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Part 1- Introduction
This deliverable addresses two of the three most urgent questions for Cultural Heritage in
the Times of Climate Change mentioned in the Climate for Culture (CfC) Description of
Work (DoW):
1. What will be the effects of climate change on cultural heritage in Europe?
2. What mitigation strategies are necessary to prevent damage to movable and
immovable cultural heritage?
To visualize the effects of climate change, the project has developed a method to
produce maps showing changes in outdoor and indoor climate as well as associated
risks. About 55,560 maps have been produced, representing a wide range of parameters.
This deliverable shows only a sample of all the maps, to demonstrate the principle how
to use the maps. However, all maps are stored in a database that is publicly available.
At a strategic and political level these maps are expected to contribute to future IPCC
reports, thus allowing for better risk assessments in cultural heritage. At an operative
level, the maps are a user-friendly way for the stakeholders to assess Climate Change
impact on movable and immovable Cultural Heritage throughout Europe
Going beyond the general questions state in the DoW, the questions we tried to answer
in this document are as follows.
(1) We know that outdoor monuments will be affected by climate change, and we know
as well the climate scenarios predicted by models under different emission
scenarios. However, what should we expect to happen to museum collections,
paintings, furniture, libraries and historic building interiors?
(2) We know that various types of buildings will respond in a different way to the outdoor
climate change, so that heritage artifacts inside the building will be affected in a
particular way depending on the outdoor climate change, the building type and
where it is located. Is it reasonable to calculate and represent the expected indoor
changes and the related risks per each material type, per each deterioration
mechanism, per each building type, per each location and for the two chosen
emission scenarios?
(3) In this context, climate change may have negative, neutral or positive effects. Users,
stakeholders, authorities and policy makers should be informed on the latest results.
Research results can offer to prepare adaptation and mitigation strategies, or to
take advantage from the positive aspects whenever possible. How is it possible to
reach this goal? What may be the best method to provide sound information about a
complex matter in a simple and friendly way for specialist and non-specialist users?
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The above three questions need a short comment concerning public perception and
expectation.
In the first question, according to scientific predictions, global warming will be not very
evenly distributed and extreme weather events are especially expected at high latitudes.
In the general perception, gale force winds and heavy rains will likely affect outdoor
monuments. In the southern regions, museums should substantially be prepared to use
more fuel for summer air conditioning and less for winter heating. In addition, they should
be prepared to resist extreme weather injuries and maybe to flash floods too. A general
mitigation strategy for a sustainable environment might be to improve wall and roof
insulation, or even to use white roofs to reflect sunlight back to the sky, to cool buildings,
save energy and money. This is generally useful and is partly true. However, nobody has
a clear idea about the indoor conservation needs, i.e. if the museum collections and of all
the objects kept indoors will undergo an acceleration of the physical and chemical
deterioration processes, if the risk of moulds and insect infestation will be increased or
reduced and so on. Climate for Culture focuses its attention to the conservation needs
and opens a new window on what may happen in the near future and in the far future.
The second question is a real challenge to our research. It is clear that the local
variability may be easily represented with thematic maps covering the whole of Europe at
high space resolution. However, if one considers that the results should be calculated for
two emissions scenarios, with simulations made for two future periods and making
reference to the recent past, considering 26 types of buildings, ten types of materials,
and mechanical, chemical, biological deterioration mechanisms of various types, and in
addition various types of risk, this gives a sound idea of what an exponential growth
means.
The main problem is not to calculate so many simulations and maps: high performance
computers have been invented to cope with big data. The real challenge was the
demanding methodology required to produce such maps.
The first step is to compute the outdoor scenario. The second is to build an
outdoor/indoor transfer function to calculate the indoor climate for the selected type of
building. This requires a preventive simultaneous monitoring of the outdoor and the
indoor climate over one or more years, in the real life conditions for a number of buildings
with the same characteristics in order to obtain and tune the equations that regulate the
exchanges of heat and moisture across the building envelope. Once the indoor climate
has been calculated, it is necessary to know, or to derive, the damage functions that
determine the impact of the environmental variables on the selected material. For this
purpose one should consider a list of mechanical, chemical and biological deterioration
mechanisms, and apply them to all material categories. This methodology is useful to
forecast changes in degradation rate, or to assess risks, or to provide sound information
to users.
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Complex problems require simple answers. This does not mean to reduce the
information, but to present it in a simplified form, considering only one variable, or only
one aspect, at a time. Therefore, thematic maps over Europe are our typical output.
In addition, not all users can follow the scientific procedure to reach the goal. For this
reason, it has been considered preferable to use a problem-oriented presentation: we are
mapping the results concerning the main deterioration factors, or how critical frequencies
are distributed, or simple risks, or indoor/outdoor climate variables that might be useful
for conservation purposes. Some of them may be helpful for other aims too, e.g. climate
changes relevant for energy consumption or for health issues, e.g. the number of tropical
days.
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1.1 Assessment Process
General Specifications
Within the Climate for Culture project, the risk assessment process is carried out through
a sequence of simulations [Bertolin & Camuffo, 2013]:
-

Outdoor Climate Change Simulation

-

Indoor Simulation (i.e. to pass from outdoor to indoor climate change through
building simulation and case studies measurements)

-

Risk simulation (i.e. to use damage functions and literature results to evaluate
potential risk for buildings and objects both outdoors and indoors)

-

Production of maps.

This method is reported in Kilian et al. 2013. as described in the following. The
simulations are carried out for:
-

a grid of European locations for

-

several time windows

-

selected climate scenarios

-

selected building types

Locations
Simulations were carried out in a regular grid with 474 European and Mediterranean
locations, see Figure 1.1.

Time Windows
Simulations and all maps are produced for 30-year time windows as follows:

The recent past is the reference based on actual measurements.
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Figure 1.1
Location of sites for which
outdoor climate data are
provided with hourly
resolution for recent past,
near future and far future

Emission Scenarios
Two different moderate emission scenarios have been selected from the
Intergovernmental Panel on Climate Change (IPCC), for further details see Jacob et al. in
deliverable D1.1 :
A1B Scenario from IPCC…s 4th report based on ahigher CO2 emission increase
assumed until 2050 and a decrease afterwards.
Representative Concentration Pathway (RCP) 4.5 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 metre squared (approximately 650
ppm CO2 equivalent) in the year 2100 without ever exceeding that value (published
in the forthcoming 5th IPCC report, 2014).

Indoor Climate and Risk Assessment
Process
The steps needed to produce climate and risk maps are described in Figure 1.2.
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Resarch

• Creation of exemplary building models

• Wufi Plus simulations of exemplary models
• Simplified building models based on Wufi Plus simulations
Simulation • Simulations for Past, Near & Far Future with simplified building models

Assessment

• Automated Indoor Climate and Indoor Risk Assessment
• Map plots

Figure 1.2 Assessment process for generic buildings

Selection of Generic Buildings
Within the project, 16 generic buildings have been considered, each of them different in
volume, window area, assemblies and moisture buffering capacity.
They are described, as reported in Figure 1.3, as a combination of:





Volume: small/large building
Area: small/large window
Structure: heavy weight/light weight
Moisture Buffering Performance (MBP): Low/High

Figure 1.3 Generic Building Matrix
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Generic Building:
Indoor climate and risk maps have been produced for all of the building types shown in
Figure 1.3. In this report, maps are shown only for one type of building, type number one
in Figure 1.3. This building (Type 1) has been chosen to show, in an exemplary way the
set of maps available in the CfC project database.

Unconditioned/Conditioned Buildings
Most of the maps presented in the deliverable show how the indoor climate or the risk for
the building envelope/objects will change in the near and far future in buildings without
active climate control (i.e. unconditioned). In buildings with climate control (i.e.
conditioned), the indoor climate will stay much the same, but the energy demand will
change, for details see Appendix B.
In this deliverable maps for both conditioned and unconditioned buildings are reported.
Unconditioned Building † Maps are available in Section 4 and 5. They are
produced for generic building type 1 without HVAC system through the state space
model approach (SSM).

Conditioned Buildings † Maps are available in Section 6.
They are produced to assess regional climate influence on building performance
indicators such as energy use and indoor climate. The current hourly-based model
HAMBase (part of the Heat, Air and Moisture Laboratory [HAMLab 2014]) is capable
to simulate the indoor temperature, air humidity and energy use for heating and
cooling of a multi-zone building for 16 combinations of quality of envelope (QoE) and
level of control (LoC), for major details see Section 6 and Appendix B.
N.B. Indoor climate/risk assessments for fully simulated unconditioned and
conditioned exemplary buildings on single locations (two per each climate zone) will
be reported in the CfC Database.

Building Simulations
The building Simulations are carried out through two methods (for details see Appendix
A):
1) Whole building simulation (BS) focused on exemplary buildings (case studies).
2) Simulation based on the State Space Model (SSM) (i.e. the inverse modeling
approach is applied in compiling a transfer function (TF) able to simulate the thermohygrometric performance of a generic building).
Each exemplary building was modelled with the whole building simulation tool WUFI€
Plus and simulations were run over a period of two years. The simulation results of the
second year were used to create a separate simplified building model with the help of the
state space model (SSM) approach [Kramer, 2012].
Climate for Culture – Deliverable 5.2
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These simplified building models were satisfactorily applied to generic buildings, i.e.
different building types at different climatic locations allowing a very fast simulation of
indoor temperature and vapour pressure [Riedler, 2013].
Moreover high accordance exists between the simulation results obtained via simplified
State Space Models of generic buildings and whole building simulation on exemplary
buildings.

