildings collected as case studies.
For this purpose a survey with a specially designed questionnaire was performed to set up a range of case studies from all
over Europe and Egypt. The survey covers up to now over 100
case studies in eleven countries. Parameters like type of building, specific site-related factors, available indoor and outdoor
climate data, observed damage and suitability for other work
packages are reviewed and are transferred into a Climate for
Culture database which has several categories of information.
The list of case study buildings will be continuously updated
and extended further.
Based on the climate data received from the high-resolution
regional climate model a climate classification map over all of
Europe and Northern Africa was produced. The climate map is
derived from an overlay of temperature and humidity for the
baseline climate 1960-1990 since temperature and humidity
changes have a great influence on most degradation processes
of materials. The climate zones were established to organize
the collection of crucial data from various historic buildings: For
each climate zone, a zone leader was appointed to be responsible for harmonized data collection.
The case study buildings were used for the development of
the whole building simulation tool including a generic building
model and for assessing the effects of climate change. Therefore, in situ investigations of existing problems have been
carried out to be used for the projection of future challenging
issues using whole building simulation and different situ monitoring technologies. The in situ measurements have been performed by laser speckle interferometry which was developed in
the previous European project Laseract and by 3D microscopy.
The two methods have already been successfully applied at the
test site at Fraunhofer Institute for Buildings Physics in Holzkirchen (Germany) and at several case study sites in Croatia and
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Crete and show good complementarity. Further investigations
by glass sensors from the previous European project AMECP
(Assessment and monitoring the environment of cultural property) to assess the corrosivity impact of indoor and outdoor
conditions at cultural heritage sites throughout Europe have
also been carried out at case study sites in Crete and Croatia
and Germany. These examinations allow a much more precise
and integrated assessment of the real damage impact of climate change on cultural heritage at regional scale. In terms of
climate control in historic buildings a survey of the state of the
art has been finalized and used to develop appropriate mitigation/adaptation strategies. This means that active and passive
measures were discussed and defined which resulted in the implementation of humidistat heating and equal sorption control
as well as an absolute humidity control algorithm in the whole
building simulation tool WUFI®Plus. In addition different existing and new microclimate control approaches are considered in
the tools Hambase and MATLAB/Simulink .
The main innovation in the whole project is the first ever use
of a combination of climate modelling and building simulation
tools to predict in a better way the influence of the changing
outdoor climate on the indoor environment in historic buildings up to 2100 and to calculate the future energy demand for
environmental control in historic buildings. By using an automated procedure an assessment of the damage potential in
various climate zones has been performed. The project focuses on gradual climate change and has not taken into account
extreme events; this was explicitly excluded by the European
Commission`s 2008 call for proposals. Since temperature and
humidity are still recorded with analogue thermo-hygrographs
in many museums, a software algorithm has been developed
to convert analogue into digitised data. The software DigiChart
can be downloaded for free at the Climate for Culture website.
The project also examines a broad range of mitigation and adaptation measures: How to control indoor and microclimates
energy efficiently and how revitalisation and enhancement
of historical climate control (climatisation) systems can lead
to sustainable solutions for historical buildings. The climate
for culture methodology is integrated into a decision support
software which provides building owners information on how
4

a)

b)

to adapt buildings to climate change. For the first time, a comprehensive and in-depth analysis of the economic benefits associated with reducing climate change damage to built heritage
interiors in Europe was undertaken. This also included a study
of the attitudes, preferences and ethical views held by the general public on the need to protect cultural assets from the impact of climate change. A questionnaire for the visitor surveys
in the United Kingdom, Sweden, Germany, Romania and Italy
was developed.

The Climate for Culture methodology

From the global climate model
 to high resolution regional climate simulation (a)

c)

 to case study historic buildings (b)
 to whole building simulation (c)

f)

 to indoor environments (d)
 to individual cultural heritage items (e)

d)

 to indoor climate maps (f)
 predictions for the far future (g)

g)
Figure 1: The Climate for Culture methodology

e)

2100

g)

Figure 1
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Chapter 1
Climate modelling
Lola Kotova, Uwe Mikolajewicz and Daniela Jacob

Climate change is one of the most critical global challenges of our time. Scientific research shows
that the preservation of the cultural heritage of Europe is particularly vulnerable to these factors.
The research team of the CLIMATE FOR CULTURE project aims to assess the damage potential of
climate change on our cultural heritage sites, its socio-economic impact and possible mitigation
strategies. For this purpose, climate evolution scenarios are provided in high spatial resolution
covering all of Europe. These results are further applied as input in building simulation models to
identify the most urgent risks for specific regions with the aim of developing mitigation strategies.
The state of knowledge on climate change is provided on a regular basis by the Assessment
Reports of the Intergovernmental Panel on Climate Change (IPCC) [1]. The IPCC defines climate
change as follows: “Climate change refers to a change in the state of the climate that can be
identified [...] by changes in the mean and/or the variability of its properties and that persists for
an extended period, typically decades or longer”. It refers to any change in climate over time,
whether due to natural variability or as a result of human activity.
Most of the observed increases in global average temperatures since the mid-20th century are
very likely due to the observed increase in anthropogenic greenhouse gas (GHG) concentrations.
The time-dependent (of over centuries) climate response to changing concentrations of GHGs
can be studied using global Earth System Models (ESMs).
ESMs have been developed as a mathematical representation of the Earth system, which are not
only coupled atmosphere-ocean general circulation models (GCMs), but also take into account
different biogeochemical feedbacks.
Despite their success in simulating the Earth’s climate, GCMs only provide information at a
relative coarse spatial scale, which is not sufficient for regional climate change assessment.
The following two different principles transferring the information from a global model to the
region of interest have therefore been developed: statistical and dynamical downscaling.
Statistical downscaling techniques connect the climate change signal provided by a GCM with
observations from measurement stations in the region to achieve higher resolved climate
change signals. Dynamical downscaling uses high resolution three-dimensional regional climate models (RCM). This is a standard procedure for atmospheric variables. However, sea
level rise (SLR) is also a potential threat to many coastal regions and their cultural heritage
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sites. Several components contribute to SLR. The most important ones on a global scale are ocean thermal expansion and
changes in the mass of the water stored on land, especially in
ice sheets and glaciers, but also in reservoirs and groundwater.
On a regional scale, this is further modified by changes in ocean
circulation and by changes in the atmospheric pressure. Locally,
the movement of the land relative to an equipotential surface
also matters. Important components are the response of the
solid earth to previous changes in load, such as to the decay of
the ice sheets, which were present during the last glacial period
20,000 years ago as well as geotectonic movements.
In the project, we applied the regional atmosphere model REMO
developed at the Max Planck Institute of Meteorology in its most
recent hydrostatic version (REMO 2009) [2,3,4]. It was originally
developed over Europe using the physical parameterisations of
ECHAM4 [5] and the dynamical core of the former weather prediction model of the German Weather Service (DWD) [6].
The large-scale atmospheric flow fields to drive the REMO model
at the lateral boundaries were derived from a global coupled
atmosphere-ocean model. The simulation set-up consists of a
double nesting procedure. The global model data is used to drive
REMO at ~50 km horizontal resolution. The results of this experiment are used to drive REMO on a horizontal grid of about 11 km.
27 levels are applied on the vertical grid.
A series of 30-year time-slice experiments was performed: in
addition to the scenario simulations for the near (2021 to 2050)
and far future (2071 to 2100) climate with projected GHG concentrations, a control simulation for the recent past (1961 to 1990)
forced with observed GHG concentration was calculated. A 30year seasonal climatology was derived for each experiment.
A lot of effort has been made to provide quality control datasets.
An assessment of robustness of climate change patterns projected for Europe has been achieved across different studies, e.g.
Jacob et al. [7,8], Vautard et al. [9], von Storch et al. [10].
In the project, we refer to different global and regional model
combinations. While dynamical downscaling is done by the

regional climate model REMO, two global circulation models
were applied as the driving force. The large-scale atmospheric
flow fields to drive REMO at the lateral boundaries were derived
from the global coupled atmosphere-ocean models ECHAM5MPIOM [11] and MPI-ESM [12].
Furthermore, we have investigated the significance of the climate change pattern. We focused on climate change signals
between the three time slices mentioned above. These slices
of 30 years are long enough to provide adequate estimates for
climate change calculations. On the other hand, a substantial
impact of natural variability on the estimated climate signal can
be avoided within these time slices. The climate change signal is derived from the monthly mean data which is calculated
from 1h values. It expresses a relative change between the atmosphere time-mean state in near/far future and present. By
calculating the climate change signal, we applied a two-sided
student t-test [13]. The climate signal is called statistically significant if the level of significance reaches 95 % or more.
In the project, we used two moderate emission scenarios developed by IPCC. The emission scenarios were based on an
extensive assessment of driving forces and emissions in the
scenario literature, alternative modelling approaches and an
“open process” that solicited wide participation and feedback.
They represented different demographic, social, economic,
technological and environmental developments, which may
be viewed positively by some people and negatively by others.
The climate simulation is based on the IPCC AR4 A1B scenario
[14] as it provides a good mid-line scenario for carbon dioxide
output and economic growth. The A1B scenario is defined as
not relying too heavily on one particular energy source, on the
assumption that similar improvement rates apply to all energy
sources and end-use technologies. Representative Concentration Pathway (RCP) 4.5 is the scenario of the long-term, global
emissions of greenhouse gases, short-lived species and landuse-land-cover which stabilises radiative forcing at 4.5 W/m 2
(approximately 650 ppm CO 2 -equivalents) in the year 2100
without ever exceeding that value [15]. This scenario has been
used in the AR5 report.
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Figure 1 shows projected changes of the annual mean of nearsurface air temperature (TEMP2) for the far future. The temperature increase is statistically significant, with regional
differences for all of Europe for all simulations. While the temperature increases between 1 and 3 °C for RCP4.5, the A1B
scenarios simulations showed projected future warming of 2
to 4.5 °C. The projected spatial patterns are very similar in all
scenarios with stronger annual mean warming in Southern Europe and in northeastern areas.

A1 B
30 °W

0°

RCP4.5
30 °E

60 °E

30 °W

0°

30 °E

Total relative sea level rise

60 °E

60 °N
60 °N
50 °N

50°N
55 °N

Figure 1: Projected changes of annual mean of near-surface
air temperature [K] for the period of 2071-2100 compared to
1961-1990 for different emission scenarios A1B (left panel) and
RCP4.5 (right panel)
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Whereas TEMP2 is rising, the REMO model does not simulate
a clear signal in precipitation (TPREC) for all of Europe. The results presented in Figure 2 show that the general tendency is
enhanced precipitation for most regions in central and northern Europe and decreased precipitation in the Mediterranean
region (up to 40 % over the Iberian Peninsula for A1B).
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Figure 3: Regional distribution of total relative sea level rise estimated for years 2070-2099 of scenario A1B relative to 1961-1990.
The estimate includes ocean thermal expansion, changes in the
mass of ice sheets and glaciers, global mean changes of the water
stored in groundwater and reservoirs, changes in ocean circulation and atmospheric load and glacial isostatic adjustment. Other
effects like tectonics are not included. The estimate of the global
mean sea level rise for this period is 49 cm.
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Figure 2: Relative annual mean differences of total precipitation
in % for 2071-2100 compared to 1961-1990 for different emission scenarios A1B (left panel) and RCP4.5 (right panel). Hatched
areas indicate regions with statistically significant changes.

The contribution of ice sheet melting, glacier melting and changes of water storage on land is estimated to be approx. 31 cm. The
spatial pattern resulting from these changes has been calculated
using fixed patterns from Bamber and Riva [19]. Glacial isostatic
adjustment, which describes the adjustment of the solid earth
to the decay of the ice sheets after the last glacial period, is responsible for a slow rising of the land in Scandinavia, Iceland and
Scotland. Therefore, the expected sea level rise is relatively small
(or even negative) in these regions (see Fig. 3). The coastal SLR is
strongest in the southeastern part of the North Sea.
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Chapter 2.2

Hygrothermal building simulation to predict indoor climate conditions

Assessment of a historic church

Florian Antretter

Florian Antretter, Matthias Winkler, Jan Radon and Agnieszka Sadlowska

Hygrothermal whole building simulation allows for the prediction of indoor temperature and
relative humidity in historic buildings. This makes climatic processes traceable. Consequences
of measures with regards to risk and energy demand can thus be evaluated in advance. The interaction of room and enclosing building components as well as the building interior are taken
into account to predict indoor temperature and relative humidity and its fluctuations as a result
of outdoor conditions. This requires detailed modelling of heat and moisture exchange and
transport on and in components.
Only a few software tools are capable of taking moisture diffusion and capillary transport in
building materials into account. In the Climate for Culture project, HAMBase (only diffusion)
and WUFI®Plus (diffusion and capillary transport) were used for holistic hygrothermal building
simulation. Input data is the building geometry, used materials in the assemblies, building use
and resulting inner loads as well as air exchange due to infiltration and ventilation. Available
HVAC equipment can be modelled and coupled with various controls to maintain desired setpoints. Special control strategies for historic buildings like conservation heating, controlled
ventilation or “Temperierung” wall heating have also recently been implemented in the simulation software. WUFI® Plus provides an easy to use graphical user interface that supports errorfree input.
The results of whole building hygrothermal simulation cover the whole range of hourly energy
demand for building conditioning for each zone, hourly indoor temperature and relative humidity for comfort and damage assessment as well as hygrothermal conditions on and in the
envelope components to assess hygric issues like mould growth. Whole building hygrothermal
simulation is the tool of choice for detailed building assessment. It allows the various building
parameters and boundary conditions to change and the resulting changes in damage risk and
energy demand to be assessed.
All simulation models in the Climate for Culture project were calibrated with measured data
to ensure the credibility of the simulation output. The calibrated model is then used to assess
the effect of active and passive measures on damage potential and energy demand under the
influence of a changing climate.
A second simplified approach using state-space models as transfer functions was also applied
for the prediction of indoor temperature and relative humidity. This method can only be applied when all necessary measured values are available for the parameterisation of the model.
But the simulation performance of this method is higher and therefore faster. This makes it
possible to perform simulations for different building types on a fine grid over Europe for different time periods to produce indoor climate and indoor climate risk maps.
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Introduction
Historic buildings have to adapt to the challenges accompanying
climate change. With the example of the St. Margaretha church
located in Roggersdorf (Germany) it is shown how hygrothermal
building simulation with WUFI®Plus can be used to understand
the performance of a historic building. As soon as a validated
building model is created, it can be used to simulate the present
and future indoor climate, which can be evaluated and possible
risks for the building and its interior can be identified. The impact
of different mitigation strategies on indoor climate can also be
evaluated to develop retrofitting strategies for the future.
Building description
The St. Margaretha church in Roggersdorf is located near the
Fraunhofer Institute for Building Physics (IBP) in Holzkirchen in
Southern Bavaria. The church was erected between 1696 and
1709 from tuff stone. It was consecrated in 1709. The tower and
sacristy followed in 1764. The building was renovated fundamentally from 2002 to 2004 . Shortly after the renovation the
churchwarden again noticed moisture damage on the walls.
Climate measurements in the St. Margaretha church have been
carried out by Fraunhofer IBP for several years, starting at the
beginning of 2005. The indoor climate parameters were first
measured. Then the measurements were extended to more parameters at different places inside and outside the building. A
full data set of measurements with a time step of one hour has
been available since 2012. Weather data was accessible from
the Fraunhofer IBP outdoor testing facility, only 5 km away
from Roggersdorf. Thanks to the measurements , the observed
damage could be linked to condensation that occurs mainly in
the transitional period during springtime.

Building simulation
The advanced hygrothermal building simulation tool WUFI®Plus
is used to simulate the church [1]. This software couples whole
building energy modelling with hygrothermal component modelling and allows the combined assessment of hygrothermal
conditions of the building envelope, indoor climate and energy
demand.
The church in Roggersdorf is built in WUFI®Plus as a multi-zonal
model, consisting of the sacristy, the main nave, the entrance,
the attic and the tower. Figure 1 shows a picture of the church
and its WUFI®Plus model. The northwest wall of the building
is covered with wooden shingles to protect the building from
heavy rain. The nave is built out of tuff stone walls with lime
plaster only on the inside surface. The walls of the entrance and
the sacristy are on both sides covered with lime plaster. The
ceiling is insulated with mineral wool. The material data was
taken from the database of WUFI®Plus.
Future assessments of the indoor climate focus on the main
nave, as boundary conditions for this zone measured climate data from outdoors and adjacent zones, and the statistical climate data was used. Since no measurements for
the ground climate were available, it was assumed that the
soil temperature under the floor surface corresponds to the
floor surface temperature and that the relative humidity has
a constant value of 95 % RH. Due to the lack of data on air
change, a constant infiltration air change rate of 0.4 h -1 was
determined to be adequate in the validation process. As
there is no regular service in the church, heat and moisture
gains from people were not included. In some simulationvariants moisture gains from potted plants were included
(40 g/h from April until August). Altogether 15 simulations were
carried out using boundary conditions and loads at different accuracy levels.
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Figure 1: Picture and screenshot of the WUFI®Plus model of the St.
Margaretha church in Roggersdorf, Germany

referred to as near future and far future respectively. This data
is used for hygrothermal building simulations with the validated
WUFI®Plus model of the church in Roggersdorf.

Model verification
The measurements of indoor climate from the years 2005 and 2012
were used to validate the simulation output. Statistical parameters
show a high correlation between measured and simulated data,
with a correlation coefficient of 0.994 for the year 2005 and 0.991
for 2012. Relative humidity also shows good correlation coefficients
of 0.840 for 2005 and 0.833 for 2012. By comparing the 2012 data,
main differences for relative humidity can be found during winter,
where the simulated relative humidity is systematically lower than
in the measured data.
Furthermore, the accuracy of the simulation model was checked
according to conservation demands by applying the criteria proposed by [2]. Temperature showed excellent accuracy between
simulation results and measured data and an acceptable accuracy in relative humidity, which is visualised in the quantile-quantile scatterplots in Figure 2. By combining both indoor climate
parameters, an acceptable accuracy could be achieved for 95 %
of the examined days.