Risk Assessment – How to apply outdoor and indoor
damage/risk maps in preventive conservation
Temperature (T), relative humidity (RH) levels and fluctuations are the main drivers of the
risks taken into account in producing the CfC maps.
Outdoor forcing factors that cause risks for the building exterior are related to climate
changes and extreme events.
Indoor forcing factors that cause risks for objects and/or building interior are related to
temperature, relative humidity levels and fluctuations.
Risks are directly related to mechanisms governed by physical variables.
Risk assessment:
When a damage function already exists and/or thresholds have been established to link
the changes of these variables to a specific risk, a traffic light code is used to calculate
the risk for each degradation mechanism (see Table 5.3 below extracted from Martens
2012). Three risk levels are defined: safe, medium risk and high risk. The level of risk is
defined according to the number of events that have exceeded, or the time elapsed
above, some specific risk threshold.

*LM= Lifetime Multiplier

The risk maps can either show the risk levels for any of the time windows or the change
in risk from one time window to another. The difference maps will show whether a
property is increasing or decreasing and whether this is a small increase, or a large one.
The production of indoor damage/risk maps will be performed using the state space
model for generic building simulation connected with the use of damage
Climate for Culture – Deliverable 5.2
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functions/tolerable ranges or risk indices as indicated by WP4 (Ashley-Smith et al. in
production) in the deliverable D4.2 for several types of material/risks.
Some examples focused on materials and risk types which are appropriate to explain the
methodology used throughout the mapping process in order to provide friendly results to
final users.
Outdoor risk maps:
In Figure 1.4a and 1.4b the first column includes some selected materials exposed to the
outdoor environment (e.g. stone and masonry buildings and/or wood and metal). Each of
the selected materials is exposed to one or more risk types (e.g. mechanical, chemical
and biological), given in the second column. In addition, the same example considers
also other challenges for buildings: an evaluation of the energy demand, or the risk for
natural hazards (i.e. extreme events). For each material, and for each risk type, a map
has been drawn to represent how the main forcing factors that contribute to the risk
assessment are distributed over Europe (third column). Of course, these are only
particular examples to show the methodology. The final user will use the tables listed in
the third column to be informed of the most critical factors that are predicted in his/her
region.

Figure 1.4a An example elucidating the material oriented use of the climate risk/damage
maps for a user potentially interested in stone and masonry buildings conservation
outdoors.
Climate for Culture – Deliverable 5.2
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Figure 1.4b An example elucidating the material oriented use of the climate risk/damage
maps for a user potentially interested in wood buildings and metal conservation outdoors.

Indoor risk maps:
When the outdoor climate has been simulated, the produced data serve as input for the
building simulation which then generates the indoor climate and its future scenarios.
From the knowledge of the indoor climate and the damage functions for some selected
materials, it was possible to calculate the future risks for conservation, and map it over
Europe.
Within the CfC project the climate change impact on movable and immovable cultural
heritage has been evaluated for mechanical, chemical and biological risks (related to T
and RH environmental changes) on following materials:
-

Stone and masonry
Wood and veneers
Painted wood
Paper
Silk
Colour photographs
Metal

Some examples which are useful to explain the indoor risk maps use are reported in
Figure 1.5a and 1.5b.
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Figure 1.5a An example elucidating the material oriented use of the climate risk/damage
maps for a user potentially interested in indoor conservation of building envelope and
objects made of marble and stone.
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Figure 1.5b An example elucidating the material oriented use of the climate risk/damage
maps for a user potentially interested in indoor conservation of collection composed of
several materials (e.g. painted wood, paper, silk, colour photographs and metal).
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Part 2- Outdoor Climate Maps
Outdoor climate maps are useful to interpret weathering and some other deterioration
mechanisms that will affect historic buildings and monuments and assess related risks.
In addition, they are useful as an input to compute the indoor maps for the conservation
of building interiors and collections and related risks.
In order to get a detailed space distribution of the forecast concerning the key
variables (e.g. temperature, relative humidity, precipitation) over Europe and the
Mediterranean basin, the simulation has been based on the combined use of two types of
models. The first type of model is a global model for a climate prediction at low space
resolution. The results have been then downscaled at high space resolution (~11 km)
with a regional model, as follows.
The ECHAM5-MPIOM and MPI-ESM global climate models have been used for the
first, global simulation. The output has been used to drive REMO regional model to reach
~50 km horizontal resolution. A second run of REMO arrived to ~11 km resolution, after
double nesting procedure.
All simulations concern the average over 30 year. Reference has been made to the
most recent standard period from 1961 to 1990 commonly used in climate maps, as
defined by the World Meteorological Organization. The climate simulations for the Near
Future and Far Future scenarios respectively refer to 2021-2050 and 2071-2010.
All simulated climate scenarios are based on the A1B & RCP4.5 emission scenarios.
The daily & monthly & yearly means have been computed from hourly values.
To separate the climate change signal from the natural variability, a two-sided student
t-test has been applied [von Storch 1999]. The climate signal is called statistically
significant if the level of significance reaches 95 % or more.
Table: Outdoor Climate maps

30-year Calculation
(P,NF,FF)

Variable

Time Scale

Average

Total precipitation
Relative humidity
Temperature

Year

Range (Max-Min)

Total precipitation,
RH, T

Month

Recent Past to
Near/Far Future
Calculation

Variable

Time Scale

Difference of Averages

Temperature

Year

Ratio of Averages

Total precipitation

Year
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2.1 Temperature

Yearly average air temperature (2 m
above soil level) calculated during the
Recent Past (top) and simulated for the
Near Future and Far Future (bottom) under
the A1B emission scenario.
Unit: ‹C
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Yearly average air temperature (2 m
above soil level) calculated during the
Recent Past (top) and simulated for the
Near Future and Far Future (bottom) under
the RCP 4.5 emission scenario.
Unit: ‹C
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Changes in air temperature (2 m) from the Recent Past to the Near Future (left side)
and the same for the Far Future (right side). Simulations made under the A1B (top) and
RCP 4.5 (bottom) emission scenarios.
Unit: ‹C
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Range (Max-Min) of air temperature in January (1st and 3rd row) and July (2nd and 4th
row) calculated in the Recent Past (on the left) and simulated for the Near Future (center)
and Far Future (on the right). Simulations made under the A1B (top) and RCP 4.5
(bottom) emission scenarios. Unit: ‹C
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2.2 Relative Humidity

Yearly average relative humidity (2 m
above soil level) calculated during the
Recent Past (top) and simulated for the
Near Future and Far Future (bottom) under
the A1B emission scenario.
Unit: %
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Yearly average relative humidity (2 m
above soil level) calculated during the
Recent Past (top) and simulated for the
Near Future and Far Future (bottom) under
the RCP 4.5 emission scenario.
Unit: %
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Range (Max-Min) of relative humidity in January (1st and 3rd row) and July (2nd and 4th
row) calculated in the Recent Past (on the left) and simulated for the Near Future (center)
and Far Future (on the right). Simulations made under the A1B (top) and RCP 4.5
(bottom) emission scenarios. Unit: %
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2.3 Precipitation

Yearly total precipitation calculated during
the Recent Past (top) and simulated for the
Near and the Far Future (bottom) under the
A1B emission scenario.
Unit: mm
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Yearly total precipitation calculated during
the Recent Past (top) and simulated for the
Near and the Far Future (bottom) under the
A1B emission scenario.
Unit: mm
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Changes in yearly totals precipitation expressed as ratio between the Near Future
and the Recent Past (on the left). The same but for the Far Future (on the right).
Simulations made under the A1B emission scenario.
Unit: %
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Variability (Max-Min average) of precipitation in January (1st and 3rd row) and July (2nd
and 4th row) calculated in the Recent Past (on the left) and simulated for the Near Future
(center) and Far Future (on the right). Simulations made under the A1B (top) and RCP
4.5 (bottom) emission scenarios. Unit: mm/month
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Part 3 - Outdoor Risk/Damage Maps
All the outdoor risk/damage maps for the selected materials presented in this section are
based on the outdoor climate variables in Part 2.
The risk has been assessed with the use of damage functions [see Deliverable D4.2]
including the synergistic effect of various climate and chemical variables, thresholds and
cycles.

Table: Outdoor Climate risk maps

30-year
Calculation
(P,NF,FF)

Basic
Calculation

Variable

Time
Scale

Average

Average

Time of wetness,
Freezing/thawing cycles,
Salt crystallization cycles,
Sea Level Rise,
Frost days index,
Dry days index,
Wet days, heavy precipitation
& tropical days

Year
Month

Recent Past
to Near/Far
Future
Calculation

Basic
Calculation

Variable

Time
Scale

Average

Time of wetness,
Salt crystallization cycles,
Heavy precipitation
Tropical days

Year

Average
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3.1 Time of Wetness

Time of wetness (ToW) is the annual hours of atmospheric conditions favourable
for the formation of a surface layer of moisture on a metal, glass or stone surface
(i.e. RH>85%) calculated for the Recent Past (on the left) and simulated for the Near
Future (center) and Far Future (on the right). Simulations made under the A1B emission
scenario. Unit: hours/year

ToW changes calculated as a difference between the Recent Past and the Near Future
(left side) and the same for the Far Future (right side). Simulations made under the A1B
emission scenario. Unit: hours/year
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3.2 Freezing/Thawing Cycles
A1B
Scenario

December

January

February

Recent
Past

Near
Future

Far
Future

Monthly number of freezing/thawing cycles in winter (i.e. December, January and
February) calculated in the recent past (1st row with maps) and simulated in the near
future (2nd row) and in the far future (3rd row). Simulations made under the A1B emission
scenario. Unit: cycles/month
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A1B
Scenario

March

April

May

Recent
Past

Near
Future

Far
Future

Monthly number of freezing/thawing cycles in spring (i.e. March, April and May)
calculated in the recent past (1st row with maps) and simulated in the near future (2nd
row) and in the far future (3rd row). Simulations made under the A1B emission
scenario. Unit: cycles/month
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RCP4.5
Scenario

December

January

February

Recent
Past

Near
Future

Far
Future

Monthly number of freezing/thawing cycles in winter (i.e. December, January and
February) calculated in the recent past (1st row with maps) and simulated in the near
future (2nd row) and in the far future (3rd row). Simulations made under the RCP4.5
emission scenario. Unit: cycles/month
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RCP4.5
Scenario

March

April

May

Recent
Past

Near
Future

Far
Future

Monthly number of freezing/thawing cycles in spring (i.e. March, April and May)
calculated in the recent past (1st row with maps) and simulated in the near future (2nd
row) and in the far future (3rd row). Simulations made under the RCP4.5 emission
scenario. Unit: cycles/month
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3.3 Salt Crystallization Cycles

Salt Crystallization cycles: times per year the temperature and the air humidity cycles
have determined the crystallization or the dissolution of salt (i.e. when T=20‹C, the RH
threshold is 75%). Cycles calculated for the Recent Past (on the left) and simulated for
the Near Future (center) and Far Future (on the right). Simulations made under the A1B
emission scenario. Unit: cycles/year

Changes in times per year of the temperature and of the air humidity cycles which
have determined the crystallization or the dissolution of Salt calculated as a
difference between the Recent Past and the Near Future (left side) and the same for the
Far Future (right side). Simulations made under the A1B emission scenario.
Unit: cycles /year
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3.4 Sea Level Rise
The sea level rise associated with global warming is a complex mechanism due to
various factors. The maps here reported show the likely contribution of the main factors
involved. The factors are listed below, together with a short explanation of the terms.
The isostatic rebound is a process whereby continental glaciers, and oceanic waters,
exert pressure on the Earth's crust with their weight. Changing the mass of continental
glaciers or the level of oceans, the Earth…s crust is remodel
ed, with a change in shape
and capacity of the ocean basins, affecting in turn the level of oceanic waters.
Land ice is represented by major stores of land ice, i.e. continental glaciers, thus
excluding ice shelves, i.e. thick platforms of ice floating on the ocean surface. When
continental glaciers melt, they add water to oceans, increasing their level (eustasy).
However, while they melt, they decrease the pressure exerted on the continents and
increase the pressure exerted on the ocean bottom, causing a new equilibrium (i.e.
isostatic rebound)
Thermal expansion: when oceanic waters warm up, the increase in temperature implies
a decrease in density, i.e. a volumetric expansion. However, as the capacity of the ocean
basins remains the same, the ocean waters may only expand along the vertical (i.e. a
vertical column of water may only expand along the Z axis that remains the only degree
of freedom of the system, the horizontal X and Y axes being constraints) enhancing the
effect. The result is almost three times the vertical expansion of a water column freely
moving on the three dimensions.
Eustasy is the change in volume of oceanic waters, either due to changes in total mass
(e.g. water deriving from melting of glaciers) or in volume (e.g. thermal expansion).
Land subsidence (or uplift) is the motion of a surface as it shifts downward (or upward)
relative to a datum such as sea-level. The following maps do not include evaluations
concerning local land subsidence.
Within the CFC project, for simulations of sea-level rise (SLR), the REMO/MPIOM
regionally coupled atmosphere-ocean-sea ice model has been used.
The model consists of the REMO regional atmospheric model and the MPIOM formally
global ocean model.The developed SLR simulation was based on physical inputs and did
not take into account societal and cultural consequences of climate change.
The CfC improvements in SLR assessment were:
- The simulation of the regional differences in addition to the simple estimate of ocean
thermal expansion using coupled model simulations.
- The future retention of a substantial amount of land ice
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- Model setup improvement taking into account a slower rate of ice sheets melting in
comparison with scientific literature [Levermann, 2012]. Such improvement gave
rise to a reduced Atlantic overturning and heat transport, leading to a much smaller
warming over Greenland compared to the rest of the world and reducing the climate
sensitivity of the Greenland ice sheet to global warming rates.
- The use of isostatic rebound from the Last Glacial Maximum in the sea level estimates.
In this case we used the IPCC estimates for the cryospheric component

Isostatic rebound & ocean circulation simulation for the near future (on the left) and far
future (on the right).
Simulation is made under the A1B emission scenario.
Unit: m
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Isostatic rebound & land ice & ocean circulation simulation for the near future (on the
left) and far future (on the right).
Simulation is made under the A1B emission scenario.
Unit: m
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Thermal expansion & ocean circulation simulation for the near future (on the left) and
far future (on the right).
Simulation is made under the A1B emission scenario.
Unit: m
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3.5 Frost Days Index

Frost days calculated over the recent past in the 6 months in which Tmin<0, i.e. late
autumn, winter and early spring.
Calculations made under the A1B emission scenario.
Unit: days/month
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Frost days simulated over the near future in 6 months in which usually Tmin<0, i.e. late
autumn, winter and early spring.
Calculations made under the A1B emission scenario.
Unit: days/month
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Frost days simulated over the far future in 6 months in which usually Tmin<0, i.e. late
autumn, winter and early spring.
Calculations made under the A1B emission scenario.
Unit: days/month
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3.6 Dry Days Index

Dry days calculated over the recent past in 6 central months in which Total
precipitation per day < 1mm, i.e. late spring, summer and early autumn.
Calculations made under the A1B emission scenario.
Unit: days/month
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Dry days simulated over the near future in 6 central months in which Total precipitation
per day < 1mm, i.e. late spring, summer and early autumn.
Calculations made under the A1B emission scenario.
Unit: days/month
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Dry days simulated over the far future in 6 central months in which Total precipitation
per day < 1mm, i.e. late spring, summer and early autumn.
Calculations made under the A1B emission scenario.
Unit: days/month
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3.7 Wet Days Index

Wet days calculated over the recent past in the mid-seasons i.e. spring and autumn
due to the greater variability in term of consecutive wet days (Total precipitation per
day > 1mm) in the Mediterranean area too.
Calculations made under the A1B emission scenario.
Unit: days/month
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Wet days simulated over the near future in the mid-seasons i.e. spring and autumn
due to the greater variability in term of consecutive wet days (Total precipitation per
day > 1mm) in the Mediterranean area too.
Calculations made under the A1B emission scenario.
Unit: days/month
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Wet days simulated over the far future in the mid-seasons i.e. spring and autumn due
to the greater variability in term of consecutive wet days (Total precipitation per day >
1mm) in the Mediterranean area too.
Calculations made under the A1B emission scenario.
Unit: days/month
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3.8 Heavy Precipitation Index

Heavy precipitation index: Number of days per year with daily precipitation exceeding
10 mm calculated for the Recent Past (on the left) and simulated for the Near Future
(center) and Far Future (on the right). Simulations made under the A1B emission
scenario. Unit: days/year

Changes in number of days per year with daily precipitation exceeding 10 mm
calculated as a difference between the Recent Past and the Near Future (left side) and
the same for the Far Future (right side). Simulations made under the A1B emission
Scenario. Unit: days /year
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3.9 Tropical Days Index

Tropical day index: number of days per year with minimum temperature (occurring at
day) exceeding 20‹C calculated for the Recent Past (on the left) and simulated for the
Near Future (center) and Far Future (on the right). Simulations made under the A1B
emission scenario. Unit: days/year

Changes in number of days per year with minimum temperature exceeding 20°C
calculated as a difference between the Recent Past and the Near Future (left side) and
the same for the Far Future (right side). Simulations made under the A1B emission
scenario. Unit: days /year
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Part 4 - Indoor Climate Maps
As described in the Assessment Process – General specifications, the maps for indoor
climate and indoor risks have been produced based on the results from building
simulations using the state space model (SSM).
These maps display the distribution of a number of key indoor climate parameters, as
reported in the following table.
This section reports indoor Climate maps at European scale for the SSM created with
measurements from the Basilica of S. Maria Gloriosa dei Frari (Venice, Italy) unconditioned building type number 1 - collected during the CfC project.

Table: Indoor Climate maps

30-year
Calculation
(P,NF,FF)

Basic
Calculation

Variable

Average

Temperature
Relative humidity
Mixing ratio

Average

Time
Scale

Year
Month

7th percentile
93rd percentile

Relative humidity

Range

Max-Min

Temperature
Mixing ratio

Recent Past to
Near/Far Future
Calculation

Basic
Calculation

Variable

Average

Average

Temperature
Relative humidity
Mixing ratio

Range

Max-Min

Temperature
Mixing ratio
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4.1 Temperature

Yearly average of indoor air temperature
(2 m above floor level) calculated during the
Recent Past (top) and simulated for the
Near Future and Far Future (bottom) under
the A1B emission scenario.
Unit: €C
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Yearly range of indoor air temperature (2
m above floor level) calculated during the
Recent Past (top) and simulated for the
Near Future and Far Future (bottom) under
the A1B emission scenario.
Unit: €C
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Top: Changes in yearly average of indoor air temperature range (2 m) from the
Recent Past to the Near Future (left side) and the same for the Far Future (right side).
Simulations made under the A1B emission scenario.
Bottom: Changes in yearly average of indoor air temperature range (2 m) from the
Recent Past to the Near Future (left side) and the same for the Far Future (right side).
Simulations made under the A1B emission scenario.
Unit: €C
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Average (1st and 2nd row) and range (i.e. Max-Min, 3rd and 4th row) of indoor air
temperature in January (even rows) and July (odd rows) calculated in the Recent Past
(on the left) and simulated for the Near Future (center) and Far Future (on the right).
Simulations made under the A1B emission scenario. Unit: €C
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4.2 Relative Humidity

Yearly average of indoor relative
humidity (2 m above floor level) calculated
during the Recent Past (top) and simulated
for the Near Future and Far Future (bottom)
under the A1B emission scenario.
Unit: %
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Changes in yearly average of
indoor relative humidity (2 m)
from the Recent Past to the Near
Future. Positive values for
increasing risk; negative for
decreasing. Simulations made
under the A1B emission scenario.
Unit: %

Changes in yearly average of
indoor relative humidity (2 m)
from the Recent Past to the Far
Future. Positive values for
increasing risk; negative for
decreasing. Simulations made
under the A1B emission scenario.
Unit: %
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Yearly average of the 7th and 93rd percentile of indoor relative humidity calculated
in the recent past (Above). In accordance with EN15757:2010 the 7th and 93rd
percentiles constitute the lower and upper limit of the safe band for organic hygroscopic
materials. By definition, in this reference period, 14% of readings fall outside this band.