Simulations of scenario A1B predict increasing indoor temperatures
for the mean, maximum and minimum statistical parameters of
about 0.6-0.7 K between near and far future. At the same time, the
parameters for indoor relative humidity increase by approximately 5
% RH. In addition to the statistical evaluation of indoor climate parameters, an indoor damage and risk assessment was performed.
During the Climate for Culture project, numerous damage functions
were collected which describe climate-induced damage processes
to support a risk assessment. These damage functions cover biological, chemical and mechanical damages . They were applied on
the simulated future indoor climates of the Roggersdorf church with
the following results: a very small risk of mould growth can be observed, nevertheless the simulated indoor climate can still be considered as safe. Possible damage could arise as indoor climate conditions are favourable for insect growth. Possible mechanical damage
is predicted for panel paintings and wooden sculptures. Lacquered
wooden furniture is considered as safe. No chemical damages of paper and silk objects were predicted. The results of the damage and
risk assessment were almost identical for both climatic scenarios
and also remained at the same level for both time periods.

y

Figure 2: Quantile-quantile scatterplots of measured and simulated indoor temperature (left) and relative humidity (right) with accuracy measures as defined by [2].
Figure 1
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Altogether, the WUFI®Plus model of the St. Margaretha church in
Roggersdorf is able to produce reliable simulation results of the indoor climate conditions and can be used to predict future indoor
climate and to develop mitigation strategies.
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Mitigation strategies
As the church shows condensation-related moisture problems
different mitigation strategies were discussed. A guided manual
ventilation strategy led to significantly higher daily fluctuations
above 15 % RH for more than 30 days, which is not acceptable, as
it leads to mechanical damages in the interior. As a consequence,
the installation of a controlled ventilation system, which adapts
to indoor and outdoor climate conditions, was considered. To
assess the possibilities and limitations of this system, hygrothermal building simulation was used to predict the indoor climate and compare it with the original free floating conditions
in the church. From April to November, especially in the run-up
to the critical spring period, relative and absolute humidity can
be reduced through a ventilation system. No ventilation actions
are performed from mid-November until the end of March, as
the outdoor temperature falls below 0 °C. It was found that daily

fluctuations of temperature and relative humidity in the church
are higher with mechanical ventilation systems than with no system at all. This could cause problems for valuable interior artifacts that are sensitive to high RH fluctuations.
Another method for controlling indoor relative humidity is
conservation heating. Here, an additional heating device with
a maximum heating power of 10 kW is included in the building
model to control relative humidity through indoor temperature.
Whenever relative humidity would rise above a set-point, in this
case 65 % RH, the nave is heated to reduce relative humidity. This
method was able to limit maximum relative humidity throughout
the whole year.
Conclusions
The simulations of the St. Margaretha church in Roggersdorf show
that hygrothermal building simulation is capable of producing reliable indoor climate data which fulfils the high accuracy requirements of conservators. The simulation results can be used for an
in-depth assessment of historic buildings and their interior. Predicted future climate can also be applied, which helps prepare
historic buildings for the challenges of climate change. Possible
mitigation strategies and their impact on the building as well as
their energy demand can be evaluated to assess the effectivity of
retrofitting strategies.
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Chapter 2.3
Simulating and mapping future energy demands
Jos van Schijndel, Zara Huijbregts, Marco H. J. Martens and Henk L. Schellen

description of the input for the model [4]. This single zone is
put into the model 16 times; for each zone some parameters are
changed according to the QoE and LoC. These parameters are
displayed in Tables I and II .

1.3 Hourly based, EU-wide, external future A1B climate files [1]
During the Climate for Culture project, external climate files
were developed especially for building simulation purposes using the REMO model [3].

Table I: Definition of Quality of Envelope (QoE) by different building
parameters

2. METHODOLOGY

1. INTRODUCTION
Due to the climate change debate, a lot of research and maps
of external climate parameters are available. However, there is
still a lack of maps of indoor climate performance parameters.
This chapter presents a methodology for obtaining maps of
performances of similar buildings that are virtually spread all
over Europe.
Figure 1: Visualisation of the proposed methodology
The produced maps are useful for analysing the regional climate
influence on building performance indicators such as energy
use and indoor climate. Our approach is a new combination of
three recent developments. Each development is introduced
in a separate section: firstly, the simulation and mapping of
building performance indicators based on European weather
stations; secondly, a multi-zone energy model, representing a
wide range of buildings; and thirdly, the availability of hourly
based, EU wide, external future A1B climate files from the Climate for Culture project.
1.1 The simulation and mapping of building performance indicators based on European weather stations [6]
This paper presents a methodology and results for obtaining
maps of performances of similar buildings that are virtually
spread over the whole of Europe. The whole-building model
used for the simulations originates from the thermal indoor
climate model ELAN which was already published in 1987 [8].
The current hourly-based model HAMBase, is part of the Heat,
Air and Moisture Laboratory [2], and is capable of simulating
the indoor temperature, the indoor air humidity and energy use
for heating and cooling a multi-zone building. The physics of
this model is extensively described by [9]. An overview of the
20

QoE 1
Building
simulation
(HAMBase)

Museum
models
(Classification)

QoE 2

QoE 3

QoE 4

Exterior
wall

Solid brick
Solid brick
Solid brick wall
wall 400 mm, wall 400 mm, 400 mm,
plastered
plastered
insulation on the
inside 100 mm,
plastered

Brick wall 100 mm,
cavity,
insulation 150 mm,
brick 100 mm,
plastered

Glazing

Single

Infiltration 1 h-1
rate

Double

Double low-e

Double low-e

0.4 h-1

0.2 h-1

0.1 h-1

Figure 1
Table II: Definition of Level of Control (LoC) by different systems’
parameters
validation results of the whole building model HAMBase are recently presented in [7].
1.2 A multi-zone indoor climate and energy model, representing a wide range of museums [4]
Marco Martens describes in his PhD thesis the input for the
existing simulation model HAMBase that allows studying
all 16 combinations of quality of envelope (QoE) and level
of control (LoC) of a typical exhibition room layout. To be
able to assess the influence of Quality of Envelope (QoE) and
Level of Control (LoC), this room layout is put into the simulation model. The layout is based on common museum exhibition room specifications as encountered in several of the
researched museums; this room is located in the corner of
a building. The room consists of a single zone, 10 m long,
10 m wide and 3.5 m high. The ceiling, floor, north and east
walls are adiabatic, which means that the zone is connected to
other zones which are identical in behaviour but not part of the
simulation. The south and west walls are external walls
and have a window of 5 m² each. Martens provides a full

LoC 1
Temperature
set point [°C]

-

Humidity set
point [%]

-

LoC 2

LoC 3

20 (heating) 20 (heating)

-

LoC 4
20 (heating);
22 (cooling)

40 (humidification);
48 (humidification);
60 (dehumidification) 52 (dehumidification)

The construction of the building depends on QoE: walls, glazing and infiltration rate caused by leakages in the envelope, all
change when improving the thermal quality of the envelope.
Set-points depend on LoC. The available capacity for heating, cooling, humidification and dehumidification is set to an
unrealistically high value to make sure set-points are actually
achieved; this is deliberately chosen to stress the influence
on energy use. All 16 types were implemented into one single
multi-zone HAMBase model, thus providing a very efficient way
of simulating all variants simultaneously. A year with hourly
based external climate values takes less than 10 seconds to run
on a 4 GB/2.6 GHz computer.

A multi-zone energy model, representing a wide range of
museums and monumental buildings was implemented into
HAMBase. The latter consists of 16 different building zone
types made up of 4 levels of envelopes (LoE 1-4) and 4 levels
of climate control (Lo C 1-4) from [4]. 7 performance indicators were used: (1) mean indoor temperature; (2) mean indoor
relative humidity; (3) mean heating demand; (4) mean cooling demand; (5) mean humidification demand; (6) mean dehumidification demand; (7) total energy demand to produce
EU maps for 16 building types and five 30-year time slices:
recent past (1961-1990; RP), near future (2021-2050; NF), far
future (2071-2100; FF), NF-RP and FF-RP. This gives a total of
560 maps. Interpretation of mean demand is the mean power (W) over a period of 30 years (regardless of the seasons).
1 W (J/s) heat demand multiplied with 365 x 24 x 3600 s equals to
annual heating energy of 31.536.000 J = 31.536 MJ. Please note
that in all our models, the building volume is 350 m3 . So 1W also
represents 31.536 MJ/(year x 350 m3) = 90 kJ/(year x (m3 building
volume)) = 2.2510 -3 liter oil/(year x (m3 building volume)) (by using caloric value of 106 J/litres for oil).

For example 100W and a building volume of 500 m3 equals about
100 litres/year.
Furthermore, for all power calculations related with the indoor
climate, we assumed perfectly (100 % efficiency) air-conditioned
HVAC system. The reader should note that in practical HVAC
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systems a lot more energy may be required for cooling and dehumidification. For example for dehumidification most systems
cool first below dew point and afterwards heat the air to a certain value. Therefore, it is clear, that a lot more energy may be
required than just looking at the air-side part of the balance.

3. EXEMPLARY RESULTS

regarding the total energy use in far future (FF) minus the
recent past (RP), i.e. FF-RP.

In this section, simulated results for recent past (RP), near
future (NF) and far future (FF) energy demands for European museums and monumental buildings are presented. As already discussed, we produced 560 maps. These
maps will become publicly available on the Climate for Culture website [1]. Figure 2 presents one of the main results

Figure 2: The total energy use in far future (FF) minus the recent past
(RP) using the corresponding Level of Control (LoC) and Level of Envelope (LoE). The colour blue represents less expected energy needed in
the future, the colour red represents more expected energy needed in
the future. The brighter the colour, the higher the value.
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5.

4. CONCLUSIONS

8.

A new method for simulating and mapping energy demands
for European buildings for the recent past (RP), near future
(NF) and far future (FF) is presented. It is a new combination of three recent developments: firstly, the simulation
and mapping of building performance indicators based on
European weather stations; secondly, a multi-zone energy
model, representing a wide range of buildings which consists
of 16 different building zone types equal to all combinations of
4 levels of buildings construction and 4 levels of climate control; and thirdly, the availability of hourly based, EU wide, external future A1B climate files from the Climate for Culture
project. 7 performance indicators were used: (1) mean indoor
temperature; (2) mean indoor relative humidity; (3) mean heating demand; (4) mean cooling demand; (5) mean humidification demand; (6) mean dehumidification demand; (7) total energy demand to produce EU maps for 16 building types and five
30 year time periods: RP, NF, FF, NF-RP and FF-RP. This gives a
total of total 560 maps. By using a classification of monumental
buildings and museums, the influence of level of control and level
of envelope on the performance indicators can be visualised.
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Chapter 2.4
Conservation of cultural heritage in the UK
Anastasios Markopoulos

Interest in the conservation of historic buildings is growing due
to concern over the risk of damage to both the material integrity of the building construction and the items they house. Moisture is one of the most prevalent causes of damage in historic
buildings, which can erode and rot aging building materials [1].
In tackling the issue of moisture in historic buildings, a priority should be evaluating the use of prospective conservation
strategies that could improve indoor moisture control, whilst
at the same time recognising the sensitive state of the building
materials, which have been subject to hygrothermal fluctuations over a period of centuries [2]. Adverse response to newly
implemented approaches may lead to further moisture-related
problems e.g. indoor humidification, which can induce mould
growth on cold indoor surfaces or even interstitial condensation in the construction [3].
An investigation was undertaken with the aim of assessing the
hygrothermal performance of historic buildings. Numerical
modelling was adopted to carry out this analysis and involved the
use of the whole-building simulation tool WUFI®Plus [4], which
allowed for a range of building parameters to be looked at as part
of the hygrothermal assessment process. These included occupancy, ventilation and the introduction of building conservation
strategies, including external wall insulation and conservation
heating. The innovative methodology of correlating high resolution climate change scenarios with building simulation models,
a key component of the Climate for Culture (CfC) project, also
enabled quantification of the buildings’ hygrothermal response
with respect to changes in the external climate conditions during present and future climate change scenarios. An additional
aspect of the work involved the risk assessment of potential
damage to building materials induced through the hygrothermal
conditions arising in the indoor environment.
The buildings looked at during this study belong to the National
Trust (NT) collection and are located in the South East and North
of England, respectively. The first is Knole House, a medieval
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palace built in the 12th century and later transformed into a site
resembling a stately home by the Archbishop of Canterbury in
1456. It is recognised as one of the most fragile properties in
the National Trust collection and houses sculptures, historical
portraits and fine Stuart furniture. Two unheated zones on the
first floor of the East range of the building were modelled. The
building structure itself is complex and designed around several
courtyards. Its composition is a mixture of mass stone wall and
timber framed construction, a walling practice widely employed
in the early part of the 17th century when Knole House was being extended; and single glazing is used throughout. The house
is highly regarded as an outstanding example of Elizabethan
design [5] and great emphasis has been placed on its continued
preservation. A recent five-year programme was initiated focusing on building refurbishment and the repair of moisture-related
damage recorded at the site. This damage has been observed in
the form of cracked masonry, rotting of delicate materials such
as silks and velvet furniture coverings, mould growth on paintings and uncomfortable indoor environmental quality.
The second building investigated was the Greek-inspired Palladian-style chapel located on the Gibside estate. This was originally
designed by James Paine during the Georgian era and finally
completed in 1816 under the estate ownership of John Lyon. Its
notable features include the central dome and a double portico
carrying a pediment surmounted by a parapet with four urns [6].
A single zone was modelled where the main building construction material is ashlar stone with a plaster applied to the interior
wall and ceiling surfaces, timber clad walls in the seating areas
and a combination of tiled and carpeted flooring. The site was
sold to the National Trust in 1964 and has since been carefully reassembled and refurbished after centuries of decline. The overall building condition is of a reasonable quality and only minor
work is required, indicating that there are no serious structural
concerns. As is the case in Knole House, no permanent heating is
applied in the building.

Figure 1 (National Trust Images/Andreas von Einsiedel)

The methodology used to conduct the investigation was divided into four steps. The first step involved a process of model
verification. This was done with the aim of developing a realistic modelled representation of the indoor hygrothermal conditions measured in the two buildings studied. A sensitivity
analysis of a range of building parameters was carried out to
determine the level of correlation between the measured and
predicted indoor hygrothermal conditions and which factors
indicated the greatest influence on indoor hygrothermal conditions. Comparison was drawn between the two sets of data
using a set of statistical criteria to assess the level of modelling
accuracy achieved. Following this initial model verification procedure, the accepted models were then simulated using future
climate change scenarios. These were set in three different time
periods labelled as the ‘near past’ (1961-1990), ‘near future’
(2021-2050) and ‘far future’ (2071-2100). The third stage of the
methodology analysed the risk of moisture and temperaturerelated damage in the modelled buildings using an assessment
tool developed during the course of the Climate for Culture
project. Using the predicted indoor air temperature and relative humidity produced for each of the climate change periods
in the previous step, the risk of damage could be assessed. Finally, the use of mitigation strategies to address concern over
the hygrothermal conditions prevalent in the indoor building
environment was modelled. There was particular interest in investigating the use of a conservation heating system at Knole
House. The use of conservation heating, and its development
in National Trust properties, continues to grow in light of the
recent commitment made to reducing the use of fossil fuels for
heating purposes and electricity by 50 % by 2020 [7]. In addition
to modelling this system, the installation of insulation in the external walls, ceiling and flooring was also investigated.

Figure 1: Venetian ambassador’s bedroom at Knole,
Sevenoaks, Kent

Figure 2 (National Trust Images/Robert Morris)

Figure 2: The palladian chapel, begun in 1760 to the design of James
paine, at Gibside, Newcastle Upon Tyne
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Results from the model verification procedure for each building
produced acceptable and excellent levels of agreement between
the measured and predicted indoor climate conditions for the
majority of the statistical criteria specified as part of this project.
These included the maximum and minimum values, median, total range, correlation coefficient and 1st and 99th percentiles.
Differences were, however, identified for the maximum and minimum values for temperature (T) and relative humidity (RH) in
Knole House, and only a mean correlation coefficient was calculated for the predicted time series relative humidity data at Gibside Chapel. Having carried out this initial verification process, it
was found that the air change rate was the dominant factor driving the indoor hygrothermal conditions, a result which has previously been verified in other studies at Knole, due to air leakage
through the building envelope fabric [8]. A set occupancy profile
was derived from the annual visitor information and estimates
provided by staff at the properties applied to each building, however, this was found to have negligible impact on indoor climate
conditions as absolute humidity was found to closely follow the
outdoor profile. Initial indoor air and material hygrothermal conditions were calculated using the measured indoor climate data.
In terms of the impact of future climate change scenarios, simulations indicated the most significant effect to be observed in the
indoor environmental conditions would be in relation to temperature for both of the buildings. By using the 1961-1990 modelled climate data as the base case period, an average monthly
temperature profile was calculated across the 30 years, which
showed an increase of 1 to 3 ˚C in the indoor climate. Based on the
predicted indoor hygrothermal conditions, damage assessment
indicated a rise in the number of events linked to insect growth,
mechanical damage to timber and salt crystallisation, although it
is emphasised that this is site-specific and relative to the modelling assumptions made during the verification process. The predicted increase of indoor air temperature also suggested a reduction in the heating demand, which was of specific interest in the
case of Knole House, where there is scope for the installation of
a conservation heating (CH) system. A simulation study was conducted to assess the efficacy of such a system being installed and
initial results highlighted its benefits by way of reducing the time
indoor RH exceeding 65 % RH, the upper limit prescribed by the
NT conservation strategy.
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Three different cases were investigated, the first of which was the
use of conservation heating on its own. The second was testing a
conservation heating system combined with ceiling and external
wall insulation. The third was adding insulation to the floor level.
Having applied the RH and T setpoint guidelines provided by the
NT i.e. an upper limit of 58 % RH and a deadband of 5 and 22 ˚C
in the conservation heating system, increased thermal insulation
in the building construction was shown to have a beneficial impact on energy consumption and also decreased the number of
hours indoor RH was above 65 % RH in comparison to adopting
conservation heating alone. With increased indoor temperatures
predicted in future climate change scenarios, however, the effectiveness of RH control supplied by the conser vation heating
system may be reduced.
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Chapter 3.1
section 3.6 presents further contributions to promoting the radiative heating in historic buildings. Following on from the research of earlier EU project Friendly Heating on designing optimal heating strategy in historic churches, a series of experiments
have been performed to study the efficiency of various heating

Mitigation and adaptation strategies
Tomás Vyhlídal and Tor Broström

One of the key objectives of the Climate for Culture project was to perform an assessment of
existing microclimate control strategies with respect to their energy consumption as well as
their applicability to a wide spectrum of cultural heritage sites preserved in historic buildings
of different structure, utilisation and climatic region in Europe. This was done with the help
of building simulation models and is based on the analysis of an extensive number of project
case studies spread over Europe. By coupling the building simulation models with results of
high resolution climate change predictions, an outlook to the near (2021-2050) and to the far
(2071-2100) future could be performed to assess energy demand predictions of selected control strategies. Along with the sustainability objectives concerning the expected rise of energy
needs and costs, a lot of attention was also paid to the applicability of renewable energies to
historic buildings. The above mentioned aspects are addressed in more detail in section 3.2.
The next key objective of the project was to develop indoor climate control strategies for the
optimal control of relative humidity and temperature in typical historic buildings and exhibitions. In this research field, several new concepts have been proposed utilising the mathematical models and damage functions. The key objective of the methods was to achieve a risk-free
environment under minimised energy consumption. These methods, as well as classical approaches have been implemented on a low cost controller, which can be applied to switching on
and off the indoor climate control devices (dehumidifiers, humidifiers, heaters, coolers, ventilators), both portable and permanent. In addition to the classical building simulation softwares
such as WUFI®Plus and HAMBase-Matlab, Fluent software has been used to model and analyse
airflows in selected spacious historic interiors. The simulation based analysis was also supplemented by the analysis of existing implementations of a wide range of control methods. The
results are summed up in the implemented Decision Support System for indoor climate risk
assessment and control. More detailed information on the topics mentioned here can be found
in section 3.3.
Section 3.4 deals with revitalisation and enhancement of historic climatisation systems. This
part of research consisted of both the detailed analysis of existing solutions as well as of
concept studies supported by the simulation tools. Altogether, twelve key case studies have
been addressed in the project. Section 3.5 then deals with “Temperierung”, i.e. wall heating systems, which mainly distribute heat via radiation from heating pipes inside or in front
of the walls. On the one hand these systems have advantages in reducing cold wall effects
and mould risk. On the other hand, in combination with reducing the infiltration rate of buildings, they can be used to improve climate stability when used properly. A study on the Brezice
castle “Temperierung” project in Slovenia and about the conservation heating control system to stabilise relative humidity at St. Renatus Chapel in Germany are presented. The last
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elements regarding the heating source and the elements shape.
Besides, energy efficiency and various environmental aspects
of the friendly heating system have been studied by modelling
the indoor climate of the church in Rocca Pietore in Italy.