Simulations representing the percent of the RH values that will fall outside of the
safety band defined by EN15757 for the Near Future (on the left) and the Far Future
(on the right). The risk increases when the calculated percent will exceed 14 % and
decreases when the calculated percentage will be less than 14%.
Simulations made under the A1B emission scenario. Unit: %
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4.3 Humidity Mixing Ratio

Yearly average of indoor humidity
mixing ratio calculated during the Recent
Past (top) and simulated for the Near and
the Far Future (bottom) under the A1B
emission scenario.
Unit: g/kg
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Yearly average of indoor humidity mixing
ratio range calculated during the Recent
Past (top) and simulated for the Near and
the Far Future (bottom) under the A1B
emission scenario.
Unit: g/kg
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Top: Changes in yearly average of indoor humidity mixing ratio (2 m) from the
Recent Past to the Near Future (left side) and the same for the Far Future (right side).
Bottom: Changes in yearly average of indoor humidity mixing ratio range (2 m)
from the Recent Past to the Near Future (left side) and the same for the Far Future
(right side).
Simulations made under the A1B emission scenario. Unit: g/kg
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Average (1st and 2nd row) and range (i.e. Max-Min, 3rd and 4th row) of indoor humidity
mixing ratio in January (even rows) and July (odd rows) calculated in the Recent Past
(on the left) and simulated for the Near Future (center) and Far Future (on the right).
Simulations made under the A1B emission scenario. Unit: g/kg
Climate for Culture – Deliverable 5.2
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Part 5 - Indoor Damage/Risk Maps
Results reported in this section are based on the simulations for indoor temperature and
relative humidity presented in Part 4 of this deliverable.
The process of damage and risk assessment has been summarized in the introduction of
this report. The CfC assessment process is using the SSM for generic building simulation
connected with damage functions or tolerable ranges or risk indices for several types of
material and risks. For details and further specifications of the damage functions and
related issues see Deliverable D4.2. The set of indoor damage/risk maps displayed in
the next pages, related to the generic building type 1, for the A1B scenario is an example
of the final results of the whole CfC assessment process.
Table: Indoor climate risk maps

Material

Marble
Stone
Masonry

Wood
&
Painted
Wood

Paper
Silk

Colour
Photograps

30-year
Calculation

Risk

Variable

Time
Scale

Mechanical

Frost time
Freezing/thawing cycles
Salt crystallization cycles
Thenardite/mirabilite cycles

Year
Season

Biological

Mould
Insects

Year
Month

Range
(Max-Min,
Percentile)

Mechanical

Relative humidity (cycles)

Year
Month

Average

Biological

Mould
Insects

Year
Month

Chemical

Lifetime multiplier

Year

Biological

Mould
Insects

Year
Month

Chemical

• ERGB

Year

P,NF,FF,
(NF-P),(FF-P)

Average

Average

Average
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5.1 Mechanical Risks
Mechanical damage is due to variations in RH and T.
The following materials and damage indices are covered in the risk maps.

Marble, Stone and Masonry
-

Frost time
Freezing/thawing cycles
Salt crystallization cycles
Thenardite/mirabilite cycles

Wood & Painted Wood
- Relative Humidity
Cycles
Values outside 7th & 93rd Recent Past percentile band
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Frost time maps
Mechanical indoor risk for building envelope/objects of marble, stone,
masonry. Risk is given by the calculation of number of hours with T<0€C in a
year.

Frost time calculated in the Recent Past (on the left) and simulated for the Near Future
(center) and Far Future (on the right). Simulations made under the A1B emission
scenario. Unit: hours/year

Changes in frost time calculated as a difference between the Recent Past and the Near
Future (left side) and the same for the Far Future (right side). Positive values for
increasing risk; negative for decreasing. Simulations made under the A1B emission
scenario. Unit: hours/year
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Freezing/thawing,
Salt crystallization and
Thenardite/mirabilite cycles
Maps are related to mechanical indoor risks for building envelopes
constituted of marble, stone, masonry. Risk has been determined by
calculation of the number of cycles in a year.

Yearly number of freezing/thawing cycles calculated in the Recent Past (on the left)
and simulated for the Near Future (center) and Far Future (on the right). Simulations
made under the A1B emission scenario. Unit: N€/year

Changes in the yearly frequency of freezing/thawing cycles calculated as a
difference between the Recent Past and the Near Future (left side) and the same for the
Far Future (right side). Positive values for increasing risk; negative for decreasing.
Simulations made under the A1B emission scenario. Unit: N€/year
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Yearly number of salt crystallization cycles calculated in the Recent Past (on the left)
and simulated for the Near Future (center) and Far Future (on the right). Simulations
made under the A1B emission scenario. Unit: N€/year

Changes in the yearly frequency of salt crystallization cycles calculated as a
difference between the Recent Past and the Near Future (left side) and the same for the
Far Future (right side). Positive values for increasing risk; negative for decreasing.
Simulations made under the A1B emission scenario. Unit: N€/year
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Number of salt crystallization cycles per each season calculated in the Recent Past
(on the left) and simulated for the Near Future (center) and Far Future (on the right). First
Row: Winter, Second Row: Spring, Third Row: Summer and Last Row: Autumn.
Simulations made under the A1B emission scenario. Unit: N€/season
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Changes in frequency
of salt crystallization
cycles in winter from the
Recent Past to the Near
Future (left side) and the
same for the Far Future
(right side). Positive
values for increasing risk;
negative for decreasing.

Changes in frequency
of salt crystallization
cycles in spring from
the Recent Past to the
Near Future (left side)
and the same for the Far
Future (right side).
Positive values for
increasing risk; negative
for decreasing.
Changes in frequency
of salt crystallization
cycles in summer from
the Recent Past to the
Near Future (left side)
and the same for the Far
Future (right side).
Positive values for
increasing risk; negative
for decreasing.
Changes in frequency
of salt crystallization
cycles in autumn from
the Recent Past to the
Near Future (left side)
and the same for the Far
Future (right side).
Positive values for
increasing risk; negative
for decreasing.

Simulations made under the A1B emission scenario. Unit: N€/Season
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Yearly number of thenardite/mirabilite cycles calculated in the Recent Past (on the
left) and simulated for the Near Future (center) and Far Future (on the right). Simulations
made under the A1B emission scenario. Unit: N€/year

Changes in the yearly frequency of thenardite/mirabilite cycles calculated as a
difference between the Recent Past and the Near Future (left side) and the same for the
Far Future (right side). Positive values for increasing risk; negative for decreasing.
Simulations made under the A1B emission scenario. Unit: N€/year
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Relative Humidity Cycles
The following maps are related to mechanical risk for objects sensitive to
moisture fluctuations like the following wooden objects kept indoors:
- panel paintings (base material and pictorial layer)
- wooden furniture and wooden sculptures.
The risks are calculated with a traffic light code after a comparison of the
calculated levels with the risk thresholds as in Mecklenburg et al. 1998,
Bratasz et al. 2008, Bratasz et al. 2010 and Kozlowski 2007 respectively
[Martens 2012].

Yearly risks for panel painting base materials calculated in the Recent Past (on the
left) and simulated for the Near Future (center) and Far Future (on the right).

Yearly risks for a pictorial layer on a wooden panel calculated in the Recent Past (on
the left) and simulated for the Near Future (center) and Far Future (on the right).
Simulations made under the A1B emission scenario. Unit: Arbitrary Unit
Risk levels increase with arbitrary unit values.
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Changes of the risks for panel paintings calculated as a difference between the
Recent Past and the Near Future (left side) and the same for the Far Future (right
side). Simulations made under the A1B emission scenario. Unit: Arbitrary Unit

Changes of the risks for a pictorial layer on a wooden panel, calculated as a
difference between the Recent Past and the Near Future (left side) and the same for
the Far Future (right side). Simulations made under the A1B emission scenario. Unit:
Arbitrary Unit
Risk levels increase with arbitrary unit values.
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Yearly risks for wooden furniture calculated in the Recent Past (on the left) and
simulated for the Near Future (center) and Far Future (on the right). Simulations made
under the A1B emission scenario. Unit: Arbitrary Unit

Yearly risks for wooden sculpture calculated in the Recent Past (on the left) and
simulated for the Near Future (center) and Far Future (on the right). Simulations made
under the A1B emission scenario. Unit: Arbitrary Unit

Risk levels increase with arbitrary unit values
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Changes of the risks for wooden furniture, calculated as a difference between the
Recent Past and the Near Future (left side) and the same for the Far Future (right
side). Simulations made under the A1B emission scenario. Unit: Arbitrary Unit

Changes of the risks for wooden sculptures, calculated as a difference between the
Recent Past and the Near Future (left side) and the same for the Far Future (right
side). Simulations made under the A1B emission scenario. Unit: Arbitrary Unit

Risk levels increase with arbitrary unit values
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Relative Humidity 7th -93rd Percentile Band
The following maps are related to mechanical risk for hygroscopic materials
in winter (January as reference) and wummer (July as reference).
Risk is calculated with a traffic light code reported in the following table. The
discriminant factor for the risk colour code is the % of data, in the near and
far future, falling outside of the safe band defined in EN15757:2010 that has
been calculated for the historic climate in the 1961-1990 reference period.

Deviation
from historic
climate

Small Risk
(Green Colour)

Medium Risk
(Orange Colour)

High Risk
(Red Colour)

SAFE

MEDIUM

HIGH

Percentage €14%

14%<Percentage<37%

Percentage•37%

EN15757:2010
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Changes of the risks for hygroscopic materials, calculated as a difference between
the Recent Past and the Near Future (left side) and the same for the Far Future (right
side).
Top: Change of risks in winter during January.
Bottom: Change of risks in summer during July.
Simulations made under the A1B emission scenario. Risk levels increase with arbitrary
unit values. Unit: Arbitrary Unit
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5.2 Chemical Risks
The chemical risks depend on RH and T.
The following materials and damage indices are covered in the risk maps.

Paper & Silk
- Expected lifetime

Colour Photographs
- Overall colour change in terms of Red Green Blue (RGB) occurring in
time
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Paper maps
The following maps are related to indoor chemical risks of historic (pH 7)
and modern (pH5) paper.
The risks are given by the calculation of the expected lifetime in years
following the method of Strli‚ [Strli‚ 2013] (for details see Deliverable 4.2).

Yearly risks of historic papers in terms of expected lifetime calculated in the
Recent Past (on the left) and simulated for the Near Future (center) and Far Future (on
the right). Simulations made under the A1B emission scenario. Unit: years

Yearly risks of modern papers in term of expected lifetime calculated in the Recent
Past (on the left) and simulated for the Near Future (center) and Far Future (on the
right). Simulations made under the A1B emission scenario. Unit: Years
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Changes of the risks for historic papers, calculated as a difference between the
Recent Past and the Near Future (left side) and the same for the Far Future (right side).
Simulations made under the A1B emission scenario. Unit: Years

Changes of the risks for modern papers calculated as a difference between the
Recent Past and the Near Future (left side) and the same for the Far Future (right side).
Simulations made under the A1B emission scenario. Unit: Years

Risk levels decrease with increase of years
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Silk maps
The following maps are related to indoor chemical risk assessment for silk
fabrics in museum collections.
The risks are given by the traffic-light method (Martens, 2012) on the basis
of the lifetime multiplier calculation with Ea value as in Luxford, 2010 (for
details see Deliverable 4.2).

Yearly risks for silk fabrics calculated in the Recent Past (on the left) and simulated for
the Near Future (center) and Far Future (on the right). Simulations made under the A1B
emission scenario. Unit: Arbitrary Unit

Changes of the risks for silk fabrics, calculated as a difference between the Recent
Past and the Near Future (left side) and the same for the Far Future (right side).
Simulations made under the A1B emission scenario. Unit: Arbitrary Unit
Risk levels decrease with increase of arbitrary unit
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Colour photographs maps
The following maps are related to the indoor chemical risks for colour
photographs museum collections.
The risks are given by the overall colour change in terms of RGB occurring
over time as calculated in the Fenech equation [Fenech,2013] (for details
see Deliverable 4.2).

Yearly risks for colour photographs calculated in the Recent Past (on the left) and
simulated for the Near Future (center) and Far Future (on the right). Simulations made
under the A1B emission scenario. Unit: Arbitrary Unit

Changes of the discolouration rate for colour photographs, calculated as a difference
between the Recent Past and the Near Future (left side) and the same for the Far Future
(right side). Simulations made under the A1B emission scenario. Unit: Arbitrary Unit
Risk levels increase with increase of arbitrary unit
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5.3 Biological Risks
Biological risks depend on the co-variation of RH and T.
The following types of biodeterioration, materials and damage indices are covered in the
risk maps.

Various Materials - Mould
- Mould infestation
- Mould growth

Various Materials - Insects
- Duration of the insect activity period: moisture dependent insects
- Duration of the insect activity period: temperature dependent insects
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Mould maps
These maps are related to indoor biological risks for mould on various
materials used in museum collections.
The risks are given by the traffic-light method [Martens, 2012] based on the
mould growth conditions from Sedlbauerƒs isopleths[Sedlbauer 2001] (for
details see Deliverable 4.2).

Yearly risks for mould infestation calculated in the Recent Past (on the left) and
simulated for the Near Future (center) and Far Future (on the right). Simulations made
under the A1B emission scenario. Unit: Arbitrary Unit

Changes of the risks for mould infestation, calculated as a difference between the
Recent Past and the Near Future (left side) and the same for the Far Future (right side).
Simulations made under the A1B emission scenario. Unit: Arbitrary Unit
Risk levels increase with increasing of arbitrary units
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Mould Growth rate in January (1st column) and July (2nd column) calculated in the
Recent Past (1st row) and simulated for the Near Future (2nd row) and Far Future (last
row). Simulations made under the A1B emission scenario. Unit: mm/month
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Changes of mould growth rates in January (left) and July (right), calculated as a
difference between the Recent Past and the Near Future (1st row) and the same for the
Far Future (2nd row). Positive values mean an increase, negative values a decrease in
comparison with the reference period. Simulations made under the A1B emission
scenario. Unit: mm/month
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Insect maps
The following maps are related to indoor biological risk for insects on various
materials used in museum collections.
The risks are given by the number of days in a year with insect activity
displayed as degree days (T>15€C) (for details see Deliverable 4.2).

Yearly number of days with insect activity calculated in the Recent Past for moisture
dependent insects (on the left) and temperature dependent insects (on the right).
Simulations made under the A1B emission scenario. Unit: n€days/year

Yearly number of days with insect activity simulated in the Near Future for moisture
dependent insects (on the left) and temperature dependent insects (on the right).
Simulations made under the A1B emission scenario. Unit: n€days/year
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Yearly number of days with insect activity simulated for the Far Future for moisture
dependent insects (on the left) and temperature dependent insects (on the right).
Simulations made under the A1B emission scenario. Unit: n€days/year

Changes of the yearly number of days with insect activity calculated as a difference
between the Recent Past and the Near Future for moisture dependent insects (on the
left) and temperature dependent insects (on the right). Simulations made under the
A1B emission scenario. Unit: n€days/year
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Changes of the yearly number of days with insect activity calculated as a difference
between the Recent Past and the Far Future for moisture dependent insects (on the
left) and temperature dependent insects (on the right). Simulations made under the
A1B emission scenario. Unit: n€days/year
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Part 6 - Energy Demand
in Buildings with Climate Control
The CfC model used to obtain maps of performances of similar buildings spread over
whole Europe are useful to estimate regional climate influence on building performance
indicators such as energy use and indoor climate. The simulation model for European
museums allows to combine the quality of envelope (QoE) and the level of control (LoC)
in the 16 generic building zone matrix as described in the Appendix B and reported in
Figure 6.1.

Figure 6.1
Matrix of 16 generic building
zone types combining quality
of envelope (QoE) and level
of control (LoC)

In Figure 6.1 LoC 1 is referring to the poorest level of control (i.e. no HVAC system) while
LoC 4 to the highest level of control with full air conditioning; similarly QoE 1 refers to a
building envelope with the poorest insulation while QoE 4 refers to a modern new
building with the highest degree of insulation (for further details see Appendix B).
For each of these building zone types, 7 performance indicators averaged over 30-years
are displayed in form of maps on a European scale.
The performance indicators are:
-

Mean indoor temperature (€C)
Mean indoor relative humidity (%)
Mean heating power demand (W)
Mean cooling power demand (W)
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-

Mean humidification power demand (W)
Mean dehumidification power demand (W)
Total energy mean power demand (i.e. heating + cooling + humidification +
dehumidification)

Each building type in the matrix in Figure 6.1 is related to a certain amount of energy
demand for the different HVAC components combination (i.e. use of heating, cooling,
humidification and dehumidification) as summarized in Figure 6.2.