Chapter 3.2
Energy efficient climate control in historic buildings
Tor Broström, Jos van Schijndel, Magnus Wessberg, Poul Klenz Larsen et al.
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An overarching goal of the Climate for Culture project is to promote efficient energy use in historic buildings. We firstly assessed how indoor climate and energy demand is affected by
climate change. We then developed new strategies and technical solutions for energy-efficient climate control and compared
them with state of the art solutions. Historic buildings without
any climate control are vulnerable to climate change because indoor climate is strongly influenced by outdoor climate and the
properties of the building envelope. In these buildings, however,
climate change may require active climate control which causes
a new energy demand. Normally the indoor climate of historic
buildings with proper climate control will not be strongly affected by climate change but the energy demand for climate control
will be affected: it may either increase or decrease.

-100

Figure 1

-500

Energy demand for climate control can be due to
•
Temperature control: heating or cooling
•
Humidity control: humidification or dehumidification
Figure 1: Change in average energy demand for heating, cooling,
dehumidification and humidification for a case study building. The
change is between the far future (2071-2100) and the recent past
(1961-1990).
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Based on building simulations, the project has shown how the energy demand for a type of building with a high level of climate control
is affected by climate change (see Figure 1). We can see that energy
demand for heating is expected to decrease all over Europe, however the energy demand for cooling and dehumidification is expected
to increase. The overall energy demand, shown in the map on the
right, shows a distinct geographic pattern where overall energy
demand is expected to increase in Northern Europe and decrease
south of the Alps. This is only one example; the results will be different for other types of buildings.
3.2.1 Assessment of control strategies
Having shown that climate change will have a rather complex
effect on the energy demand for indoor climate control, we
have investigated ways to control the indoor climate while minimising the energy demand.
Passive strategies. The basic strategy for stabilising the indoor
climate in a historic building should be to minimise the influence from the outdoor climate through the passive function of
the building envelope. Passive control is determined by the insulation, air tightness and hygrothermal buffering of the building envelope. Case studies within the project and simulations
show how the indoor climate can be stabilised by reducing the
air exchange and by reducing solar heat gain from windows.
Active strategies. If active climate control is needed, it should
aim to control the indoor climate as energy-efficient as possible regarding given climate requirements. We assessed these
using building simulations based on the case study experience
and have made a cross comparison of their energy consumption
using the building simulation software [1] [3]. There was particular focus on controlling relative humidity while only intermittent heating (ie. keeping temperature just above a set-point
of 5-10 °C in the winter season) was considered.
Humidity control. Humidity control is performed by releasing
water vapour into the air. If the RH is too low, humidification
is achieved by either injecting steam into the air or evaporating water or water mist. If the RH is too high, dehumidification
is achieved by removing water vapour from the air via either
condensation or adsorption, see e.g. [2]. The applicability of
dehumidification in historic buildings depends on whether the
technical installations are acceptable with respect to both visu30

al and physical impact. Portable dehumidifiers allow for flexible
and cost effective solutions but often the machinery is not well
suited to a historic environment. A system of central dehumidification can be better integrated but it requires air ducts. Unless the building already has air ducts, the installation tends to
be expensive and intrusive. Simulation experiments show that
humidity control is a very energy-efficient mitigation measure.
However, the overall energy consumption depends on the assigned ranges of relative humidity. In addition to considering
the fixed relative humidity set-point (possibly with seasonal
adjustment), we studied the possibility of considering floating
set-points to minimise energy consumption whilst still having
risk-free indoor climate conditions. This will be addressed in
section 3.3.
Humidistatic heating. Humidistatic heating, or conservation heating, is the concept of heating a building in order to
keep the relative humidity below given limits. The temperature is continuously adjusted and not controlled to a constant
set-point. Humidistatic heating has been used for many years
to maintain a moderate relative humidity in historic houses
in winter [4]. A peculiar aspect of humidistatic heating is that
it is sometimes required to heat in summer in order to keep
the RH at an acceptable medium level. This may cause uncomfortably high temperatures and high energy consumption [5]. An increased temperature will generally increase the
absolute humidity in the building causing an unwanted positive feedback. Degradation of organic materials due to hydrolysis will increase with rising temperature and RH. The energy consumption for humidistatic heating is relatively high,
due to poor thermal insulation and a high infiltration rate, as
confirmed by a simulation-based comparison conducted by
[3], where the overall energy consumption was several times
higher compared to the direct humidity control method. Generally, dehumidification is more energy-efficient unless heat
pumps are used; an air-to-air heat pump will typically reduce
energy demand by two thirds. For large buildings, humidistatic
heating with heat pump technology seems to be the most energy efficient measure, unless the thermal insulation is very poor.
For small buildings dehumidification is more efficient unless the
building is very leaky.

Skokloster Castle from the frozen lake Mälaren
(Figure 2a)

3.2.2 Renewable energy
Having addressed strategies and technical solutions, the final
question is energy supply. One report of the project presents
an assessment of the applicability of renewable energy sources,
such as solar energy, heat pumps, wind power etc. in historic
buildings. Renewable energy is becoming an increasingly important consideration in all types of buildings whether historic
or modern. In the context of the Climate for Culture project, the
introduction of renewable energy can be both a preventive and
mitigative measure. The introduction of renewable energy will
obviously reduce greenhouse gas emissions. Furthermore, the
results from the Climate for Culture project show how climate
change will have an effect on the energy demand for climate control in historic buildings and how they can be a sustainable and
cost-effective solution for climate control aiming to mitigate the
effects of climate change.
3.2.3 Conclusions
No single strategy or solution exists that can be used to mitigate
the effects of climate change on all buildings. It depends on the
type and use of the building as well as geographic location. This
part of the project has provided new knowledge that will allow end
users to better select appropriate solutions for a specific building
in a specific region.
A case study example. In the next 50 years the outdoor climate
in most of Scandinavia is expected to be warmer and more humid.
Timber buildings that so far have done well without any climate
control will face new threats. Insects such as woodworm will migrate north. Unheated or intermittently heated stone buildings
such as churches and castles will be exposed to higher risks of
mould growth.

Experimental setup for indoor climate control using
adaptive ventilation at Skokloster Castle, Sweden
(Figure 2b)

Figure 2: At Skokloster Castle in Sweden, different climate control
strategies have been tested and compared.
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Chapter 3.3
One of the primary case studies in the project has been Skokloster Castle, located on a peninsula in Lake Mälaren north of
Stockholm. It is a heavy stone and brick building, completed in
1767. After careful monitoring and assessment, as part of the
Climate for Culture project, the National Property Board of
Sweden has launched a three-year experiment to find the best
climate control strategy for this castle and similar buildings.
The results indicate that the following energy-efficient strategy
can be used to prevent mould growth:
1.
2.

3.

4.

Improve passive control by reducing air exchange
Use adaptive ventilation as primary active control as it has
the lowest energy demand. Existing flue pipes can be used
to minimise visible installations.
Adaptive ventilation may not be sufficient in late summer
and early autumn. Use a dehumidifier controlled with regards to the mould growth risk curve.
Conservation heating generally has the highest energy
demand and should only be used if there also is a comfort
requirement from staff in the building.
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Indoor climate control for historic interiors and decision support
Tomáš Vyhlídal, Tor Broström, Goran Simeunovic, Oto Sládek, Ralf Kilian, Jochen Käferhaus, Pavel Zítek, et al.

The issue of sustainable management of the indoor climate in
historic buildings has received considerable attention in the last
decade. The main motivation for this lies in the increase of energy costs as well as the demand for improving the conditions
in historic buildings where an invaluable part of cultural heritage is stored. Even considerably increased demands for energy
efficiency and sustainability in the cultural heritage sector can
be expected in the future, considering both climate change impacts as well as expected further rising energy costs. In order to
follow this trend, new concepts for controlling relative humidity and temperature in historic buildings have been proposed in
the Climate for Culture project. Instead of following fixed limits
on these indoor climate parameters as currently done in most
museums and other types of historic buildings, the methods
proposed in the project use mathematical models and damage functions to achieve risk-free indoor climate conditions for
the collections and buildings themselves under minimal energy
consumption. The following three methods have been particularly investigated within these activities of the Climate for Culture project.
3.3.1 Concepts of optimised relative humidity control
Humidity control to avoid mechanical damage of wood.
One of the main tasks of preventive conservation is to protect moisture sensitive art materials from anisotropic swelling
or shrinking caused by the changes of the absorbed moisture
content. This objective has been targeted in the equal-sorption
humidity control method proposed in [1]. The method takes
into account the influence of temperature on the sorption isotherms, which are usually neglected in common climate control.
The first extension of the method proposed in the project takes
into account moisture-strain-stress relations in wood, as also
previously addressed in [2]. As a key result, allowable variations
of relative humidity from its nominal set-point value have been
determined. As presented in [3], only elastic deformations take

place in the layers of wooden material if the relative humidity is
kept within the determined variation boundaries. Further extension then takes into account dynamics of moisture sorption
and the stress related to its gradient across the material layers.
Including the model of sorption dynamics in the control algorithm, a further relaxation of the safe boundaries of relative
humidity could be achieved. As illustrated by simulation models following this approach, the overall energy consumption for
dehumidification can be reduced by more than one third compared to the control with fixed relative humidity ranges.
Natural indoor climate fluctuations control.
The second method for relative humidity control in historic
buildings proposed in the project is based on the specifications
of the European standard EN 15757. The approach follows the
concept of acclimatising of the objects containing hygroscopic materials to the fluctuations of the historic environment,
which in general should not change substantially if the control
is introduced, for the motivation, see also [4]. Only large fluctuations from the natural seasonal cycles of the indoor climate
should be removed by the control system. Thus, the set-points
for the dehumidifier and humidifier are not constant, but follow the natural (seasonal) cycles of the interior microclimate.
In order to project the guidelines of the standard EN 15757 [5]
to achieve safe relative humidity fluctuations into the real-time
control method, several adjustments needed to be made to the
key ideas. First, due to causality reasons, the central moving average applied in the standard was replaced by the simple moving average. Next, in order to keep the natural variability of the
moving average throughout the yearly cycle, which is naturally
reduced whenever the control is introduced , the moving average filter adjustment criteria were applied. As demonstrated in
[6] and [7] by using simulation experiments, energy consumption can be reduced significantly in comparison to conventional
methods.
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Humidity control with respect to lowest Isopleth for mould.
To assess risk of mould growth in a building, Krus et al. [8] have
developed a predictive model. This model describes the hygrothermal behaviour of mould spores allowing for the prediction
of mould growth based on surface temperatures and RH. The
growth conditions for mould are nutrients, temperature and
humidity. They must exist simultaneously for a certain period
of time. The growth conditions are described in so-called isopleth diagrams. These diagrams describe the germination times
or growth rates. The resulting lowest boundary lines of possible fungus activity are called Lowest Isopleth for Mould. Taking
into account the exponential function decrease of relative humidity with increasing temperature in the lowest isopleth, the
maximum allowable relative humidity can be determined for a
given temperature of the interior. In addition to the simulation
base validation of this approach, the proposed control method
has been implemented in the project case study - Skokloster
Castle, Sweden.
3.3.2 Implementation of the methods on a low-cost controller
The algorithms described above have been implemented in a
low-cost control system, which is based on the TECOMAT Foxtrot programmable controller. Various sub-modules can be added to the system, including the measurement modules and the
digital input/output modules for controlling the humidifiers and
dehumidifiers and the heaters and coolers if needed. The control system has been first validated and tuned by coupling the
controller with a personal computer where a model of the historic building was implemented. Consequently, the controller
has been tested in the case study of the project Trebon Castle
Archive in Czech Republic.

3.3.3 Pilot projects
The Climate for Culture project’s activities have also focused on
the analysis of various control system installations. For example,
different control techniques (conservation heating, controlled
ventilation, dehumidification) were installed and cross-compared in Skokloster Castle and in occasionally used churches in
Gotland (Sweden). The concept for controlled ventilation in the
Great Tower of Karlštejn Castle (Czech Republic) and Linderhof
Palace (Germany) were proposed and tested by building simulation software. The performance of a newly installed controlled
ventilation system in St. Bartholomé Church (Germany) and the
conservation heating control system in St. Renatus (Germany)
were monitored within the project activities.

3.3.5 Expert Decision Support System (exDSS)
As a contribution to the Climate for Culture decision support
functionalities, a module for indoor climate risk assessment and
control has been proposed and implemented within the exDSS
SW application [9] developed for the purposes of the project.
The decision support module is divided into the following three
parts:

Figure 1

3.3.4 Application of Computational Fluid Dynamics
In addition to the building simulation software (WUFI®Plus and
HAMBase-Matlab, used the most in the project), the computational fluid dynamics software Fluent was applied to study and
optimise the airflows in two spacious historic interiors.
The first model was proposed and implemented for the Chapel of
the Holy Cross in Karlstejn Castle with the particular objective to
study environmental conditions close to the chapel’s thick walls
where 129 valuable panel paintings are fixed. Using this technique, the most risky zones in the chapel have been identified.
The second model built for the Linderhof Palace’s bed chamber
(see Fig. 1) was used to validate the concept of forced ventilation-based indoor climate control.

Part 2: Risk assessment. This part (see the decision tree in Fig. 2)
investigates which climate-induced risks are relevant to the defined building and its collections stored inside. Risks related to
mould growth, mechanical damage and insects are addressed in
particular.
Local
problem

Mould
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objects
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year data?
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Figure 1: Results of computational fluid dynamic models. Left –
relative humidity distribution on the wall surface of the Holy Cross
Chapel, Karlštejn Castle, Czech Republic; Right – Relative humidity distribution at 0.5 m height and in two vertical planes in the
bed chamber in Linderhof Castle.
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Part 1: Future outlook. This part indicates how the indoor climate and risks related to the indoor climate might change in the
near and far future for the building of interest. This is defined by
key characteristics, such as thermal inertia of the walls, glassing
area of windows and buffering capacity of the building interior.
The information is derived from the Climate for Culture prediction maps, based on the given building characteristics and its
location.

Part 3: Indoor climate control methods. This part investigates
which indoor climate control methods are suitable for the defined building interior. For this purpose, the information received
in the first two parts one and two is used.
In each of the parts of the expert system module, the end user
goes through a series of questions structured in the form of a
decision tree. After passing through all the available and appropriate questions to the defined problem, the end user is given
a set of recommendations and links to further information
sources.
Figure 2: Illustration of decision tree of indoor climate risk assessment and control expert system module implemented in the
exDSS software.
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Chapter 3.4
3.3.6 Concluding remarks
In the Climate for Culture project, an extensive analysis of various indoor climate control methods was performed using a wide
scope of various modelling tools and by analysing a wide range
of data collected in large numbers of the project case studies. In
addition to the classical approaches, several new concepts have
been proposed to control relative humidity in interiors of historic buildings. The information resulting from this extensive
analysis was used as one of the cornerstones of the proposed
decision support module for indoor climate risk assessment and
control. The other cornerstones of the system are the expertise
of the project team members, the results of climate prediction
models and particularly the projections of the climate change
to the extensive set of risk maps based on various damage functions.
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Revitalisation and enhancement of historic climatisation systems
Jochen Kaeferhaus, Ralf Kilian, Tor Broström, Tomáš Vyhlídal et al.