Figure 6.2 Energy consumption matrix simulated for all combinations of QoE and LoC as
reported in Figure 6.1.
In Figure 6.2 the bars indicate the percentage of energy demand by heating, cooling,
humidification and dehumidification (y-axis on the right) in the buildings. For a
comparison between different building types, the normalized energy demand is shown in
the center of each matrix element. The total energy consumption in MWh, is shown at the
top of each square.
Energy demand map plots interpretation:
The unit used for all the energy power demand maps displayed in the following pages is
the mean power (W) over a period of 30 years (regardless of the season).
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One Watt in terms of energy consumption corresponds to around 2 milliliters of oil per
year and cubic meter of building volume as shown in the table below:

Definition

Value

Formula

Annual
Heating
Energy

31536 MJ

= 1 W * 365 * 24 * 3600
1 Watt in one year expressed in seconds

Model
interpretation
of 1 Watt

1 W = (1 J/s)

Example:
100 W and a building volume of 500 m3 equals about 100 liter/year
The maps have been produced, referring to Figure 6.2, for 4 different types of buildings:
-

Building Type 1 (LoC 1 and QoE 1)
Building Type 4 (LoC 4 and QoE 1)
Building Type 7 (LoC 3 and QoE 2)
Building Type 16 (LoC 4 and QoE 4)

Table: Maps on building performance indicators

30-year
Calculation
(P,NF,FF)

Average

Variable
Indoor temperature
Indoor relative humidity
Heating energy demand
Cooling energy demand
Humidification energy demand
Dehumidification energy demand
Total mean energy demand

Recent Past to
Near/Far Future
Calculation

Difference of Averages

Variable
Indoor temperature
Indoor relative humidity
Heating energy demand
Cooling energy demand
Humidification energy demand
Dehumidification energy demand
Total mean energy demand
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6.1 Building Type 1
LoC 1 and QoE 1
Building Type 1 maps: Energy consumption simulated for the combination
of QoE 1 and LoC 1 (see Figure 6.2). This model (QoE 1 and LoC 1)
represents the most primitive situation in an ancient building with any energy
use, (i.e. unconditioned building). Therefore all the maps related to energyuse have 0 Watt all over Europe. The indoor climates can be simulated in
maps:

T (1st column) and RH (2nd column) yearly average simulations for the building type 1
in the recent past (1st row), in the near future (2nd row) and in the far future (3rd row).
Simulations made under the A1B emission scenario. Unit: €C (on the left) and % (on the
right).
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Yearly changes in indoor air temperature (left side) and relative humidity (right side)
from the Recent Past to the Near Future (1st row) and the same for the Far Future (2nd
row). Simulations made under the A1B emission scenario. Unit: €C (on the left) and %
(on the right).

Regarding the changes in the indoor temperatures in the near and far future,
the highest impact is over the Mediterranean area. The mean indoor
temperature may rise by 5 €C, the mean RH inside unheated building can
slightly increase or decrease, depending on the location.
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6.2 Building Type 4
LoC 4 and QoE 1
Building Type 4 maps: Energy consumption simulated for the combination
of QoE 1 and LoC 4 (see Figure 6.2). This model (QoE 1 and LoC 4)
represents a strict climate control (LoC 4) in a primitive building (QoE 1).
Controlling the climate inside a building with poor insulation and air tightness
is difficult. Either the set points are not achieved or the energy demand will
be very high. Microclimates occurring near the building envelope cause risks
due to condensation, fungal growth and wood rot [Martens, 2012].

Indoor Environment

T (1st column) and RH (2nd column) yearly average simulations for the building type 4
in the recent past (1st row) and in the near future (2nd row). Simulations made under the
A1B emission scenario. Unit: €C (on the left) and % (on the right).
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T (1st column) and RH (2nd column) yearly average simulations for the building type 4
in the far future. Simulations made under the A1B emission scenario. Unit: €C (on the
left) and % (on the right).

Building Type 4 - Yearly changes in indoor air temperature (left side) and relative
humidity (right side) from the Recent Past to the Near Future (1st row) and the same for
the Far Future (2nd row). Simulations made under the A1B emission scenario. Unit: €C
(on the left) and % (on the right).
Climate for Culture – Deliverable 5.2

105

Heating and Cooling

Yearly average heating (1st column) and cooling (2nd column) power demand
simulated for the building type 4 in the recent past (1st row), in the near future (2nd row)
and in the far future (3rd row). Simulations made under the A1B emission scenario.
Unit: W
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Building Type 4 – Mean yearly changes in power demand for heating (left side) and
cooling (right side) from the Recent Past to the Near Future (1st row) and the same for
the Far Future (2nd row). Simulations made under the A1B emission scenario.
Unit: W
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Humidification and Dehumidification

Yearly average power demand for humidification (1st column) and dehumidification
(2nd column) simulated for the building type 4 in the recent past (1st row), in the near
future (2nd row) and in the far future (3rd row). Simulations made under the A1B emission
scenario. Unit: W
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Building Type 4 – Mean yearly changes in power demand for humidification (left
side) and dehumidification (right side) from the Recent Past to the Near Future (1st row)
and the same for the Far Future (2nd row). Simulations made under the A1B emission
scenario. Unit: W
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Total Energy Consumption
Mean yearly total power
demand simulated for the
building type 4 in the recent
past.
Simulations made under the
A1B emission scenario.
Unit: W

Mean yearly total power
demand simulated for the
building type 4 in the near
future.
Simulations made under the
A1B emission scenario.
Unit: W

Mean yearly total power
demand simulated for the
building type 4 in the far
future.
Simulations made under the
A1B emission scenario.
Unit: W
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Building Type 4 – Mean yearly changes in total power demand from the Recent Past
to the Near Future (on the left) and the same for the Far Future (on the right). Simulations
made under the A1B emission scenario. Unit: W

In the above maps a big difference can be seen in Europe. Northern Europe
and the Alps will face a substantial decrease in total power consumption for
air-conditioning, while the Mediterranean will face a substantial increase.
Some locations around the 50€ latitude will remain with unchanged mean
total energy demands in the future.
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6.3 Building Type 7
LoC 3 and QoE 2
Building Type 7 maps: Energy consumption simulated for the combination
of QoE 2 and LoC 3 (see Figure 6.2). This model (QoE 2 and LoC 3)
represents a quite strict climate control (LoC 3) in a building with a quite old
envelope but better insulated than building types 1 and 4). In relation to the
building type 4, the energy saved is about 55%.Concerning preservation,
when going from QoE 1 to QoE 4 , the lifetime multiplier (i.e. the variable
important for paper preservation) decreases, also some of the risks on
gradient damage or structural damage decreases, improving environmental
conditions for preservation of collections. Improving the LoC also leads to
reduced risks for mechanical damage [Martens, 2012].

Indoor Environment

T (1st column) and RH (2nd column) yearly average simulations for the building type 7
in the recent past (1st row) and in the near future (2nd row). Simulations made under the
A1B emission scenario. Unit: €C (on the left) and % (on the right).
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T (1st column) and RH (2nd column) yearly average simulations for the building type 7
in the far future. Simulations made under the A1B emission scenario. Unit: €C (on the
left) and % (on the right).

Building Type 7 - Yearly changes in indoor air temperature (left side) and relative
humidity (right side) from the Recent Past to the Near Future (1st row) and the same for
the Far Future (2nd row). Simulations made under the A1B emission scenario. Unit: €C
(on the left) and % (on the right).
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Heating

Yearly average (1st row and 1st column) power demand for heating simulated for the
building type 7 in the recent past, in the near future (2nd row and 1st column) and in the
far future (2nd row and 2nd column). Simulations made under the A1B emission scenario.
Unit: W
The power demand for cooling in this building type is zero (1st row and 2nd column).
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Building Type 7 – Mean yearly changes in power demand for heating from the
Recent Past to the Near Future (1st row) and the same for the Far Future (2nd row).
Simulations made under the A1B emission scenario. Unit: W
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Humidification and Dehumidification

Yearly average power demand for humidification (1st column) and dehumidification
(2nd column) simulated for the building type 7 in the recent past (1st row), in the near
future (2nd row) and in the far future (3rd row). Simulations made under the A1B emission
scenario. Unit: W
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Building Type 7 – Mean yearly changes in power demand for humidification (left
side) and dehumidification (right side) from the Recent Past to the Near Future (1st row)
and the same for the Far Future (2nd row). Simulations made under the A1B emission
scenario. Unit: W
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Total Energy Consumption
Mean yearly total power
demand simulated for the
building type 7 in the recent
past.
Simulations made under the
A1B emission scenario.
Unit: W

Mean yearly total power
demand simulated for the
building type 7 in the near
future.
Simulations made under the
A1B emission scenario.
Unit: W

Mean yearly total power
demand simulated for the
building type 7 in the far
future.
Simulations made under the
A1B emission scenario.
Unit: W
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Building Type 7 – Mean yearly changes in total power demand from the Recent Past
to the Near Future (on the left) and the same for the Far Future (on the right). Simulations
made under the A1B emission scenario. Unit: W

Climate for Culture – Deliverable 5.2

119

6.4 Building Type 16
LoC 4 and QoE 4
Building Type 16 maps: Energy consumption simulated for the
combination of QoE 4 and LoC 4 (see Figure 6.2).This model (QoE 4 and
LoC 4) represents a strict climate control (LoC 4) in a building with a modern
envelope (QoE 4). In relation to the building type 4 the energy saved in this
energy efficient building is about 87%. In Building type 16, indoor climate
conditions are constant both in temperature and relative humidity and the set
points values are achieved during the entire period. Environmental
conditions for preservations are similar to building type 7 as well as in
building type 16 because collection risks in QoE 2, 3 and 4 combined with
LoC3 and 4 do not differ much, instead energy consumption can differ up to
75% [Martens, 2012].

Indoor Environment

T (1st column) and RH (2nd column) yearly average simulations for the building type
16 in the recent past (1st row) and in the near future (2nd row). Simulations made under
the A1B emission scenario. Unit: €C (on the left) and % (on the right).
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T (1st column) and RH (2nd column) yearly average simulations for the building type
16 in the far future. Simulations made under the A1B emission scenario. Unit: €C (on the
left) and % (on the right).