Another key task of the Climate for Culture project was to analyse and assess the potentials for revitalising historic air-conditioning systems. In discussions about the revitalisation and
enhancement of historic housing systems in historic buildings,
we have to differentiate between real housing services which
in the past had a vital function in order to ventilate a building,
to heat or to cool it and ‘housing systems’ as chimneys, ducts
and shafts which were necessary to use heating and open fire
places. We know from research in this field that there were very
intelligent systems in past centuries – even thousands of years
ago, such as radiative heating through warm walls used as the
Roman hypocaust heating system or as natural ventilation and
adiabatic cooling, developed by the Persians.
Old housing systems in historic buildings mostly concern natural ventilation systems which use differences in temperature to
transport air in shafts or chimneys. The physical process driving movement is the fact that cold air is more dense than warm
air and so warm air rises when in a room or building. Furthermore, ventilation systems in historic buildings are warm air-toair heat exchangers. These are mostly metal flues in a chamber
next to a tile stove or oven through which cold air from outside
is heated and sent through (metal or stone) ducts with or without mechanical ventilators to the rooms in which the warm air
was needed. This system was used for example in Linderhof
Palace in Bavaria, Germany.
All these kinds of historic housing services have been found
in historic buildings like in Hofburg, Vienna. Examples include
shafts, chimneys, ‘calorifere’, ducts, double ceilings and flaps,
moved by chains. Often shafts or chimneys have been closed
with bricks and mortar because they are no longer in use.
Sometimes these old housing services have been reactivated
to replicate their former results for fresh air, cooling as well as
radiative heating – even if this is not produced in the same way
as the Romans as these structures did not have their current
double exterior walls and ceilings until after this period – by

only using driving forces known in buildings physics as shaft effect, adiabatic cooling by radiative heating, which is nowadays
perfectly ‘copied’ in ‘Temperierung’, a kind of wall heating system. The disadvantages of reactivating all these old systems,
however, are the difficulties in complying with the latest rules
of fire protection, since these rules were not as strict in the
past.
Three famous examples from the list of twelve case studies of
this task of the Climate for Culture project illustrate how intelligent these techniques have been. Aside from the above-mentioned housing systems of Hofburg in Vienna and Linderhof
Palace in Bavaria with a concept of a new airing strategy and
simulation of the expected indoor climate, the implementation of natural ventilation in Schönbrunn Palace is addressed
below. As well as these, the following case studies have been
addressed in the project: ventilation by using existing historic ventilation shafts in the Painting Gallery, Academy of Fine
Arts, Vienna (Austria); new ventilation and dehumidifying
system in existing historic shafts Läckö Palace (Sweden) to
improve indoor microclimate stability; installation of controlled ventilation in historic shafts in Neuschwanstein Castle (Bavaria); natural ventilation system in the Shaft Tomb of Iufaa,
North Abusir (Egypt); revitalisation of the Monastery of Paular
(Rascafría, Spain) with the integration of the passive natural
ventilation system; analysis of hypocaust heating in Roman
villa rustica, located in Mošnje at Podvin (Slovenia); revitalisation of the heating system for conservation control in Packwood House (UK); revitalisation of the historic heating system
through tiled stoves in the Museum of Český Krumlov Castle
(Czech Republic).
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3.4.1 Reactivation of the natural ventilation in ‘Corps de
Logis’ in Hofburg, Vienna
This building built in the 1890s was originally planned as a guesthouse for imperial guests. The plans were then changed and the
building was turned into a museum. The building has two levels
in the basement with a system of tunnels made of bricks where
outside air is led through a system of vertical shafts in order to
naturally vent rooms in the building. This type of natural ventilation was state of the art at the end of the 1880s coming from
England. Each corner of the building has two vertical shafts,
one open at the bottom and closed on top, the other closed at
the bottom and open on top. Outside air is drawn through the
rooms driven by stack effect due to difference in temperature.
In summer when there is no difference in temperature, American ventilators support the natural ventilation system when big
metal flaps are opened in the attic.
Ventilation
HOFBURG

Figure 1: View of the floor plan of the basement, the huge air intake and the shaft system

3.4.2 Schönbrunn Palace
When planning for the implementation of natural ventilation in
Schönbrunn Palace, Vienna, a 300 m long underground tunnel
of the time was found. This historic tunnel, about 1.70m high
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With this very simple, yet intelligent, system the whole building
was provided with fresh air: cooled air in summer and preheated
air in winter through tunnels in the basement.
In addition, the outside walls of this building have vertical shafts
which were open in the basement and ended in the attic under
the roof. These shafts were closed in winter in order to improve
the thermal quality of the outer walls.
In summer these shafts were opened for natural cooling effect to get rid of the outside heat from the walls. Monitoring
has proven that this system works very well. Only in winter it is
not favourable to draw outside air into the showrooms. Generally in winter, outside air is dry, and when this dry air has to be
heated up for a minimum of comfort, the level of dryness drops
even more. Therefore decentralised humidifiers were installed
to keep the indoor climate within the ranges specified by the
museum.

B ur g g ar te

n

Figure 1

and 0.7 m wide, was made of bricks which have been painted
with lime, for disinfection.
After extensive dynamic simulations of the tunnel in order
to find out more about the tunnel’s thermal capacity, a heat
power of about 46 kW and a cooling power in summer of about
48 kW was calculated. Later measurements confirmed the
theoretical results. Air was sucked through the underground
tunnel via a big air handling unit to provide showrooms in the
western tract with fresh, pre-conditioned air from outside.
This installation helped to overcome critical hot situations in
summer in the castle and reduced the cooling load. Since the
results of the historic tunnel were so good, the decision was
made to also build a new underground tunnel on the eastern
side of the castle to provide the eastern parts of the castle
with outside pre-conditioned air.
By using the existing historic shafts in the castle, mostly chimneys, and their natural stack effect when difference in temperature inside and outside a sophisticated natural ventilation
system in Schönbrunn Palace was planned similarly to the one
in Hofburg. Through air displacement nozzles on the ground
floor (there is almost no basement in the palace except in the
middle of a small cellar), conditioned air was brought into the
western showrooms. Through historic chimneys, opened in
the ground floor to let room air into the shafts, exhaust air was
transported either by stack effect or by small axial ventilators,
horizontally mounted, with flaps against smoke and unwanted draft effects. Air exchange was controlled automatically
using only just enough energy to provide proper ventilation.
In the summer, the castle is pre-cooled during the night. This
summer night cooling ventilation was controlled by comparing absolute humidity inside and outside the palace. When
there is no risk to the inside climate in the showrooms the ventilation was activated. This ventilation system has eliminated
the need for expensive cooling systems in Schönbrunn Palace.
3.4.3 Linderhof Palace, Bavaria, Germany
Linderhof Palace was built from 1868 to 1886 by the Bavarian King Ludwig II and is located in the Graswang valley, surrounded by the Bavarian Alps at about 940 m above sea level.
A few weeks after the King’s death in 1886, the palace was
opened to the public. Since then, the palace has remained

unheated. Today, there are at least 3,000 visitors per day in
the summer with a considerable impact on the conditions for
preserving the interior of the palace. The upper floor, where
the showrooms are, is richly furnished. Figure 2a is a view of
the king´s bed chamber. Almost every piece of the interior is
a work of art. An analysis of the indoor environment showed
that the relative humidity is elevated especially in the summer
time from the additional moisture that visitors bring into the
building [1]. Because there is no other possibility of ventilating the building, the historic windows are opened by the tour
guides. This again leads to increased fluctuations of the relative humidity which can cause damage to the gilded surfaces
and works of art. A concept was therefore developed in several international expert workshops for a new ventilation system using the historic ducts in the palace [2] [3]. Aside from
the aim of improving the indoor climate conditions for preservation, it is crucial to be able to install an HVAC system with
low impact to the original building construction to the listed
building Linderhof Palace with its extraordinary interior. An
investigation made by the Bavarian Administration of StateOwned Palaces, Gardens and Lakes showed possibilities of
using the old air heating system and existing chimneys for
air ducts. Figure 2b presents the concept for airing the main
part of the upper floor. This system will address the parts of
the palace with most problems in RH level. The new air inlet is
planned to be installed in an open constructed chimney. The
chimney was already historically used as an air inlet for warm
air, heated by a wood-fired oven in the rooms below. Fortunately it is possible to install an HVAC system with a sorption
dehumidifier and low level heating below the king´s bedroom
in an unused cellar room. Since there are a lot of visitors in
the palace during opening time, it is foreseen in this concept
to use displacement ventilation. Figure 2b shows the air inlet
in the king´s bedroom at the chimney on the right. To get air
currents in both wings of the palace and finally outside, two
additional chimneys will be used for the controlled air outlet.
Fans are foreseen in both chimneys to control the air flow using pressure difference.
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Chapter 3.5
Figure 2a: View of the Royal bedchamber of King Ludwig II’s royal
bed chamber. Figure 2b: The new ventilation concept of Linderhof Palace for the main part of the upper floor, using the historic
air heating ducts and chimneys. Displacement ventilation will be
used with an air inlet in the king’s bed chamber and controlled air
outlets in the audience chamber and dining room.

Wall heating system (“Temperierung”)
Jochen Käferhaus, Ralf Kilian, Mihael Mirti č, Marjana Žijanec Zavrl et al.
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“Temperierung” basically refers to a minimal version of wall
heating through pipes mounted in or on the inside of the walls.
Since the times of the Romans who developed a kind of wall
heating ( ‘hypocaustus’ ) by leading warm smoke through double outside walls, otherwise known as ‘tubili’, buildings were
never again built with double outside walls for heating’s sake.
It was a restorer from the Bavarian State Department of Historical Monuments in Munich, Henning Grosseschmidt, who
developed a low impact wall heating system in the 1980s, the
so-called “Temperierung” which created similar warm walls
as the Roman hypocaust system did. By using radiative heat,
‘Temperierung’ creates an improved indoor climate for human
beings, art and building substance. For users of buildings as well
as for art, radiation heating has certain advantages in how it
transports heat in a building to create comfort for humans and
art. Convective heating that is often used but not only in museums creates more draft and distributes more dust. Humid walls
and mould problems are not tackled effectively by convective
heating when walls are cold. It is astonishing that radiation
heat, with all its advantages for people, artefacts, furnishing
and building and despite its easiest application possibilities, is
so rarely understood, built and used. When designing the Temperierung wall heating system, i.e. installation of heating pipes
in walls, certain baseline parameters must be carefully determined because the resulting factors have strong mutual influences. In buildings of monumental value, the main priority of
implemented mitigation strategies is conservation of cultural
heritage. However, certain aspects should not be overlooked,
such as solving potential material damage that can arise after
implementation and problems that might be linked to local heat
transfer and other building physics characteristics of construction materials. It is to be noted that microclimate conditions
are subject to constant change and are strongly influenced by
visitors, the infiltration of outdoor conditions and different uses
of premises. The aspect of energy saving has to be considered

carefully and is case dependent when using the Temperierung
wall heating system. Heating outside walls with a low thermal
standard can lead to increased heat losses of the building and
thus lower energy efficiency. In such a case, a Temperierung
heating system can have advantages when used only for conservation purposes and not for creating indoor comfort for
users. The ‘Temperierung’ heating system also prevents cold
wall effect and risk of surface condensation and mould growth.
These risks are even more common when massive buildings are
only occasionally used, unheated or intermittently heated, and
where visitors produce significant amounts of moisture, e.g. in
churches during the services, in halls during concerts, etc. At
the same time, it also reduces impacts of higher moisture levels
in walls above the ground, where problems might occur due to
water capillary rise because of insufficient waterproofing of old
structures.
3.5.1 “Temperierung” case studies in Vienna, Austria
As shown by the refurbishment of Painting Gallery of University of Fine Arts, Vienna, a museum and store room in the
basement a Temperierung system cannot create only indoor
climate stability. Also energy consumption, investment and
maintenance (dust cleaning, etc.) are low in this example. A
further interesting example of positive effects of radiation
heat is the refurbishing of showroom IV in Museum of Fine
Arts, Vienna. Because of bad thermal quality of outside walls
in combination with convective heating the paintings had
mould on the rear side. The solution was installing a Temperierung wall heating at the bottom of the outside wall to overcome humidity due to dew on the wall. After refurbishing the
conventional convective heating, the convectors as well as old
damp humidifiers in the middle of the room could be put out
of order. The room was heated and conditioned solely by wall
heating which created very stable and damage preventive indoor climate. Additionally energy consumption in this show41

room was cut by half compared to the original system and control
strategy, from about 140 kWh/m²/a to about 70 kWh/m²/a which
was proven by a new energy counter mounted in the basement.
3.5.2 “Temperierung” case study in Brežice Castle, Slovenia
One of the case study buildings within the Climate for Culture
project was Brežice Castle in Slovenia. At this site, a Temperierung wall heating system was installed in the Small Auditorium, the southwest tower room of Brežice Castle, in order to
study the expected benefits, possible side effects and to provide basic design guidelines for stakeholders. This pilot case
study allowed the Building and Civil Engineering Institute ZMRK
(BCEI ZRMK) to make a comparison with reference rooms in
other towers within the same site, where the wall heating system has not yet been installed, e.g. the armoury exhibition
room located in the northeast tower. The conceptual solution
of wall heating (“Temperierung”), apart from space heating as
its main purpose, proved to have many benefits, for example
reducing humidity level in walls and improving thermal comfort
for visitors: higher surface temperatures of surrounding wall
parts allow lower air temperatures to achieve same or better
level of thermal comfort. These aspects make this mitigation
strategy an option that is definitely worth considering for future implementations at similar sites.

By raising the temperature, the walls were dried out (see Fig.
2) and the indoor air relative humidity was lowered considerably, even to a level that was considered too low in winter.
Especially with the altar pieces in the side niches that are now
heated from behind by the ‘Temperierung’ system, new climate-related damages were observed. Over the course of the
Climate for Culture project in cooperation between the Bavarian Administration of State-Owned Palaces, Lake and Gardens,
Fraunhofer IBP and Krah&Grote Measurements it was possible
to install a new control system for the Temperierung that uses
the Conservation Heating strategy. The set-point is now 60 ± 2
% RH. Above 62 % RH , the heating starts to lower the relative
humidity; below 58 % RH the heating is turned off. This way,
too high temperatures during winter time that lead to low relative humidity are avoided and the indoor climate becomes more
stable. By reducing the temperature during the winter, energy
for heating is also saved. The first results from spring 2014 are
showing improvements to the indoor environment with relative
humidity in a range between 53 and 63 % RH in 90 % of the time.
The indoor environment and state of the artworks will be monitored closely in the future.

15.8 °C
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Figure 2: WUFI© 2D simulation of the development of moisture
content in the walls due to Temperierung with a heat pipe below
the plaster (on the left) showing the calculated moisture distribution after 1.5 years with wall heating.
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3.5.3 “Temperierung” with conservation heating control
at St. Renatus Chapel, Germany
St. Renatus Chapel, built in 1686, is situated in a pavilion of
Lustheim Palace in Bavaria. Until the beginning of the new
millennium, it was completely unheated. It had severe moisture damage to the lower parts of the walls from rising damp
and summer condensation, and high relative humidity with a
yearly average of above 70 % RH. The outer walls also have
an additional moisture barrier at about 20 cm height that was
installed in the 1970s and that did not prevent further damage
or high relative humidity in the unheated church. In the course
of a major restoration campaign in 2003, a Temperierung wall
heating system was installed (Fig. 1).

Figure 1: The thermography of the Renatus Chapel clearly shows
the wall heating of building components. Above the heated zone,
the temperature distribution is homogenous.
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Radiative heating experiments
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In the experiments, heating foil and electric resistance heat
sources were tested in the Friendly Heating heaters with four
different geometric shapes:
1. Semicircular underseat pew element (heating foil)
2. Rectangular underseat pew element (electric resistance)
3. Triangular underseat pew element (electric resistance)
4. Kneeler pad rectangular element (heating foil)
The experimental methodology was based on the measurements
of a Black Body target surface temperature using an infrared
thermo-camera as already done in the Friendly Heating project
and recommended by the EN15758:2010 European standard [1].
During the experiments, a set of infrared images (together with
the room conditions at that point in time) were recorded at various distances from the black body target for each of the heaters
and heating regime. The heating efficiency was calculated at each
decreasing distance, looking at the difference between the maxi44

The results achieved in the experiments provide useful information to help the final user and/or conservator to best exploit the
heating efficiency of the Friendly Heating heaters based on the
geometric characteristics of the elements and represent helpful advice regarding the installation position for maximum comfort performance or to avoid exceeding specific risk thresholds
for the preservation of artwork. In fact, once the heaters’ power
consumption is normalised, the results highlight that a large
difference exists on the directionality of the radiant efficiency
due to the heaters’ geometric shapes as follows:
•
The Friendly Heating rectangular underseat element heats
a black body target more efficiently through its frontal
surface (approaching the target vertically) than through
its side surface, for which it is 50 % less efficient than the
Friendly Heating triangular underseat element.
•
The Friendly Heating semicircular underseat element is between 50 % and 75 % more efficient than the triangular one
when used vertically to irradiate a target placed on a vertical plane. The maximum efficiency being at 15 cm (Fig. 1).
•
Finally the Friendly Heating triangular underseat element
reaches the maximum efficiency when, placed horizontally, it heats through the side surface. For this reason the
triangular underseat heater has been proven to be the best
shape for an underseat heater (Fig. 2).

Triangular

16
DT (°C)

mum temperature reached on the target surface and the room
temperature. The scope of these experiments was to test the influence of the heaters’ geometric shape on directionality of the radiant efficiency, i.e. the difference in efficiency between the front
and side use of particular heaters. Three experiments have been
performed to test how i) the front heating approaches the target
vertically, ii) the front heating approaches the target horizontally and iii) the side heating approaches the target horizontally. In
these experiments, the heating surfaces of the elements were positioned either vertically or horizontally to the black body target.

Figure 2: Side heating efficiency (approaching the black body horizontally) for the three Friendly Heating heaters at room temperature ranging from 0 °C to 10 °C (fill areas)
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On the subject of promoting the use of radiative heating in historic
buildings and particularly in historic churches, the heating concept
developed in the previous EU project Friendly Heating [5] [6] was
revisited within the Climate for Culture project. A series of laboratory tests was especially performed to assess the 3D heat efficiency
distribution of several Friendly Heating heaters with different heat
sources, power consumption, geometric shape and dimensions .
This heating concept was developed within the Friendly Heating
project (2002-2005) with the objective of devising the best heating
strategy with a compromise between the comfort of visitors and
conservation needs. In order to obtain the boundary conditions of
a “ real ” historic climate to be used in the laboratory experiments
with the heaters, the data from the church in Rocca Pietore, one
of the case studies in the Friendly Heating project, was used for
reanalysis. Room temperature was therefore simulated during the
experiments to change of the same values measured in winter in
Rocca Pietore, i.e. in the temperature range between 0 °C and 10 °C.

Figure 1: CfC experimental results simulated for the Rocca Pietore
case study in winter. The plot shows the front heating efficiency
(approaching the black body horizontally) for the two Friendly
Heating heaters at room temperature ranging from 0 °C to 10 °C
(fill areas).
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Moreover, another achieved outcome was the simulation of the
yearly energy consumption in Rocca Pietore on the basis of a
conceived Friendly Heating heater prototype assembling, per
each bench of the church, the elements in the more efficient
and effective arrangement as pointed out by the experimental results. The prototype was composed of two triangular underseat heating elements and two kneeler pad elements per
bench. The total energy use required by prototypes, used as intermittent localised heating strategy during services, was 4.84
MWh per year, instead of the 41.5 MWh per year of a traditional
centralised warm air heating system used intermittently with
an energy saving achievement per year of more than 88 %.
Finally, in the reanalysis, two important tools for cultural heritage preservation were applied: the concept of historic climate
stated in EN15757:2010 [2] to evaluate the safe thresholds for
cultural heritage collection in a church under unheated conditions and the specific risk assessment method developed within
the Climate for Culture project [3] to assess risk for specific
categories of objects (i.e. paper, panel painting, furniture and
sculpture) representing a large part of a collection available in
a church. Under this method, after temperature and relative
humidity measurements and damage functions application, an
assessment of risk induced by several heating strategies can
be determined. Reanalysis of results demonstrates that the
Friendly Heating strategy, conceived in modular form, with a
number of low-temperature radiant sources ergonomically
placed in the pews, is proved to be the best heating strategy in
term of preserving artworks as it meets both the EN15757:2010
and EN15759-1 [4] requirements.
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Impact assessment

Damage functions
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Once the outdoor climate has been modelled and the building simulation has shown how the
indoor climate will respond to the outdoor forcing, it is necessary to assess the potential impacts
that the various climate-related factors will have on the building interior as well as the objects and
collections kept inside. The impact will vary with the specific characteristics and vulnerability of
the various materials and methods of construction. The impact assessment tools are mathematical functions either known in the literature or determined with laboratory tests, model simulation
and case studies performed within this project.
The project has followed a problem-oriented strategy calculating the inputs (predicted indoor/
outdoor climate variables of conservation interest) and the outputs (potential impact and risk for
each material or object type). The results concerning the main deterioration factors, threshold
levels and critical frequencies have been mapped across Europe.
The results show the situation as it was in the recent past reference period (RP: 1961-1990), and
how it will be in the near future (NF: 2021-2050) and in the far future (FF: 2071-2100). The predicted changes from the recent past to the near and far futures have been calculated. The outcome
consists of 55,560 specific thematic maps over Europe, concerning the likely impacts and risks.
The way in which changes in environment may have an impact on the physical and chemical state
of various materials has been studied using a variety of techniques, including Digital Holographic
Speckle Pattern Interferometry (DHSPI) and 3D microscopy. These techniques have been applied at various case study sites and in controlled laboratory environments. Parallel studies of
environmental sensors such as the Glass Sensor have been carried out.
The predicted increases in damage to heritage items may have an economic impact as the costs
of maintenance increase and the ability of the public to enjoy the experience of visiting a historic
property decreases. The willingness of the public to pay for the additional conservation work
needed to maintain collections at pre-climate-change levels has been assessed.

Introduction
In the context of this project, damage is defined as unwanted irreversible change. A damage function is a quantitative expression of the cause and effect relationship between environmental
factors and material change. It may be in the form of an equation
(or algorithm) that converts environmental data into a prediction
of the rate of change or the risk of change.
The Climate for Culture project used damage functions in the
calculation of several of its outputs. Real and simulated environmental data was used in the analysis and decision-support
systems and in the creation of the risk maps.
One of the main aims of the Work Package Damage Assessment was to find suitable damage functions that could be used
by other Work Packages. Four main methods were adopted:
•
•
•
•

Looking at the literature and talking to researchers
Measuring changes in situ at historic sites
Looking at the present state of objects
Laboratory tests on token objects

The first approach was the most productive. The remaining
three methods produced interesting results but not in time to
be used within the project. These new results are described
elsewhere in the project literature.
Functions used within the project
Some risk and damage functions can be expressed purely in terms
of the measured climate: e.g. number of freeze-thaw cycles, time
below zero degrees and time of wetness. Others relate to the correspondence of environmental data to certain international standards e.g. the ASHRAE specifications or EN 15757. However the
majority of functions involve factors related to the chemical and
physical properties of different types of heritage objects.
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Within the project, functions have been used that describe:
•
•
•

Mechanical damage to wood, painted wood, stone and
plaster
Chemical damage to paper, textiles and photographic material
Biological damage caused by mould growth and insect attack

Some of these functions have been in use for a number of years,
such as those derived by Stefan Michalski at the Canadian Conservation Institute or Marion Mecklenburg at the Smithsonian
in Washington. Others were published after the 2009 start of
the Climate for Culture project by, amongst others, Peter Brimblecombe at the University of East Anglia (UEA), Matija Strlič
at University College London (UCL) and the Polish group led by
Roman Kozlowsi in Krakow. Three influential PhD theses were
published during the course of the project by Anne Fenech
(UCL), by Paul Lankester (UEA) and, within the CfC partnership,
by Marco Martens at the Eindhoven Technical University (TUE).
Inputs and outputs
The inputs of hourly RH and T data from measurements or simulations have been converted into different outputs. For the numerically competent, graphs and data distribution histograms
can be generated. More friendly pictorial climate maps show
changes in properties such as temperature and humidity mixing
ratio. Hazard ‘value’ maps show the distribution of numerical values calculated using damage functions for different hazards such
as mould growth. Where there are accepted thresholds that divide different levels of risk into categories such as high, medium
and low, these are displayed as hazard ‘risk’ maps.
The following discussion records some of the intellectual considerations that are not apparent in the visible products of the project.
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Between the inputs and outputs, there are several stages of
data processing that require decisions e.g. whether to apply the
damage function to yearly averaged values or take the average
of values of functions calculated for every hourly set of data.
The stages of risk assessment include estimation, evaluation
and communication. The communication of risk involves decisions about the choice of thresholds and the appropriateness
of ‘traffic lights’ to denote levels of risk. The choice of scale divisions and colour ranges for the maps is an important stage
in the risk communication strategy. At both the data processing stage and the risk communication stage it is essential to be
aware of seasonal peaks that might be ignored when looking at
annual trends.

The last two criteria are important. For instance the material
type ‘metal’ is too generalised; the chemical reactivity (environmental susceptibility) of iron is very different to that of gold.

Selecting damage functions
The range of possible functions and the advantages and disadvantages of different types are discussed in detail in the
two deliverables:
D 4.1 “Report on newly gathered knowledge on damage functions” and D 4.2 “Report on damage functions in relation to
climate change and microclimatic response” (www.climateforculture.eu).

While attempting to use the criteria listed, the Climate for Culture project has not completely avoided the pitfalls discussed
above.

The number of maps that could be produced had to be limited.
Each function would have to be calculated for two climate scenarios, three time slices and differences between past and future,
16 exemplary building types and 10 case studies. To keep the
number of maps manageable it was necessary to make a small
selection of damage functions from the large range possible.
Ideal criteria suggest that the damage function:
•
•
•
•
•
•
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should lead to information and advice useful to the stakeholder
must represent (an eventual) decrease in fitness for purpose
which must be apparent within a meaningful timeframe
must model the dominant mechanism of decay
must not generalise materials too much
cannot be too dependent on local variables

A number of functions are very dependent on local variables.
Pollution levels vary greatly between urban, rural and coastal
environments. It would be inappropriate to create maps that
were highly contingent on local conditions and required complex textual explanations to make them universally useful. With
the indoor environment, levels of risks such as mould growth
and insect attack are very dependent on local management. Attempts to predict changes in risk on a Europe-wide basis would
be subject to a large number of provisos.

Uncertainty
The project relies on a chain of information, relationships and
decisions, from the choice of IPCC scenario through the conversion of predicted outdoor environments into predicted indoor
environments to the integration of damage functions into the
production of the final outputs. The propagation of uncertainties
through this process is investigated in the paper ’Uncertainties
in damage assessments of future indoor climates’ [1] which first
appeared in the post-prints of the conference ‘Climate for Collections: Standards and Uncertainties’ and can be found in modified
form in deliverable D5.2. One way to become comfortable with
uncertainty is to abandon the illusion of certainty suggested by
the use of equations and graphs. The ‘equals’ symbol in a doseresponse relationship does not have the universal validity associated with its use in 2 + 2 = 4 or in a balanced chemical equation. At
best it suggests that if you put the same numbers in on one side
you will always get the same number out on the other, irrespective of any relationship to the real world.
Some idea of the possible uncertainty is given in the international of standard on metal corrosion ISO 9223-2012. The uncertainty of using the published damage functions is estimated
to be minus 33 % to plus 50 %.

Damage and value
Most damage functions predict changes in measureable chemical or mechanical properties of heritage materials. It is rare to
find functions that relate to changes in heritage values. One
successful attempt by Anne Fenech [2] plots subjective responses to the deterioration of colour photographs.
Keeping it real
To avoid the complexity of studying real changes in heritage
objects, damage function has been derived using dosimeters
that give a single type of measureable response. However, in relating a dosimeter-derived function to any real world changes,
it should be remembered that the only thing that follows the
dose-response relationship is the dosimeter. The dosimeter is
not designed to mimic objects but to measure aspects of the
environment.It looks at short-term changes to fresh materials.
It does not explain progress over a period of years or decades.
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One recent damage function derived by Matija Strlič attempts
to deal with the oversimplification of defining a diverse material
with a single word such as ‘paper’ and can also cope with changes
that take place as the material ages [3].
Validation
At the sometimes very low temperatures found in the unconditioned building modelled in this project, the function predicts
lifetimes far in excess of human experience of paper. So it is not
possible to use real world experience to validate the function.
The functions used to predict more rapid and obvious risks
such as an insect or mould attack might be validated if there
were Europe-wide records stretching from the ‘recent past’ to
the present day. One recent UK study of insect catches tends
to support the postulated relationship between increasing
temperatures and increasing insect risk [4]. However the study
warns that “the abundance of insects is not driven by temperature alone”. Factors such as the efficiency of local management
may be equally important.
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Chapter 4.3
with generally lower values. In the far future, no remarkable RH
changes are expected among buildings over different climate
areas.
T: higher variability, above all for small buildings, is expected in
Northern Europe (from -2.5 °C to +12.5 °C) and in the Mediterranean (from 10 °C to 25 °C); then Western Europe with T ranging
from 5 °C to 17.5 °C and finally Continental Europe from 7.5 °C to
17.5 °C. In the future higher changes are expected in Northern
Europe (a change in temperature from +2 °C up to +6 °C) and in
Southern Europe (from +3 °C up to +6 °C – small buildings), the
less affected zone from climate change being Continental Europe (from +2 °C to + 4 °C).
The T change under the RCP4.5 scenario is lower than under
A1B of about 1 °C in zone 2 and 3, lower of about 2 °C in zone 1
and of about 3 °C in zone 4.

Risk assessment
Chiara Bertolin and Dario Camuffo
Outdoor and indoor impact/risk maps constitute a powerful
tool for preventive conservation and policy makers. The assessment of impact and risk potentially caused by climate change
has been evaluated for 19 environmental variables and various
building types (i.e. 16 building types and 10 case studies) under
two IPCC emission scenarios (i.e. A1B and RCP4.5).
This contribution considers the most likely impact of indoor climate change on cultural heritage materials for the 2021-2050
near future and the 2071-2100 far future in reference to the
1961-1990 recent past, highlighting the most critical changes
that will likely occur across Europe.
To this aim, the four main Köppen simplified Climate Regions
in which Europe may be classified have been considered, i.e. (1)
subarctic, (2) humid continental, (3) marine Western coast, (4)
Mediterranean (Figure 1). The Köppen classification system,
originally based on vegetation, has been preferred because it
is based on temperature and precipitation that are also fundamental for conservation too. In this simplification, however, sovereign state borders prevail over small different climatic areas,
neglecting local departures.

1

2

Mechanical damages
Main forcing factors are heat and moisture changes, cycles and
changes of phases. Key parameters are temperature (T) and relative humidity (RH).
In the recent past, RH has high value and quite low variability in
Northern Europe, followed by Central Europe, Western Europe
and Mediterranean where a wide range of RH is expected but
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Marble, stone and masonry, in building envelopes (BE) and
objects (O). Mechanical damages related to objects are driven
by freeze-thaw cycles (FTC). Similarly, NaCl salt crystallisation
cycles (SCC) and Thenardite-Mirabilite cycles (TMC) have been
considered. For all the above variables risk has been assessed by
calculating the number of cycles per year.

1

3

Figure 1: The four Köppen simplified climate regions considered in
the Climate for Culture project

The main deterioration mechanisms considered are: mechanical,
chemical and biological, as follows.

In addition to T and RH, other variables are sensitive to mechanical risk depending on the cultural heritage materials:

4
4

Figure 1

Salt crystallisation cycles: The reference period shows that
small buildings have greater variability in the number of SCC with
regards to large buildings. Regions 2, 3 and 4 show a larger range of values. Higher number of SCC are simulated in region 3 for
lightweight buildings. In the far future, a mean decrease in SCC
is observed all over Europe above all in large buildings (up to -35
N°/yr), a little bit higher in Region 1. The RCP4.5 scenario shows
a slower future cycles decrease compared to A1B.
Thenardite-Mirabilite cycles: There is a light difference in risk
between Northern and Continental Europe (max 140 N°/yr) and
Western Europe and the Mediterranean region (max 160 N°/
yr). Larger buildings are at higher risk within these areas. In the
future, zone 1 will increase TMC risk by an average of 10 N°/yr,
instead the rest of Europe will benefit from climate change, de-

creasing TMC down to -30 N°/yr in Eastern and Southern Europe regardless of the building type. The RCP4.5 scenario shows
in the future a lighter decrease.
Freeze-thaw cycles: The behaviour is similar to the TMC with
the difference that the maximum risk (60 N°/yr and 40 N°/yr) is
reached by lightweight buildings with high Moisture Buffering
Performance (MBP). Generally, in the far future, the risk will decrease (-20/-30 N°/yr) except for the Atlantic Western Europe
and the Mediterranean region (small buildings only) where no
significant changes are expected. RCP4.5 shows smaller future
changes.
Wood: Climate-induced risks on wood are due to RH cycles/
changes. Specific damage functions have been used to evaluate
the mechanical risk for objects sensitive to moisture fluctuations as wooden panel painting (risk on pictorial layer and base
material), wooden sculpture and furniture. Risk is expressed by
traffic light method in term of arbitrary units (AU) as follows:
Panel painting-base material: Over the reference period, all
four climate regions, irrespective of the building types, highlight an average situation (orange in the risk colour code) ranging between 0.9 to 1.1 arbitrary units (AU). In the far future,
there is a scenario of a mixed situation with sub-areas safe or
at risk within the Mediterranean belt (irrespective of building
type) and Northern Europe for heavyweight buildings. An increase of up to +1 in AU is expected for Central and Western
Europe and for lightweight buildings in Northern Europe. The
RCP4.5 scenario shows different outcomes in Continental Europe compared to A1B.
Panel painting-pictorial layer: Light risks for small buildings
in Continental Europe (ranging from 0 to 1.4 AU), higher risks
in some sub-areas in the Mediterranean (ranging from 0 to 2
AU), Northern and Western Europe being safer, in particular for
large buildings. In the far future, a mixed situation is expected
all over Europe except in Northern Europe where heavyweight
buildings will experience a risk decrease (down to -1 AU). RCP4.5
highlights a non-homogeneous situation.
Sculptures: Over the reference period, similar situation as for
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the panel painting-base material. In the future, the risk will
increase slightly all over Europe in all buildings with certain variability for high MBP small buildings in Region 4.
Furniture: Low/medium risk is expected, irrespective of building
types, in Continental and Mediterranean Europe; in the North,
risk slightly increases for small buildings, while the safe region, in
particular for lightweight buildings, is Western Europe. In the future a mixed change with spot areas where the risk can increase
or decrease is expected in Western and Southern Europe and for
large buildings in Northern Europe. Instead in Continental Europe, however, the risk will decrease down to -1 AU.
Chemical degradation
Chemical deterioration is controlled by both T and RH. The risk
on paper (both historic - pH 7 and modern - pH 5) and on silk
can be expressed in terms of AU with the traffic light code or as
expected lifetime in years, whereas the risk for colour photographs is calculated as an overall colour change in terms of Red
Green Blue (RGB) occurring in time.
Historic paper: In the past, the lower risk for large building with
low MBP in Northern Europe (lifetime of up to 200,000 years),
Continental Europe and Mediterranean have a similar lifetime
of up to 80,000 years and the higher risk was expected in Western Europe with 25,000 years In the far future, the risk will
increase (due to the lifetime decrease) especially for Northern
and Central Europe.
Modern paper: The risk is distributed spatially just like for historic paper but the quantitative values are a bit different.
Silk: In the past, the minor risk was obtained for Northern Europe, then followed by the Mediterranean region where only
some risky areas were expected, Continental Europe and finally
Western Europe that were the most at risk. In the far future, the
risk will increase over the Mediterranean belt, although some
spot safe areas will be still expected. Then the risk will increase
in Western and Central Europe.
Biological deterioration
Biodeterioration of various material types (i.e. stone materials,
wood, paper, silk and colour photographs) depend on the com54

bination of RH and T, as follows.
Mould (risk expressed in mm/yr of mould growth): Over the
past reference period, mould growth conditions are similar for
all large buildings in Northern and Central Europe and the Mediterranean (up to 150 mm/yr). Small buildings instead highlight lower growth conditions, especially in the Mediterranean
belt. The most risky area is Western-Atlantic Europe (max up to
250 mm/yr - regardless of the building type).
In the future, the mould growth risk will increase for larger
buildings and above all in Northern Europe (zone 1 - up to
+120 mm/yr; zones 2 and 3 - up to 80 mm/yr). The Mediterranean region does not highlight any change of risk. The RCP4.5
scenario shows half the risk of the A1B scenario in Regions 1 and
3 and a light increase in risk across the Mediterranean belt.
Insects (risk expressed in degree days per year): Area of greater/lower risk is the same for insect T and RH dependent in the
past as well as in the future, the changes only concern the quantitative level.
RH (e.g. woodworm) and T dependent (e.g. clothes moth).
In the past, lower risk is expected for large buildings in
Northern Europe (up to 500 DD/yr), in Central and Western Europe the risk increases (up to 1500 DD/yr for small
building and up to 1250 DD/yr for large ones). In the Mediterranean, the risk variability increases up to 2500 DD/yr,
a bit less for lightweight buildings.
In the far future, the risk will increase, irrespective of building
type in Northern and Central Europe, respectively up to 400
DD/yr and 600 DD/yr; in Western Europe the risk is higher for
lightweight buildings (up to 800 DD/yr). In the Mediterranean
belt there is a mixed scenario: it is higher for low MBP and heavyweight buildings while it is lower for lightweight building with
small window area. RCP4.5 scenario is a bit lower than A1B.