Building Type 16 - Yearly changes in Indoor Air Temperature (left side) and relative
humidity (right side) from the Recent Past to the Near Future (1st row) and the same for
the Far Future (2nd row). Simulations made under the A1B emission scenario. Unit: €C
(on the left) and % (on the right).
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Heating and Cooling

Yearly average power demand for heating (1st column) and cooling (2nd column)
simulated for the building type 16 in the recent past (1st row), in the near future (2nd
row) and in the far future (3rd row). Simulations made under the A1B emission scenario.
Unit: W
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Building Type 16 – Mean yearly change in power demand for heating (on the left)
and cooling (on the right) from the Recent Past to the Near Future (1st row) and the
same for the Far Future (2nd row). Simulations made under the A1B emission scenario.
Unit: W
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Humidification and Dehumidification

Yearly average power demand for humidification (1st column) and dehumidification
(2nd column) simulated for the building type 16 in the recent past (1st row), in the near
future (2nd row) and in the far future (3rd row). Simulations made under the A1B emission
scenario. Unit: W
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Building Type 16 – Mean yearly changes in power demand for humidification (left
side) and dehumidification (right side) from the Recent Past to the Near Future (1st row)
and the same for the Far Future (2nd row). Simulations made under the A1B emission
scenario. Unit: W
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Total Energy Consumption
Mean yearly total power
demand simulated for the
building type 16 in the recent
past.
Simulations made under the
A1B emission scenario.
Unit: W

Mean yearly total power
demand simulated for the
building type 16 in the near
future.
Simulations made under the
A1B emission scenario.
Unit: W

Mean yearly total power
demand simulated for the
building type 16 in the far
future.
Simulations made under the
A1B emission scenario.
Unit: W
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Building Type 16 – Mean yearly changes in total power demand from the Recent
Past to the Near Future (on the left) and the same for the Far Future (on the right).
Simulations made under the A1B emission scenario. Unit: W

Due to the high level of control, the mean indoor T and RH are within a small
band around the set point level. The highest heating power demand is
expected in Northern Europe and the Alps, while the most cooling energy is
needed in Southern Europe. The highest humidification power values are
located where heating is needed but also at relative dry climate areas. The
mean yearly changes in total energy consumption show more energy
demand in terms of positive values and less energy demand in terms of
negative values.

Climate for Culture – Deliverable 5.2

127

References
Martens, M. 2012. Climate Risk assessment in Museums. Degradation Risk
determined from temperature and relative humidity data. Bouwstenen 161.
Eindhoven Technical University, Eindhoven

Acknowledgements
Part 6 of the deliverable has been written on the base of the Chapter 7 in the Martens
PhD Thesis [Martens, 2012].
Climate for Culture – Deliverable 5.2

128

Part 7- Uncertainties
in damage assessment of future indoor climates
The maps of future climate induced risks to historic buildings and their interiors reported
in this deliverable as well as available in the CfC database can be used for climate
change impact assessment and for adaption planning of the built cultural heritage.
However, combining projections of future climate, building simulations and damage
functions generates a significant amount of uncertainty.
In this section an attempt to disaggregate the sources of uncertainty involved in this
process is performed.
Climate scenarios describing the future climate are associated with uncertainty, rising
from inadequate knowledge of the climate system, imperfections in the numerical climate
models and inherent variability in the climate system [Hawkins & Sutton, 2009]. Building
simulations and damage functions do not only propagate uncertainties in the climate
scenarios but also add new elements of uncertainty.
The lifespan of building services, changes in use, interventions to the building envelope
and other changes in the building and its context play a significant role in long-term
prediction of building performance. These changes may overshadow the impact of
climate change and therefore limit the use of climate change impact and adaption studies
to buildings [Wilde and Tian, 2011]. Historic buildings, especially those unheated, change
less in these respects than standard commercial or residential buildings. The long
timescale that should be considered in cultural heritage management further motivates
the usefulness of climate change impact and adaption studies.
The approach to simulate future indoor climate of historic buildings based on regional
climate projections has been used in a number of recent studies [Lankester and
Brimblecombe,2012a; Bratasz et al. 2012, Lankester and Brimblecombe,2012b;
Huijbregts et al. 2012; Brimblecombe and Lankester, 2012]. Essentially these studies
present a method. The uncertainty in the results is not dealt with, with the exception of
Lankester & Brimblecombe 2012b who compare three different emission scenarios.
In a review of probabilistic approaches for climate change impact studies on buildings,
Wilde and Tian, 2011 conclude that although there are strong reasons for such studies to
be of probabilistic nature, only a few studies consider uncertainty explicitly. If the
propagation of uncertainties is not dealt with there is a risk that data will be used in ways
that are not supported. If uncertainties are obscured in the final output and described in a
deterministic way, decision-makers might come up with adaption strategies that are
worse than if no information had existed [Preston et al. 2011]. The way forward is to
address the uncertainties in every step in terms of reduction, quantification and
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communication. A natural starting point for this is to analyze the sources of uncertainty
throughout the process. The objective of this section is to identify and qualitatively
describe the main uncertainties in the production of risk maps based on predicted indoor
climates and damage functions. The intention is not an in depth inter-comparison of
different sources of uncertainties, but the communication of uncertainties to the users of
climate data to estimate a bandwidth of climate projections.

7.1 IPCC on Uncertainty
The Intergovernmental Panel on Climate Change (IPCC) aims to address uncertainty in a
transparent and systematic way.
“The degree of certainty in key findings in this assessment is based on the
author teams’ evaluations of underlying scientific understanding and is
expressed as a qualitative level of confidence (from very low to very high) and,
when possible, probabilistically with a quantified likelihood (from exceptionally
unlikely to virtually certain). Confidence in the validity of a finding is based on
the type, amount, quality, and consistency of evidence (e.g., data, mechanistic
understanding, theory, models, expert judgment) and the degree of
agreement1. Probabilistic estimates of quantified measures of uncertainty in a
finding are based on statistical analysis of observations or model results, or
both, and expert judgment. (IPPC report 2013, Summary for policymakers)”
The assessment of uncertainty on damage assessment of future indoor climates should
be seen in the light of the uncertainty of climate change in general. The Figure 7.1 shows
how the uncertainty of different climate change phenomena are assessed by the IPCC
ranging from •virtually certain‚ to •low confidence‚.

Figure 7.1 (See caption on the following page)
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Figure 7.1 Extreme weather and climate events: Global-scale assessment of recent
observed changes, human contribution to the changes, and projected further changes for
the early (2016ƒ2035) and late (2081ƒ2100) 21st century. Bold indicates where the AR5
scenario (black) provides a revised* global-scale assessment from the SREX scenario
(blue) or AR4 (red). Projections in the AR5 are relative to the reference period of 1986ƒ
2005, and use the new Representative Concentration Pathway (RCP) scenarios unless
otherwise specified (IPPC report 2013, Summary for policymakers).

7.2 Uncertainty in Risk Maps
Much effort has been made to describe and categorize uncertainty in climate change
impact and adaption studies e.g. [Refsgaard et al. 2013; Jones, 2000], and a consistent
and transparent treatment of uncertainty is a prioritized task for the climate change
research community e.g. [Mastrandrea et al. 2011]. A common division of the nature of
uncertainty is between epistemic and aleatory uncertainty. Epistemic uncertainty
comes from a lack of knowledge about a process. It could therefore, in theory, be
reduced with a more complete understanding. In practice, it is not always possible to
reduce the uncertainty of complex systems, such as the global climate. Aleatory
uncertainty, also known as stochastic uncertainty, originates from randomness in nature
and the inherent variability in systems. The word aleatory is derived from the Latin word
for die, „lea, and the randomness in a closed system such as a pair of dice illustrates this
kind of uncertainty. Aleatory uncertainty cannot be reduced; it is a property of the
phenomenon being studied. Refsgaard et al. 2013 suggests a third kind of uncertainty,
ambiguity, which …results from the presence of multiple ways of understanding or
interpreting a system†. Both epistemic and aleatory uncertainties are to some extent
possible to represent with probabilities, as opposed to ambiguity. Ultimately all kinds of
uncertainty stem from a lack of knowledge, and in practice there is no clear division
between the different natures of uncertainty discussed here. The uncertainty cascade of
producing risk maps is shown step by step in Figure 7.2. The sources of uncertainty in
each step will be discussed in the following sections.
Figure 7.2
The uncertainty cascade in Risk
Maps
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7.3 Uncertainty in Forcing Conditions
Changing concentrations of greenhouse gases and aerosol concentrations in the
atmosphere lead to changing radiative properties of the atmosphere. Changing land use
has an impact on surface albedo and surface heat and water fluxes. Also changes in the
intensity of solar radiation and large volcanic eruptions have an impact on the climate.
Historically it is clear that those forcing agents that are anthropogenic to their nature
dominate over the last centuries and that the change is in the direction of a warming
[IPCC 2007]. The uncertainties are comparatively small concerning the influence of
greenhouse gases while they are much larger for the aerosol forcing and in a relative
sense also for changes in the solar insolation.
For the future, uncertainties in the forcing conditions are related to all of the above
mentioned forcing agents. Emission scenarios like the SRES (Special Report on
Emission Scenarios) scenarios [Nakicenovic et al. 2000] or concentration pathways like
the more recent RCP scenarios [Moss et al. 2010] all include a large number of different
possible pathways into the future and there is no judgement about their likelihood. The
SRES scenarios do not include mitigation scenarios, while the RCP scenarios do. Hence,
the total uncertainty range is in fact somewhat larger in the newer RCP scenarios. These
scenarios pertain only to the anthropogenic forcing agents; changes in solar forcing and
volcanic activity are not included.
In the Climate for Culture project, we have used two emission scenarios developed by
IPCC the A1B scenario and the RCP 4.5 as described in the introduction of this
deliverable. More details can be found in D1.1 & D1.2.