Experimental investigation of surface monitoring of materials in
environmental conditions
Vivi Tornari, Eirini Bernikola, Nota Tsigarida, Kostas Hatzigiannakis, Michalis Andrianakis, Violeta Bokan Bosiljkov and Johanna Leissner

Introduction
The changing climate and especially changes in temperature
and humidity have a long-term impact on the physical structures of materials. It involves slow but steady changes of the
dimensions of the physical system as a tendency to equilibrate
with the surrounding environmental conditions. These spatial
alterations provoke invisible structural deteriorations that remain invisible as long as the materials consisting of the physical body remain among the elasticity range. The deformation
that occurs as response to the continuous effort for equilibrium deteriorate the structural integrity.
In the presented experimental research, an effort is made to
visualise the invisible effects as they are witnessed by the dimensional alterations caused by Relative Humidity (RH) which
affects the moisture content (MC) for example in the material wood. The moisture of the wood strongly influences the
a) wood density, b) mechanical properties, c) the electric and
thermal coefficients, d) wood treatments or machining and e)
wood resistance against mould and insect colonisation. Wood
moisture under the fibre saturation point increases the wood
durability and resistance. Wood density is the best indicator
for the quality and mechanical durability and resistance of
wood with higher density signifying better mechanical properties and endurance.

ciples named digital holographic speckle-pattern interferometry (1) (DHSPI) was implemented. Conventional RH/T sensors
(2) were used to record environmental conditions while a new
range of experimental sensors were used as well: Glass dosimeter sensors (3) (GS) to record the synergetic corrosive impact
of the specific environment either at outdoor positions, indoor positions or the micro climate of an object (ΔΕ value) and
Free Water sensors (4) (FWS) to record the free water inside
natural cavities. A 3D video microscope (5) (3DM) was used
to examine the cavities. The focus of this chapter is primarily
on the results of the DHSPI system showing the deformation
impact of fluctuating RH.
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Applied techniques to detect alterations in artistic materials
In the Climate for Culture project complimentary types of instrumentation were used for in situ measurements of objects
of art: this combination allows precise and integrated measurement of the real damage impact of climate change on cultural
heritage at regional scale. To measure the relative displacement due to dimensional changes caused by fluctuations of
RH/T, a new prototype system based on interferometry prin55

Digital Holographic Speckle Pattern Interferometry
(DHSPI)
This laser interferometry portable system, shown in Figure
1, was developed through EU-funded projects Laseract and
MultiEncode: it is capable of remotely recording optical displacements of endangered surfaces in the range of fractions of
a micrometre.
Figure 1: Portable DHSPI system in operation
Figure 2: Temperature and relative humidity recording at Brezice
Castle: (a) small auditorium (heated) 17/02-18/02/2011, (b) chapel
(unheated) 16/02-17/02/2011
The data traces in the form of interference fringe patterns the
local and whole field displacement fields used in deformation
measurements. As shown in Table 1, these can reveal:

Figure 1
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Table 1
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Monitoring duration (min)

· Homogeneity/inhomogeneity of surface
2. Environmental effects
· Monitoring of surface reaction
1. Impact assessment

Glass Dosimeter Sensors
The glass dosimeter sensors were developed by Fraunhofer ISC
in a previous EU project (AMECP 1993-1996) and have since
been applied throughout Europe and beyond. The results from
these glass sensor studies contain the ΔE values, which are directly correlated with the environmental conditions (degree of
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corrosivity) at the exposed location, and are listed in the categories “stained glass windows”, “storage rooms and display
show cases” and “outdoor measurements”. This database is
necessary to be able to compare new measurements within
Climate for Culture with “historic data”. Each set of glass dosimeter sensors contains three single dosimeters. Two are dosimeters with the glass composition M1.0 (extremely sensitive) and
one with MI (less sensitive). Two sets of dosimeters are installed
inside. Another set is installed outside. The ΔE-value from the
outside is compared with the value of the dosimeter study from
measurements previously performed. The ΔΕ-value from inside
is correlated to the values of the RH/T as recorded from the conventional sensors and FWS. Another potential is the comparison
of GS values to the interferometry deformation values

potential changes in the mechanical properties of other types
of materials. The glass dosimeter sensors were exposed for
3 months in each location from 17 February-17 May 2011.

Free Water Sensors
This easy-to-read sensor provides information on the available
water content of the air. Furthermore it facilitates the finding of
suitable application sites for the conventional RH/T sensors and
thus allows for faster access to environmental control.

The in situ examination of the wall painting from Brezice confirm the findings: it was observed that the rate of deformation in the heated auditorium was higher compared to the
rate in the unheated chapel (see Table 3). The rate of displacement corresponds to the GS deformation of the examined
surface in the heated room during the monitoring period.
The DHSPI/3DM combination mapping is seen in Figure 3.

Digital Video Microscope System Hirox (3DM)
The Digital Video Microscope System Hirox allows measurements on specimens to study cracks and internal cavities which
can be combined with the interferometry measurements. The
results are encouraging for comparative studies using non-contact DHSPI interferometry: anomalous surface fringe pattern
distributions indicate endangered areas of the examined artwork while the 3DM confirms the cause of the abnormality. The
techniques can provide 4D maps of surfaces.

Table 2
Glass dosimeter
No.
110141

110161

Glass dosimeter
location

E0 value

E1 value

ΔE value

CHAPEL
(UNHEATED)

0.046

0.046

0.000

SMALL AUDITORIUM
(HEATED)

0.046

0.050

0.004

Table 3
DHSPI (displacement) in the heated room: max. rate difference: 1.5 μm/min
DHSPI (displacement) in the unheated room: max. rate difference: 0.035 μm/min

Results from the combination of sensors and DHSPI system
The glass dosimeter sensor result shows no corrosive impact at
all with a ΔE value of zero for the unheated room in the Chapel of
Brezice Castle campaign in Slovenia whereas the heated room
in the small auditorium has a slightly higher value, meaning a
higher environmental impact on the art objects (see Table 2 and
Figure 2). This is in line with the T and RH measurements which
demonstrate that heating the room leads to a higher degree of
RH/T fluctuation. Although the fluctuation is quite small, it provokes corrosion in the glass dosimeter sensors also indicating
57

800

Displacement (µm)

Figure 3: (a) In situ examination of wall painting with DHSPI and
3DM. The wall painting is located in the unheated chapel. Comparative study in a focused area with (b) 3DM (c) DHSPI results
Results from DHSPI system
A new experimental approach to defining deformation threshold
values with direct full-field surface monitoring in an automatic,
non contact and remote real-time mode has been realised. The
results are consistent and repeatable. An indicative example of
longer term RH climate-induced alterations in climate chamber
experiments with direct surface monitoring is shown in Figure
4a-e. It is noticeable that the diagrams represent values and
graphical expressions that are non-continuous. Specifically the
intense alterations that take place during the 7th day and continuing through the 8th day with considerably high values of
relative displacement are highlighted by circles. The relative displacement at these points reaches 600-650 μm. The upcoming
failure of the sample is seen in a well preventive period ahead of
fracture. The "variability" of the reaction in frequency and amplitude over the safe zone (threshold value of Rate of Deformation)
has been experimentally observed to be the sign of the climateinduced deterioration impact.

Figure 4a-e: The response of the examined sample in terms of
relative displacement in relation to t=0 is presented in a, b. The
circles in c-e show the graphical expression and the start of
discontinuity.
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Conclusions
A new experimental approach to defining deformation threshold
values with direct full-field surface monitoring in an automatic,
contactless and remote real-time mode has been further developed within Climate for Culture. The results are consistent and repeatable through the experimental course from preliminary experiments to the advanced physical quantities correlation. This new
methodology allows for visualising and quantifying the influence of
changing climates directly on the artworks themselves in particular
the impact of short term fluctuations, and will thus contribute to
developing appropriate conservation strategies.
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Chapter 4.5
The economic benefits of conserving built heritage interiors from
climate change damage in Europe

•

Susana Mourato, Eleni Fimereli, Davide Contu and Chris Gaskell

This study is the most comprehensive and in-depth analysis ever
undertaken of the economic benefits of reducing climate change
damages to cultural built heritage interiors (CBHI) in Europe. The
focus is on non-iconic heritage and specifically the contents inside
the heritage buildings (e.g. collections such as paintings, wooden
objects or textiles). Our contention is that these materials provide
similar types of services (e.g. leisure and recreation, education and
knowledge, spiritual benefits and sense of place and identity) which
increase the scope for transferability of the estimated values and for
subsequent use in project appraisal [1].
Climate change is expected to lead to gradual changes in temperature and relative humidity over a period of 100 years (based
on the A1B IPCC scenario from the 4th IPCC report). In the absence of adequate conservation measures these changes are likely
to give rise to gradual increases in deterioration rates in CBHI due
to mould growth, cracking, infestation and reduced object lifetime (Fig. 1). Most of the benefits of conservation in this case are
non-market in nature i.e. they are not reflected in market price
changes. In order to convert heritage benefits, i.e. increases in
welfare after an improvement in a heritage asset, into a monetary
figure, which enables different policies to be evaluated on a consistent basis, we elicit people's willingness to pay (WTP) for these
welfare-enhancing outcomes using stated preference methods [2].
We selected five European case study countries (Fig. 3) – Germany,
Italy, Romania, Sweden and United Kingdom – and ten case study
sites within these countries – Ham House (Fig. 2), Knole and St.
Joseph & the English Martyrs Church (UK), Gotland churches (Sweden), Bronnbach Monastery, Linderhof Palace, Neuschwanstein
Castle and Pergamon Museum (Germany), Black Church (Romania),
and Ca' Rezzonico (Italy). The case studies sites include three different types of built heritage – palaces or manor houses, churches and
museums. We surveyed over 4,000 people in the 5 countries, using
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online general population surveys to value the conservation of each
country’s built heritage interiors from climate change damages; in
addition, we interviewed around 2,000 visitors in the 10 individual
sites to value the conservation of the interiors of each site.
We found evidence of considerable economic benefits for both visitors and general population, associated with the protection of CBHI
from climate change damage across all countries and case study
sites. We also find that heritage conservation values can be successfully be transferred [1] with moderate errors between sites, particularly when populations and valuation methodologies are most
similar.
Visitor survey findings
•
Case study site visitors actively visit other types of built heritage as well. In general, churches, chapels and cathedrals appear to be the most frequently visited sites.
•
In some cases, external features and architecture of a property were seen to be very important (Ham House, Knole, Neuschwanstein, Bronnbach), while in others the interior features
and collections had precedence (St Joseph Church, Gotland
churches, Black Church, Pergamon, Ca’ Rezzonico). In the
case of Linderhof Palace, both external and internal features
seemed to be of similar importance.
•
In all cases, the overwhelming majority of visitors would continue to visit the case study sites even in the presence of climate change damage. However, for about a third of respondents, the enjoyment of the visit could be affected.
•
Results indicate very strong and positive attitudes towards heritage conservation from visitors. In all sites, the
large majority of respondents agree that built heritage is
vulnerable to climate change and also provides value to nonvisitors. Romanian and Italian visitors have particularly strong
views with some 90 % agreeing that built heritage is vulner-

•

Woodworm damage (National Trust Images)
Figure 1
•

•

•

•
Ham House
National Trust for England, Wales and Northern Ireland
(National Trust Images/John Hammond)

Figure 2

able to climate change. Similarly, the overwhelming majority
of visitors disagree with the assertion that the state of conservation of built heritage in 100 years’ time does not matter.
The majority of visitors in all case study sites were at least
somewhat familiar with the climate change impacts described in the survey. Romanian, Italian and Swedish sites appear to have the highest proportion of visitors familiar with
climate change impacts (roughly 95 %), while UK sites have
the lowest (about 75-80 %).
The majority of visitors across all 10 sites were satisfied
with the state of conservation of the site they were visiting. The highest levels of satisfaction were encountered in
Ca' Rezzonico (95 %), Neuschwanstein (95 %) and Gotland
churches (94 %). The proportion of those noticing signs
of deterioration was higher in Bronnbach Monastery
(55 %) and Knole House (46 %).
Some 45 % of Romania’s Black Church and 53 % of Italy’s Ca’
Rezzonico’s visitors selected cultural heritage amongst their
top three choices for public spending priorities, compared to
only 20 % of visitors of the UK’s Knole House and 24 % visitors
of Sweden’s Gotland churches.
The proportion of visitors not willing to pay for the protection
of the case study site interiors from climate change damages
varies widely from 7 % in Bronnbach Monastery and St Joseph
Church, to 32 % in Ca’ Rezzonico, Neuschwanstein Castle and
Gotland churches (Table 1).
For nine of the sites, the median WTP values per visit are
remarkably similar, not just between the same country
or the same type of heritage (palace, museum or church),
but across all sites, varying from €1 for the Pergamon Museum, Neuschwanstein, Black Church and Gotland churches to €2 for the remaining sites. Visitors allocate between
52 % to 62 % of their total WTP to protect from gradual climate change damage, with the remaining being allocated to
protect from extreme weather events such as flooding.
Rough conservative estimates of total annual visitor WTP
to conserve the case study sites from gradual climate
impacts vary between €10,000 for St Joseph Church and
€28,000 for Bronnbach (the sites with fewer visitors), to
€830,000 (Neuschwanstein) and €750,000 (Pergamon), using
median WTP.
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As expected, income is a positive determinant of WTP for
conservation. Visiting heritage sites, being a member of an
environmental organisation, being religious and having positive attitudes towards heritage also have a positive effect on
WTP.
We also find that transferring values for heritage conservation across countries can yield reliable results in many cases,
particularly when populations and valuation methodologies
are most similar. Excluding Romania, unit value transfer errors vary between 13 % and 53 %, which is within what is considered to be an acceptable range, similar to those in previous
studies involving international transfers.

Table 1: Visitor willingness to pay for the conservation of the case
study sites’ interiors from climate change damages (€ per person,
per visit)
Zero
WTP

n

General population survey findings
•
There is a relatively high level of use of heritage sites
amongst the general population with most people, in
most countries, having visited heritage sites in the last
12 months.Italian and Romanian respondents seem to
visit religious buildings the most, with the UK and Sweden
samples visiting the least.
•
Overall, the internal features of a property, closely followed
by the recreation potential and the external characteristics
seem to be the most valued features of heritage sites across
all countries.
•
We found very positive attitudes towards heritage conservation from general population samples. The vast majority of
respondents, across all countries, agree that built heritage is
vulnerable to climate change, contribute to national identity
and provide value for non-visitors as well as disagree with
the assertion that the state of conservation of built heritage
in 100 years’ time does not matter. Romanian and Italian respondents have particularly strong positive views.
•
The majority of respondents in all countries were at least
moderately familiar with the general and specific climate
change impacts described in the survey. Level of concern
with climate change impacts appears to be highest among
Italian and lowest among British respondents.
•
About a third of Romanians and almost half of Italians select
cultural heritage amongst their top three choices for public
spending priorities, compared to only 20 % of German, roughly 15 % of Swedish and fewer than 10 % of British people.
•
Nearly a quarter of British and German respondents were
not willing to pay anything towards the conservation of their
country’s built heritage interiors from climate change damage, consistent with the fact that cultural heritage was not a

•

high priority for public spending in these countries (Table 2).
The percentage of those not willing to pay for heritage conservation in other countries was much lower (11 % to 15 %).
Overall, we found significant economic benefits associated
with the protection of built heritage interiors from climate
change damage across all countries. Median WTP per person
per year is similar in the UK, Germany and Italy (around €10),
highest in Sweden (€17) and lowest in Romania (€5), consistent with the fact that average income is highest in Sweden
and lowest in Romania. Respondents allocated between 62 %
and 76 % of their total WTP to the protection from gradual
climate change damage, with the remaining being allocated
to reducing the risk of damage from extreme weather.
Rough conservative estimates of annual WTP for the conservation of all national built heritage interiors from gradual climate impacts vary between €22 million for Romania to €290
million for Germany (using median WTP).

e de

•

As expected, income is a positive determinant of WTP for
conservation. Visiting heritage sites, noticing signs of deterioration and having positive attitudes towards heritage also
have a positive effect on WTP.
Our results also show that, when visitor populations and valuation methods are similar, low and moderate transfer errors
can be found when transferring values between similar or different types of heritage sites and between countries.

Sw

•

UK

Germany

Italy

Romania

Median

Mean WTP

Mean WTP gradual
impacts
(% total WTP)

Ham House

12.6 %

€2.50

€3.60

€2.30 (62 %)

Knole

14.6 %

€2.50

€4.80

€3.00 (62 %)

St. Joseph
Church*

6.7 %

€24.10

€34.10

€17.80 (52 %)

Gotland churches
(last visited)*

31.6 %

€1.20

€9.20

€5.40 (58 %)

Bronnbach
Monastery

6.7 %

€2.00

€3.00

€1.80 (61 %)

Linderhof
Palace

22.7 %

€2.00

€3.50

€2.10 (62 %)

Neuschwanstein
Castle

31.6 %

€1.00

€2.60

€1.60 (59 %)

Pergamon
Museum

30.0 %

€1.00

€2.40

€1.40 (60 %)

Black Church

19.4 %

€1.10

€2.80

€1.60 (58 %)

Ca' Rezzonico

31.8 %

€2.00

€2.60

€1.60 (62 %)

Table 2: General population willingness to pay for the conservation
of their country’s built heritage interiors from climate change damages (€ per person, per year)
UK

Germany

Sweden

Italy

Romania

Zero WTP

23.5 %

23.7 %

14.5 %

14.0 %

11.0 %

Median WTP

€12.00

€10.00

€16.50

€10.00

€4.50

Mean WTP

€33.40

€28.40

€49.90

€43.50

€12.60

Mean WTP
gradual
impacts
(% total WTP)

€25.40
(76 %)

€20.80
(73 %)

€31.10
(62 %)

€30.40
(70 %)

€8.30
(66 %)
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Figure 3: Visitor survey countries
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Chapter 4.6
Retrospective preservation surveys of collections
Ralf Kilian, Charlotta Bylund Melin, Kristina Holl, Andreas Weiss
•

•

•

One of the innovative aspects of Climate for Culture is the
retrospective investigation of the cause effect relationship
between indoor climate conditions and preservation state
of representative cultural heritage assets in the face of climate change. This refers to movable and immovable heritage with a broad range of technological constitution and
climatic vulnerability, hosted in distinct types of buildings in
different European climate regions.
Risk assessment in preservation is usually based on established guidelines, standards or damage functions describing the progress of certain damage phenomena. Frequently
these rules have been derived from laboratory or exposition
studies, partly combined with simulations to improve models for degradation processes. Since this approach can never
comprise the whole reality, conservators now have started
assessing the representativeness of established guidelines
like the ASHRAE standards for Museums and Archives with
retrospective condition surveys of collections.
The investigation focused exemplarily on painted wooden
objects and canvas paintings. Surveys were performed
on the historic furnishing in Linderhof Palace, in Gotland
churches studying polychromic wooden pulpits and in Prussian palaces at hundreds of canvas and panel paintings. The
gathered data will be assessed with statistical methods.

Crazing of the varnish caused by moisture infiltrating
from the varnish craquelure.
Figure 1

Linderhof palace: losses of the gilded surfaces have not
increased during the last 20 years.
Figure 2
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Stakeholder experiences

The pulpit in Hörsne church,
Gotland.
Figure 3
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Chapter 5.1

Chapter 5.2

Cultural heritage in times of climate change the case study buildings

Stakeholder experiences putting Climate for Culture in the context of the National Trust

Melanie Eibl and Andreas Burmester

Katy Lithgow and Nigel Blades

The over one hundred Climate for Culture case studies are various types of historic buildings originating from different times and construction periods, located in different climate zones and
used in different ways. They were subject to in-depth studies providing knowledge on the state
of preservation, interpretation of indoor climate conditions and requirements from a preventive
conservation point of view together with an inventory of the different European/Mediterranean
climatisation strategies.
To enhance the knowledge about the complex interaction between use, indoor and outdoor climate, technical features and the state of preservation of works of art, not only future scenarios
were modelled but also indoor climate conditions were also assessed and examined. The stakeholder experiences have shown that it is important to balance the results from scientific laboratory experiments against real-life practical observations in regard to the state of preservation of
objects. Only being aware of the history of cultural heritage allows for predicting future risks and
developing mitigation and adaptation strategies.
The state of preservation of a cultural heritage building or object depends on a number of factors
such as relative humidity, temperature, light, pollutants which can be referred to as “agents of
deterioration” that constitute the environmental history of an object. However, only few objects
have a well-known history. To allow any prediction about its future, we therefore have to learn
more about the climate history of cultural heritage items and sites. This knowledge is even more
important in periods of dramatic climate change.
Preventive conservation aims to provide acceptable conditions for the preservation of movable
and immovable cultural heritage objects. These are often housed in historic buildings under legal
protection. The Climate for Culture project aimed to develop mitigation and adaptation strategies for the preservation of the heritage sites and the works of art they house to counter the
impact of climate change. Besides rising temperatures, the accumulation of extreme weather
events (strong winds, heavy rain and snowfalls, flooding), the impact of growing tourism as well
as decreasing economical resources contribute to its decay.

With five mansions and three church buildings as case studies,
and the regular involvement of two staff members, the National
Trust has a significant stake in the Climate for Culture project.
As a privately funded charity that is independent of the government, we depend on over 70,000 volunteers working with 5,000
members of staff to care for and open 350 properties to 4 million members and 20 million visitors a year. As Europe’s largest
conservation charity, the breadth of the Trust’s interests and
its conservation purpose mean we have taken climate change
seriously for the past 20 years [1,2]. In this project we were concerned over its impacts on our historic house interiors and our
control options.

•

•

•

Ham House, Richmond, a remarkably complete seventeenth century interior with an effective conservation heating system whose Thameside location makes it vulnerable
to climate induced fluvial flooding and tidal surges.
Knole House, Kent, a medieval and Renaissance palace with
outstanding Royal Stuart furniture currently undergoing
major conservation. It lacks environmental control and suffers from mould and insect growth.
Blickling Hall, Norfolk, a Jacobean mansion with a broadly
zoned conservation heating system. It has suffered from repeated flash flooding and water infiltration, causing mould
and insect infestation.
Lanhydrock House, Cornwall, a Jacobean and Victorian
mansion whose fabulous Long Gallery shows good within
room conditions due to its broadly zoned conservation heating system but still has mould growth behind paintings and
on books.
Cragside, Northumberland, a nineteenth century Tudorbethan mansion whose well-managed conservation heating
system has been recently upgraded; the house has also recently suffered flash flooding.

Figure 1: The Long Gallery at Blickling Hall: one of the National Trust
case study mansion properties in the Climate for Culture project.

Ashley-Smith, J.; Burmester, A. and Eibl, M. (2012): Climate for Collections – Standards and Uncertainties. Postprints of the Munich Climate Conference, 07th to 09th November 2012, Munich 2013

Figure 1 (National Trust Images/Andreas von Einsiedel)
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•

The case studies represent a range of locations, environmentally
induced damage and control.

References
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•

None of the three church buildings are environmentally controlled:
•
Gibside Chapel, Northumberland, a Palladian building containing spectacular plasterwork and architectural fittings.
•
The priory church of St Michael’s Mount on a tidal island off
the coast of Cornwall dating from the twelfth century.
•
Staunton Harold Church in the Midlands, built during the
Commonwealth features seventeenth century woodwork,
metalwork, textiles and a painted wooden ceiling.
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Results from our participation have included:
•
Peer review of reports produced for and by the Trust such
as the mapping of coastal risks;
•
Proving monitoring techniques such as Digital Holographic
Speckle Pattern Interferometry which shows that different
wall finishes move at different rates as the relative humidity (RH) fluctuates;
•
The willingness of our visitors to pay to protect our collections from climate change-induced damage, revealed by
London School of Economics questionnaires;
•
Reasonably good correlation of damage functions and risk
maps with our own experience;
•
Confirming the effectiveness of current controls, but anticipating future loss of control as summer temperatures
increase;
•
Helping formulate key performance indicators to assess
the control of physical damage, relative humidity and remedial conservation progress;
•
Showing that conservation heating consumes less than
half the energy of comfort heating and thus contributes to
the Trust’s target of reducing energy consumption by 20 %
by 2020 (compared to 2008).
•
Expressing our need for environmental control systems
that are low in capital cost, energy consumption and technical complexity, simple for non-specialist staff to operate
and maintain and appropriate to local contexts such as using the local estate to fuel biomass;
•
Using building simulation to understand whether energy
saving interventions such as increasing insulation cause
undesirable consequences such as cold bridges and condensation.
An example of how the National Trust has benefitted from
being a stakeholder in Climate for Culture is the research the
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project has enabled us to undertake on the impacts of climate
change on conservation heating.
Conservation heating is the main method the National Trust uses
to control and stabilise relative humidity to care for the collections in its historic houses [3]. This strategy allows the heating to
be operated on demand, 24 hours a day, 365 days a year, depending on the RH inside the building. In practice only a little heating
is needed at any time and, as described above, this is far less than
would be required for comfort heating to 21st century expectations. Therefore, it is sufficient to maintain an indoor temperature of between 9 and 15 °C in winter and perhaps 16 - 22 °C in
the summer. For the comfort of visitors, the maximum heating
temperature is limited to 22 °C, although there are times when a
high temperature is needed to reduce the room RH to below 65
%, the upper limit of our target RH band.
In the warmest south-east corner of the UK, the Trust has found
that there are 6-12 days per year when this upper temperature
limit on conservation heating prevents RH from being controlled below 65 %. We were interested in investigating if this
would alter in the future due to climate change and also how
the energy consumption of conservation heating would change
in the future.
It was possible to investigate these research questions using
the climate datasets generated for the specific locations of our
properties in the Climate for Culture project. By using the modelled air moisture content and external temperatures, the average annual degree day totals for conservation heating energy
demand were calculated for 31 year time slices of the modelled
climate data: 1961-90 (near past), 2021-2050 (near future) and
2071-2100 (far future), following a methodology developed by
the National Trust [4]. These totals were calculated with and
without the upper temperature limit of 22 °C, so that the difference between the two totals would indicate that the proportion
of time conservation heating could not control RH due to the
upper temperature limit.
Figure 2: Change in energy demand for comfort and conservation
heating strategies in A1B Climate Scenario, for the location of
Knole house, expresssed as degree days for comfort heating to 19
°C and conservation heating to 58 % RH. No upper heating temperature limit is applied for the conservation heating.

These calculations were done for three National Trust case study
properties: Knole House, Ham House and Staunton Harold
Church. All showed a similar pattern with the most noticeable effect in the south-east properties.
As might be expected the comfort heating demand fell significantly in the climate change simulation data (A1B scenario), in
fact, by 27 % from the near past compared to the far future.
However, the conservation heating demand showed only a 2 %
decrease from the near past to the far future when calculated
without the upper temperature heating limit of 22°C. This is because the modelled absolute humidity of the air rises in parallel
with the temperature, so that the same amount of heating will be
required in the future, but from a higher base temperature.
Introducing the 22 °C upper temperature limit to the conservation heating demand calculation showed that the proportion of
time in a year with unmet demand for RH control was 4 % in the
near past, rising to 13 % by the far future. Clearly at some point
in the future a decision will need to be taken as to whether it is
feasible to increase this upper temperature limit or if alternative
RH control strategies will need to be employed in the summer in
the far future.

2500

2000
Annual average degree days

As the atmosphere of these houses depends on the open display of mixed collections, the risk of higher humidities from
warmer and wetter winters raises our concern that damage will
increase from condensation, mould, insect pests and the cementation of dust to historic surfaces, which will become more
difficult to clean.

This research has enabled us to understand the likely impact of
climate change on a key environmental control strategy. It would
not have been possible without our participation in the Climate
for Culture project and collaboration with the project researchers
to generate data analysis for our case study sites.
It has been great to see our buildings and data being used to develop researchers’ expertise and analytical and monitoring techniques. We look forward to their further application. We have
observed that questions that seem simple to researchers, such
as describing building fabric, floor areas and volumes in complex
historic structures, may be difficult for stakeholders to answer.
This has demonstrated how applied scientists help translate
conservation problems into scientific questions and the results
into conservation solutions. Thus stakeholders can also act as
researchers.
Collaborating in multidisciplinary projects on a European scale
allows us to put our experience into a wider context. We look forward to future collaborations, applying the outputs of this project
to the sustainable management of internal environments for the
benefit of both people and collections and improving models by
researching the real behaviour of historic materials under different environments.
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Chapter 5.3
Stakeholder experiences - the results of the Climate for Culture project
and their significance for future work
Tina Naumovi ć

The Bavarian Administration of State-Owned Palaces, Gardens
and Lakes are committed to the preservation of historic buildings and their interiors. Periodic building maintenance and
conservation measures mitigate the traces of time and use, in
order to present to the public the Bavarian cultural heritage
in good shape. Preventive measures to avoid further damage,
such as light protection and climate conditioning, are becoming
more and more important. Investigating environmental conditions within buildings neither undergoing conservation works
nor showing evident damage are not easily justified when budgets are small. Future-orientated and visionary research which
looks at the impact of global climate changes and which thinks
in decades or even in centuries does not yet play a part in the
state preservation mandate.
Participating in the research project Climate for Culture gave
the Bavarian Castle Administration the unique chance to examine more closely the environmental conditions and building
physics of some of its premises – the King’s House on the Schachen, Neuschwanstein Castle, Linderhof Castle and the chapels
St. Bartholomew and St. Renatus. In most cases the findings led
to immediate measures for improving the indoor climate.
For the first time environmental monitoring was carried
out in Neuschwanstein Castle and the St Bartholomew’s
Church on the shore of Lake Königssee, both internationally
known landmarks of Bavaria. The equipment was financed by

Figure 1: Neuschwanstein Palace was chosen as one of the case
studies. It is located in the Alps at 850 m above sea level and
therefore exposed to extreme outdoor climate. There is no heating or other climate conditioning systems installed inside. (Photo:
Bayerische Schlösserverwaltung, Brandl)
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the Climate for Culture project and the data collected by members of the conservation centre of the Bavarian Castle Administration. The hygrothermal conditions of the throne hall in
Neuschwanstein Castle were examined by using many surface
sensors and heat flow meters, which fundamentally increased
the knowledge of the structural-physical and environmental
conditions in this ceremonial room. Neuschwanstein Castle will
be undergoing major conservation works within the next few
years. This enables the building owner to install a ventilation
system to stabilise the indoor climate. All the knowledge and
findings gained by the project will be incorporated into the development of a suitable, minimal invasive and cost-effective
ventilation system.
For many years St. Bartholomew’s Church suffered from an

Figure 1

immense mould infestation caused by high relative humidity
levels. To minimise the relative humidity permanently, inexpensively and at low maintenance the installation of a “Temperierung” system was favoured. However, after evaluating
the collected climate data, it became clear that the high humidity levels occurred mainly in summer and were obviously also
caused by the numerous visitors of around 350,000 per year. A
“Temperierung” system would only be effective during the seven cold months of the year. After discussing the problem with
various experts of the Climate for Culture project, the decision
was made to install an electronically controlled air exchange
system together with a mobile dehumidifier. This ventilation
system uses two sensors measuring the outdoor and indoor
humidity levels. The two readings are compared and windows
are automatically opened or closed according to whether the
outdoor climate is dry enough to lower the high relative humidity indoors. Additionally, air from outside is circulated into the
church by an air vent.Due to the long duration of the project it
was possible to compare and evaluate the situation before and
after the introduction of the ventilation system. The effectivity
of the ventilation system could thus be proved. Risk maps forecasting global climate conditions predict more winter precipitation in the future. An additional “Temperierung” system might
therefore be helpful to combat the more humid conditions and
to improve the indoor environment of the church.
The environmental conditions of Linderhof Palace were also
examined in a previous project. The collected data showed
that the relative humidity is generally too high in summer and
subject to sudden rises and drops. Additionally, the air within
the castle becomes very stale due to the many visitors. After
assessing the data collected and the hygrothermal building simulation, it was decided that a computer-assisted ventilation
system using pre-warmed air will be installed. The Bavarian Palace Administration has granted a budget of 350,000 euros for
this installation. The environmental monitoring equipment set
up as part of the project will remain to evaluate the effectiveness of the new system.
In the St Renatus Chapel near Schleißheim some lower parts of
the walls suffered from being wet, therefore in 2002 a “Temperierung” system was installed in order to dry out the lower
part of the walls. As part of the Climate for Culture project, the

effectiveness of the heating system was scrutinised. The exsiccation of the wall worked very well. However, the high temperature and low relative humidity inside during the winter months
caused widespread damage to the polychrome altars. A conservation heating control has been installed within the Climate for
Culture project which regulates the temperature according to
the relative humidity levels.
Within the work package on economic impact, a visitor survey
was conducted in the castles of Neuschwanstein and Linderhof.
The questionnaire – originally developed by the London School
of Economics and geared towards the assessment of economic
values – was extended to include questions about environmental indoor conditions comfortable to visitors and about World
Heritage Sites. The surprising outcome of the survey was that
the majority of the more than 500 visitors questioned would
accept uncomfortable environmental conditions when visiting
a historic building if these conditions were conducive for the
long-term preservation of this building.
Over the course of the Climate for Culture project several
“tools” were developed which enable participants such as the
Bavarian Castle Administration to quickly gain an overview of
the environmental conditions of individual sites.
“Glass sensors” developed in an earlier EU-funded project
AMECP (1993-1996) are small glass chips that corrode very
quickly under unfavourable environmental conditions and thereby give a quick indication of the climatic situation and of potential damage to artworks [1]. These sensors were tried out in
various Bavarian castles and proved to be very useful for identifying environments which are harmful for these art objects.
The software “Digichart” which was developed within the Climate for Culture project by partner Jan Radon Software from
Krakow, Poland has also turned out to be very useful. The software digitises the graphic recording of thermo-hygrographs.
Analogue thermo-hygrographs are still widely used by the Bavarian Palace Administration. The use of digital data loggers is
not always possible or convenient. The digitised data can be fed
into database and analysing programs and can be used in presentations and reports.
A valuable and viable outcome of the project is the Climate for
Culture database and climate data analysing programme developed by partner TU Eindhoven. Climate data collected during
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the project was fed into the database and can now be used/
interpreted in various ways. For example, by using the “general risk plot” the quality of the indoor climate can be plotted
according to the ASHRAE index [2]. Environmental conditions
can thus be assessed quickly. The necessity of actions to be
taken to improve the environmental conditions can be clearly
defined and justified. Additionally, the condition of buildings or
even individual rooms can be compared. To give an example,
the indoor climate of the bedroom in Neuschwanstein Castle
is much better than that of the bedroom in Linderhof Palace.
A further very useful tool is the “specific risk generator” which
indicates the likelihood of mould growth on various materials
or artworks. In Neuschwanstein for example the “specific risk
generator” predicts mould growth in the throne hall and the
drawing room and not, however, for the bedroom. This has unfortunately been proven in reality: mould has been found in the
bedroom. Mould growth in the cupola of the throne chamber is
also suspected. Both tools can be combined with the “Climate
Risk Maps”. This enables the user to assess the impact of global climate changes on historic buildings. The environmental
conditions of individual rooms can be predicted up to the year
2100. This enables us to set the course for the future and choose the appropriate climate control. For example, whether the
environmental benefits gained by installing a “Temperierung”
system justify harming a historic wall.
This project was especially remarkable because of the project
partners’ willingness to be transparent. All data is available to all
stakeholders and nobody hides the fact that their own collection
is kept under less than the ideal climatic conditions. This openness on behalf of all project partners, the numerous dialogues
with experts and researchers conducted internationally were of
immeasurable value to the Bavarian Castle Administration. In the
productive atmosphere of the meetings, many problems could
be shared and sustainable solutions could be found together.
The high level of media coverage of the Climate for Culture
project let to widespread acceptance of preventive measures in
times of global climate change. The project results were presented to an international audience in July 2014 – this international two day conference took place in the Munich Residence in
the presence of director Kurt Vandenberghe from the European
Commission, DG Research and Innovation.
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Chapter 6.1

Chapter 6.2

Climate for Culture products

Climate for Culture database of case studies

Vlatka Rajči ć

Henk Schellen, Marco Martens, Jos van Schijndel and Zara Huijbregts

One of the objectives of the project was the development of a general software tool for making
the best decisions based on climate change projections, hygrothermal building simulation and
climate data collected from different types of historic buildings. Therefore, a basic software
module was set up integrating several modules in the Analysis and Decision Support System,
the so-called CLIMATE for CULTURE software. The starting point was the already existing database of the Eindhoven University of Technology (www.monumenten.bwk.tue.nl) which was
expanded and customized to the needs of the Climate for Culture project. It now serves as a
web-based database for general data of more than 70 case studies and allows storage of measured climate data. The software calculates certain risks for works of art based on object type,
material and measured climate data. The graphical outputs consist of several types of plots:
time plots, climate evaluation plots and risk plots.
A further module is the Decision Making Support System (DMSS) software for easy access to
the climate risk maps that are using the damage functions, developed by the work package on
damage assessment, embodying the latest research on climate effects on works of art. The
most important part of the DMSS is the projection of the indoor climate change based on the
simulation of the outdoor climate change. These predictions are provided in the form of risk
maps for Europe for the selected case studies and for generic buildings with predefined properties. This is one of the central outcomes of the Climate for Culture project as it provides the
synergy of results from several work packages and puts them into use.

For the Climate for Culture project, data from over 100 case
study buildings from all over Europe were collected using a specially designed questionnaire which comprises information regarding the building and its history, outdoor and indoor climate
recordings and observed damage related to climate change.
The information is implemented in two types of databases: 1)
a general database for all case studies that contains questionnaire data about the building, use of the building, measurement
setup, objects on display etc. and 2) an individual database for
each case study which contains all data measured on-site.
Both types of database are accessible on the website
www.monumenten.bwk.tue.nl/CfC/Default.aspx
One will be linked to this website automatically when navigating www.climateforculture.eu. (Via Dashboard)
The main page of the website is displayed in Figure 1. It is based
on various levels of authorisation:

An integral part of the Decision Making Support System (DMSS) is an expert system (ExDSS)
with built-in knowledge and methodology for best practice advice with regard to maintenance
and mitigation strategies for a specific building type in a specific climate region in Europe and
the Mediterranean region. An already by end users well accepted and tested product is a special accessory for digitising analogue data charts from thermo-hygrographs still in use in many
museums, which can be freely downloaded at the Climate for Culture website.

Figure 1
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1.
2.
3.

4.

Unidentified users can only view the main page;
Climate for Culture users can view every case study;
Project owners can view and modify their own case study;
Climate for Culture users automatically become project
owner as soon as they create a new case study;
Climate for Culture administrators can view and modify all
case studies.

The main page displays 4 general buttons (top, green) to frequently asked questions, to an example project, for adding a
case study and for multiple project results. Below that, every
case study is displayed with a picture of the case study and by
name and location (in the list on the left).
Figure 1: Main page of www.monumenten.bwk.tue.nl/CfC
The frequently asked questions are meant for all users. They explain what you can do when you have access and who to contact
to change the level of access. They also show the type of files
that can be uploaded etc.
The example project is similar to all case studies on this website, except that it is visible to all users. It provides a preview of
what to expect when a user wants to start their own case study.
It consists of general data, past indoor climate and future indoor climate (measurements) which are predictions of indoor
climate based on inverse modelling in combination with REMO
outdoor climate simulations.
The measurement data allows graphs to be generated online.
Four types of graphs can be made, e.g. a time plot. Users can
specify the exact data they would like displayed and can also
modify the appearance of the graph. Moreover, graphs can be
saved to disk and be used in reports, among other things.
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Figure 2: Climate Evaluation Chart generator

retrieves them from the databases. A maximum of four cases
can be compared. Figure 6 shows the results for both the specific and general risk assessment method [3]. Any case study
in the database (measurements) or that has a transfer model
for simulation can be selected. A period of a whole year can be
selected; for the measurements this is mostly limited to 1 or 2
years in the very recent past.

Figure 2 displays a Climate Evaluation Chart, which is based on
a psychrometric chart [2].
Figure 3 displays a general risk plot, which is basically a comparison between the ASHRAE climate classes for museums and
actual measurement data. The resulting percentage is a measurement of the amount of time the indoor climate is within each
climate class [3].

For simulations, recent past (1961 to 1990), near future (2021 to
2050) and far future (2071 to 2100) can also be selected. Risks
are calculated on the fly, so different selected projects can be
compared. Note: in the case of a simulation, it might take a couple of minutes to calculate the first results.

Figure 3: General risk plot generator
Figure 4 shows the specific risk plot, in which common risks induced by the indoor climate are predicted for four well-defined
objects: paper, panel paintings, furniture and wooden statues [3].

Figure 4: Specific risk plot generator
Figure 2

Figure 4

For the future indoor climate, inverse modelling using transfer
functions is used [1]. This can only be done for case studies in
which temperature, relative humidity and solar radiation have
been measured for at least one year. A transfer function is compiled; this function is used to calculate the indoor climate from
the outdoor climate provided by the REMO database. Similar
graphs to the four graphs mentioned above can be created. Instead of measurements, the simulated indoor climate is used as
input for the graphs.
Climate for Culture users can add new case studies by clicking on
‘add’ on the main page. Users automatically become owner of the
projects they create so they are able to modify their projects. The
measurement results of the individual case studies can be found
under each case study, as explained before. But when multiple
case studies need to be compared, the ‘Results’ button at the top
of the main page can be used. Clicking this button leads to two
options. The first option is clicking on the European map to view
pre-calculated results. This consists of both measured and/or
calculated results for 468 locations all over Europe. These results
can consist of outdoor climate data (from REMO and measurements) or of indoor climate results (of simulations using generic
buildings). This part is not explained here. The other option is to
have a look at non pre-calculated results. Selecting these results
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Figure 5: Transfer function for a case study (only available if T, RH
and solar radiation were measured for at least one year)
A project owner or a Climate for Culture administrator has access to additional buttons which appear in the right margin of
the main webpage of each case study. These buttons provide
access to the questionnaire and allow you to upload or download data. It gives an overview of all data in the database (start
date, end date, measurement positions and physical quantity
(T, RH, Tsurface etc.)). By changing the period or by deselecting
positions or quantities, the download can be modified. There
are two download formats: text file and MatLab file.
Adding measurement data to the project can be done by uploading text files that containing measurement data. Because
of the multitude of measurement equipment available, the uploaded text files have to have a preset format. These formats
can be found in the frequently asked questions section. Once
a text file is uploaded, it might take a few days before the new
data is added into the database.

Figure 3

Figure 5

Another important aspect is the exact measurement setup.
This part of the site allows a PDF file containing floor plans with
measurement positions indicated to be uploaded. A list off sensors used, including accuracy and calibration specifications, can
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also be included.A picture showing the case study can also be
uploaded for easy recognition. It would be best to upload a picture of the outdoor view of the building or of a very case specific
and well-known interior part.

The Climate for Culture Decision Making Support System
Aleš Sládek, Oto Sládek and Vlatka Rajčic

In order to make the various case studies comparable to each
other, a lot of data describing the case study is needed. For this
purpose a questionnaire was set up. This questionnaire is included on the website and can be filled in online. Because of its
length the questionnaire is split into 22 different pages. Clicking on ‘Start’ takes you to the first page. You can also navigate
directly to a specific page by clicking on one of the parts. It is
recommended that you fill in the conclusions of your case studies by clicking on ‘Analysis’.
The green fields in the questionnaire are compulsory fields; the
white fields contain additional information that is not always
known or needed. After filling in the fields, click on ‘save’ to
save the data but stay on the page. Clicking ‘save and continue’
saves the data and automatically takes you to the next page of
the questionnaire. The questionnaire does not need to be fully
completed in one sitting; you can stop halfway through and no
data is lost.
The main page of www.monumenten.bwk.tue.nl/CfC/Default.
aspx also provides information for Climate for Culture administrators. These administrators have access to an additional button, namely one of the right labelled ‘Overview’. This provides
important information for package leaders. Clicking ‘Overview’
allows you to choose a country. After selecting a country, all
case studies in this specific country are shown. Moreover, it
also shows whether the questionnaire is filled in or not (Q?) and
whether a database is present (D?). If a database is present, a
start and end date is shown, the number of measurement positions for temperature (T), relative humidity (RH) and long wavelength solar radiation (LS). This can be used to check whether
all partners did what they needed to do. For further information
contact Henk Schellen: H.L.Schellen@tue.nl.
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Introduction
During the five years of the Climate for Culture project, there
were plenty of discussions to determine how to present the rich
data output from all work packages to the public. For this purpose a concept for a Decision Making Support System (DMSS)
was set up. It will be explained here in detail how it can be used
and how it works.
Figure 6

Figure 6: Comparison of case studies and of measurement and
simulation
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Who are the users?
The Climate for Culture project produced a full range of results
from future climate projections indoors and outdoors through
to climate risk assessment and best practice advice on mitigation and climatisation strategies as well as on energy use in historic buildings. Not all these results can be presented in detail
with only one application since the complexity of such a tool
would be very high and would render the results difficult for
everyone to understand. Therefore the consolidation of the results from the various work packages in the DMSS is provided
with partially generalised results.
The initial question is “Who is the end user?” Partners within
the project and people generally interested in the project could
be divided into categories of stakeholders, practical conservators, scientists and heritage managers. Each group is interested
in specific areas of the results and therefore they would have
different opinions on the scope of the DMSS. For the stakeholders, the most important part of the project would be to get
an idea of how the projected climate change will influence the
maintenance needs of their stakes and what will be necessary in
the future to preserve the built cultural heritage and collections
in the best condition possible. Conservators are interested in
obtaining an application that would help them to find the optimal climate for specific objects and to help them with the risk
assessment of these objects both in the present and the future.
Managers of the cultural heritage would like to have general
information on costs, on time scale and on possible technical

solutions and mitigation strategies related to climate change.
At the start of the project we decided to involve all these user
groups and therefore DMSS was built to bring valuable information to all of them.
What information can we provide to the users?
As the project scope is to provide information on future indoor
climate change, it is clear that we can work only with the best
available computer simulations to provide estimates of what
kind of changes we are likely to face in the future. As we can
work only with estimates, it would be unscientific to provide
a risk assessment with strict answers for selected case studies except for the indoor climate conditions that are critical.
Therefore what information can be available to the user? The
intention is to make the users aware and cautious, if necessary, and to provide them with basic information on what can
be expected in the future. Also the intention is to educate the
end user and give hints for future work and in the case of interest provide the possibility of joining the project with a case
study. To deliver such a task, it is necessary to provide relevant
information for each step of the DMSS . In our case , it was decided to provide this information via the “Learn more” button
at each stage of the DMSS. With regards to the risk assessment, users will obtain information on the methodology, on
the limits of the selected method, on chosen parameters as
well as relevant literature for further reference. A wide range
of information, parameters of generic buildings and building
types on the building structure have been prepared for calculating future energy demand.
The different parts of the Decision Making Support System
(DMSS)
The Decision Making Support System (DMSS) is composed of
three main parts which are used to present the results to the
end users:
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•
•
•

Specification of the interests
Risk assessment and risk maps
Expert decision support system (exDSS)

In the first part the users specify the location of the building and
the climate scenario they would like to investigate (A1B or RCP
4 .5), the time period they are interested in and also the type of
building.
The second part is focused on the presentation of results. For
the selected set of parameters the risk map for the indoor temperature and relative humidity is shown as these maps are evaluated for all buildings types. As we would like to provide the
option of showing all maps, custom map plots based on the end
user specification are included.
Based on the selected location, a risk assessment is provided
for all the evaluated parameters. The risk is shown as numbers
and in the cases where we have both the value and the risk. The
traffic light colour scheme is used to highlight the level of risk.
Based on the risk assessment, the expert decision support system (exDSS) provides information on the possibilities of what
can be done to improve indoor climate conditions for preventive conservation. As generic, artificial buildings are used in the
simulation, end users cannot give more specifications here. The
exDSS will provide general information on available technical
solutions and what could be improved. The risk assessment in
Climate for Culture comprises risks from mould, insects, mechanical damage and salt crystallisation. The exDSS will provide answers to these risk categories for measured data from a
case study building or future projections for the generic buildings.
Further outputs of Climate for Culture
Within the project, a climate measuring campaign was performed to give insight to the problems related to climate
measurements and climate simulations: a database has therefore been created by the Climate for Culture project to collect
all information for each case study. This vast data is available
through the website.
Eindhoven University of Technology provides an online analytical tool for the purposes of the Climate for Culture project. The
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measurement data and this analysing tool are available for the
project partners that have provided measurement data for their
case studies. Since parts of the analysis and fitting the parameters have to be done manually or at least have to be supervised
by experts to provide relevant outputs, the analysing tool will
be made publically available only after further tests on functions and through user registration. This tool is focused on already measured data and their analysis; it can be used as the
base to classify relevant indoor climate parameters concerning
the long-term preservation of works of art and thus is interesting for conservators and stakeholders with an in-depth knowledge in the field of heritage preservation.
The Expert Decision Support System (exDSS) has also been prepared to be used within the project and provides very valuable
information on current problems faced by stakeholders. Based
on the input from the end users through questions and answers,
the exDSS can identify problems in specific areas such as mould
growth, insects, salt crystallisation and can help find possible
technical solutions. Conclusions are presented with the examples and links to other relevant sources of information.
Conclusions
With the different online tools, the Climate for Culture software
and database, solutions were found to present the vast information that has been collected within the 5 years of the Climate
for Culture project to the interested public.
Each tool that has been prepared focuses on specific needs of
the different kinds of end users. The Decision Making Support
System provides general information and helps the stakeholders with a basic level of knowledge. Managers in cultural heritage field will also benefit and better understand what they
might expect in the future through the risk assessment methodology and possible technical solutions. For a more specific
use, the Expert Decision Support System and an online analysis
are provided, which supports stakeholders with expert knowledge in the preservation of cultural heritage from the scientific
team of Climate for Culture.

“DigiChart” software for digitising of thermo-hygrograph charts
Jan Radon

Introduction
In the cultural heritage sector the traditional use of thermohygrographs is still standard. The data charts are valuable for
instantly inspecting the actual temperature and relative humidity, but cannot be easily evaluated for logistical reasons since
the conservator has to check and collect the sheets on a daily or
weekly or monthly basis. This action requires a huge personnel
and time capacity, which many museums or cultural heritage
owners simply cannot afford due to restricted budgets. Precise evaluation of microclimate parameters is only possible if
measured parameters are available in continuous, digital form.
Against this background a computer program called DigiChart (Digitizing Chart) has been developed to convert analogue
measurement results into numerical form in order to enhance
the evaluation of existing and historic climate data and to obtain comparable data which represents the interior micro-climate accurately.
Objective and concept
A thermo-hygrograph is a chart recorder that measures and
records both temperature and humidity in an analogue form.
To enhance evaluation of measurements archived on paper
charts it is necessary to convert the results into digital form.
So the task to be undertaken is recognising, digitising and storing measured data in arrays (time-temperature, time-relative
humidity). The concept is to load images of scanned charts into
the computer and use sophisticated picture analysing techniques to get measured patterns digitised. Scanned images,
so-called raster graphics, only include matrix of coloured points
(pixels) without any functional connection. The software has to
retrieve both pixels, which are part of drawn patterns, as well as
location of grid (axis system) to be able to rescale the pixel position to real temperature and relative humidity. The developed
software is built on the assumption that drawn lines are a different colour to the background and the grid.

Scanned pictures can be stored using a variety of bitmap formats. Most popular are:
•
•
•
•

JPEG (Joint Photographic Experts Group),
TIFF (Tagged Image File Format),
GIF (Graphics Interchange Format),
BMP (MS Windows© bitmap).

A bitmap stores a picture as a collection of pixels. The most
common way to store colours is by using Red, Green, Blue coding (RGB). Particular colours can be stored using a different
number of bits. If 8 bits are used (1 byte, range 0-255), a number of different colours which can be coded is: 256*256*256 =
16,777,216 (more than 16 million).
The second parameter needed for picture analysis is the resolution, which is called DPI (Dots Per Inch). Real physical size (in
inches or cm) can be obtained using this parameter.
The sof tware uses both information (colour-coding and resolution) to recognise temperature and relative humidity pattern.
Using similar techniques, the program also recognises the grid.
The bitmap’s coding format does not matter, since the program
internally makes a matrix of RGB of every pixel.
The best format supported by the scanner should be used, provided that RGB colour coding and DPI information is included.
A good quality picture should be obtained by using possible
low resolution. Higher resolution requires more computational
time.
Even sharp colour differences alone do not guarantee clear differentiation between pattern, grid and background. Often gridline crossings or inhomogeneous background (dust, descriptions) are interpreted as a drawn pattern.So it is necessary to
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apply some statistical and vector analysis to exclude irregularities (e.g. sudden value jumps unlikely to occur in reality).

250 DPI is sufficient. In case of bad picture quality, increasing
the DPI can help. DPI should be adjusted experimentally to the
type and quality of charts.
The next step is choosing the proper stripe type using the combo box in the toolbar at the top of the main window (Fig. 2).
If the appropriate type is not available it must be first added
to the database. After the picture is loaded and chart type defined, the program tries to locate the axis and chart grid automatically. If the automatical procedure fails, the locating can
be done manually. This can be done by first clicking the button “Set grid / Working area” in the toolbar, then right-clicking
on the displayed grid and moving it to the proper position. The
working area should be made as small as possible by moving
boundary lines of the surrounding grid. If the working area is
small, the program needs less time to analyse charts.

The concept includes also automatically positioning the grid
against the chart background. The software first creates a virtual grid in the memory based on information about the chart
type and DPI of scanned images. Then the virtual grid is compared with the image’s pixel-patterns at different positions.
The most fitting location is then chosen.
Software
Great development effort was made to make digitising the
charts as simple as possible. The Windows© program is highly
intuitive with short training time. As the software tries to do
most of the work automatically, only a few mouse clicks are
needed to digitise if charts are of good quality.
Figure 1
Depending on the producer and kind of thermo-hygrograph
device, a number of different stripe-types are applied in museums. To enable automatic recognition, the information about
chart types must be stored in the software database. The type
collection can be updated and supplemented at any time when
needed. Figure 1 shows required dataset input needed to define
a stripe-type. The data set may look excessively dimensioned.
Nevertheless it covers the minimum information, even by variable distances between vertical axis values. The input has to be
made once and used many times when a particular chart type
is digitised.
Figure 1: Input data required for particular chart type

menu and toolbar
main window
results dialog
Excell© export

The program already includes a few typical stripe-types which
were also used by some project partners.
Figure 2: Main parts of DigiChart software
The digitising procedure starts with scanning the charts. Since
most of charts do not exceed A4 format, an ordinary scanner
can be used. To save memory a compressed picture format
(mostly *.jpeg) should be used. The resolution should be as low
as possible. First experiences showed that a resolution of 15082

Figure 2

Almost 100 users have tested the software so far. Based on useful
feedback, DigiChart software has been updated to version 2.2.
It can be downloaded from www.climateforculture.eu, installed
and used for free.

The program chooses the most different pixel colours as pattern of the measured value. There are two track bars at the top
main window (Fig. 2) which should be moved by the user accordingly since the best match of found pixels with the chart
is established. Sometimes unwanted pixels (descriptions, dust
etc.) are also caught. To mark areas which should be excluded
from searching, the “Exclude rectangles” button in the toolbar
should be activated and then the mouse should be used to mark
the areas.
If there is little difference between background, grid and pattern or the picture is monochrome (only two colours) the program finds too few (if any) points. The user can put their own
points using the “Set points” button in the toolbar. These own
points and excluding rectangles can also be removed by rightclicking on the right object.
After satisfactorily covering temperature and relative humidity, the results can be obtained. To switch to the results, click on
the “Results” tab. In the results dialog, some additional information can be set, such as the date, time and span of measured
data, time step of digitised data, averaging algorithm etc. The
diagram of retrieved patterns is drawn. Digitised data can be
exported to text file or directly to MS Excel© (if available on
the computer).
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Conclusions and future perspectives

Built cultural heritage in times of climate Change

Johanna Leissner, Jonathan Ashley-Smith, Tomáš Vyhlídal and Ralf Kilian
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models and provide new information for the ongoing discussion about the right climate values for
museums and collections.
Additionally, sustainable and energy-efficient mitigation and adaptation solutions based on the
Climate for Culture methodology also involving mathematical models of object responses to indoor-climate variations were tested and further developed. The research findings are presented
in 55,650 thematic maps which address future outdoor and indoor climates until the year 2100,
risks to cultural heritage objects like mould growth or insect pests, and future energy demand for
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interested public. By constantly enlarging the database and employing Big Data software algorithms, it will become possible for those responsible for cultural heritage to plan operational activities more efficiently, thus saving time and money. In addressing the socio-economics of cultural
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to the education of future cultural heritage experts and will assist policy and decision-making in
sustaining our cultural legacy for future generations.
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