7.4 Uncertainty in Climate Models
Climate models are highly complex numerical models of the climate system. Due to
limitations in computer power the models cannot resolve all relevant processes and those
that are included are often described in a simplified way. Horizontal grid spacing of
typically 100-300 km in global models and 10-50 in regional models implies that
phenomena at smaller scales, including for instance clouds and turbulence, cannot be
treated explicitly in the models. Instead, they need to be described by large-scale
parameters that are available in the models. This is referred to as parameterization and is
one of the main sources of errors in the climate models. Other uncertainties are related to
the fact that we do not know how the climate system works in all its details. Also, all
relevant processes may not be included due to computational limitations. For instance, it
is only recently that carbon-cycle models have been coupled to climate models with
potential strong impact on the results [Friedlingstein et al 2006].
As a result of differences in their formulation, different climate models will project slightly
different climates. This is true both in today†s climate but also in future and past climates.
Differences between models result in both different long-term global average conditions
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and different regional details in the climate including extreme conditions. Further,
different climate models respond differently to changing forcing conditions.
A lot of effort has been made on providing a quality control datasets . An assessment of
robustness of climate change patterns projected for Europe has been achieved across
different studies [Jacob et al. 2012, Jacob, 2013;Vautard et al. 2014; von Storch and
Zwiers, 2013]. Here we refer to different global/regional model combination. While
dynamical downscaling is done by the regional climate model REMO, two global
circulation models were applied as driving forcing. The largeƒscale atmospheric flow
fields to drive REMO at the lateral boundaries were derived from the global coupled
atmosphere-ocean model ECHAM5-MPIOM [Roeckner et al, 2004] and MPI-ESM
[JAMES, 2013]. Figure 7.3 shows the climate change pattern over the entire Europe for
different global models.

Figure 7.3 30-yr mean of near surface (2m) meter temperature for the period of 1961 to
1990 for different global models ECHAM5-MPIOM (a) & MPI-ESM (b).

7.5 Uncertainty related to internal variability
The climate is highly variable with variations at many different time scales. Part of the
variability is driven by changes in external forcing as described above (e.g. volcanoes,
solar irradiation, etc.). But, even if there is no external forcing climate will undergo
changes. Such variability is referred to as internal variability and it can be associated with
different phenomena such as the El-Ni‡o affecting a large part of the Pacific Ocean and
surrounding continents e.g. [Trenberth, 1997]; or the North-Atlantic Oscillation that has a
profound impact on weather and climate in much of Europe [Hurrell. 1995].
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As climate models are designed to simulate the climate system they also include internal
climate variability e.g. [Jungclaus et al, 2010]. An implication of this is that in simulations
when external forcing is changing over time, as in the 20th and 21st century, there is a
component of internal variability that is part of the overall climate change signal. In some
cases such internal variability can amplify the externally driven climate change signal and
in some cases reduce it.
Climate model integrations often span the time range from 1850 to 2100 thus including
both historical changes and a future scenario. Starting conditions in 1850 are taken from
a control integration with the same model run for several hundred years with constant
pre-industrial forcing. These starting conditions will differ from the state of the real climate
system at that time. This, in turn, means that the internal variability in the model
integration will not be in phase with that of the real climate system. Another experiment
with different starting conditions will not be in phase with the first one and the differences
between these simulations can be taken as a measure of the uncertainty related to
internal variability. Recent findings indicate that the contribution of internal variability may
account for at least half of the inter-model spread in projected climate trends during
2005-2060 in the multi-model ensemble used in the fourth assessment report by the
Intergovernmental Panel on Climate Change [Deser et al., 2012].

7.6 The significance of the Climate Change
pattern
Furthermore we have investigated the significance of the climate change pattern. We
focus on climate change signals between three time slices. Two of them correspond to
near (2021-2050) and far future (2071-2100) climate, the other one reflects climate of the
recent past (1961-1990). These slices of 30 years length are long enough to provide
adequate estimates for climate change calculations. On the other side, a substantial
impact of natural variability on the estimated climate signal can be avoided within these
time slices. Further details can be found in deliverable D1.1
The climate change signal is derived from the monthly mean data which are calculated
from 1h values. It expresses a relative change between the atmosphere time-mean state
in the near/far future and the present. It can be written as:

TEMP2  TEMP220712100  TEMP219611990
TPREC  TPREC20712100  TPREC19611990
Here TEMP2 is the near surface air temperature (2m temperature) and TPREC refers to
the total precipitation in the system. The spatial average covers the entire simulation
domain.
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By calculating the climate change signal, we applied a two-sided student t-test [von
Storch et al. 1993]. The climate signal is called statistically significant if the level of
significance reaches 95 % or more. Analyzing, for example, the pattern of total
precipitation, Figure 7.4, it can be seen that there are no significant changes in the
climate change signal for some parts of Europe. However, significance of the signal
increases towards the end of the century.

Figure 7.4 Total precipitation (TPREC) over Europe for 30 years mean. Difference in [%]
relative to 1961-1990 ( example for A1B)
To measure the typical variability of selected variables, the standard deviation and its
difference have also been calculated. Figure 7.5 illustrates difference in the standard
deviation of relative humidity for January and July for the period of 2071 to 2100
compared to 1961-1990. The statistical values have been computed over all daily time
steps.

Figure 7.5 Difference in standard deviation for relative humidity for January (a) and July
(b) for 2071-2100 compared to 1961-1990, in [%]
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7.7 Uncertainty in building simulation
Based on projected future outdoor climate and building properties, the future indoor
climate is predicted through building simulation. The simulation model can be more or
less complex, ranging from whole building simulations to linear functions based on a
statistical analysis of measurements.
Whole hygrothermal building simulations with large datasets are time consuming and it is
not viable to perform them for all locations that can be handled by regional climate
models. A shortcut is to use rather simple transfer functions, which give the indoor
climate as a function of the outdoor climate. The latter is applicable mainly in buildings
without active climate control.
Lankester and Brimblecombe , 2012a,b use a linear function
y=a+bx where
y

indoor temperature or mixing ratio

x

outdoor temperature or mixing ratio

a, b

regression coefficients determined for each month

This transfer function gave a reliable estimate for temperatures but for relative humidity
the estimate was less reliable. Bratasz et al 2012 also use the same kind of transfer
function but they introduce a time delay for temperature. Nik et al 2012 show that the
hygrothermal conditions inside four attics in Sweden are complex non-linear functions of
the outdoor conditions, i.e. the variability inside does not follow the outside variability. A
linear transfer function would consequently not be able to model this behavior.
The linear ˆt methodology provides a ˆrst -level approximation however there are other
methods that better reproduce hysteresis cycles, especially the daily one. In an approach
used by Camuffo et al 2014 the forcing factor is an external (daily or seasonal)
temperature cycle, and the indoor temperature is obtained by means of a conduction
heat transfer based on the heat diffusion equation in Cartesian coordinates. The method
results in a time-dependent equation that expresses the heat ‰ux in terms of the current
temperature and the past histories of both temperature and heat ‰ux.
Huijbregts et al 2012 use the building simulation model HAMBase to calculate the indoor
climate from the predicted outdoor climate. The model gives a good agreement with
measured values for temperature. For relative humidity the agreement is better than for
the simple transfer functions, still there is a significant deviation.
To generate risk maps it is advantageous to use generic building types for the simulation
of indoor climates. One generic building type is supposed to represent a category of
actual buildings, an approach previously used by Crawley, 2008. Although this
methodology seems to have a potential, it has not been widely used and the common
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approach is to use selected case study buildings [Wilde and Tian, 2011]. Essentially
there are three sources of uncertainty in building simulation, irrespective of the
complexity of the used model [31]:
1) Specification uncertainty due to discrepancies between the building and the model.
In general, this uncertainty is higher for historic buildings as the composition of the
building envelope might not be known and the physical properties of old building
materials vary more within and between buildings. The use of generic building types for
simulation introduces a high level of specification uncertainty. The level of this uncertainty
is a matter of how well the types represent actual buildings. It can be reduced with the
use of a larger set of generic buildings, thereby better representing groups of actual
buildings.
2) Modeling uncertainty due to deficiencies in the model itself. This includes uncertainty
of microclimates in the building. The level of modeling uncertainty with transfer functions
is higher than for whole building simulations. Nik et al. 2012 studied the effect of climate
change on typical Swedish attics. They showed that the difference between three
different emission scenarios was insignificant for the risk of mould growth. Interestingly,
this could be explained with the higher shortwave radiation intensity of the low emission
scenario that showed less cloud than the other scenarios. With the use of a simpler
model, omitting solar radiation, this effect would have been obscured.
3) Scenario uncertainty due to uncertainties about external conditions, such as climate
conditions and changes to the building or the use of the building. Included in this
category is the conversion of data from climate projections to the temporal and spatial
resolution needed for building simulation, usually hourly values for a given location.
Climate model projections deliver values representative for an area, which has to be
downscaled to a specific location. This extra downscaling adds uncertainty that can be
high, especially for locations with complex topography. In a long term perspective,
changes can be expected in the use of a building, in climate control systems and the
building envelope. Any model validated for the present conditions will thus be more or
less valid for the future. In sum, it is clear that the use of generic buildings and transfer
functions, as opposed to real buildings and whole building simulations, introduce a higher
degree of uncertainty. Despite the added uncertainty this approach is the most viable
option for the generation of risk maps. By comparing case-study buildings with generic
buildings, as well as transfer functions with whole building simulations, it would be
possible to assess the difference.

7.8 Uncertainty in Damage Functions
In this section we use the term damage function to describe a quantitative expression of
cause and effect relationships between environmental factors and material change. We
suggest that uncertainties in damage functions originate from three fundamental sources:
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1) Input uncertainty. This is uncertainty of the properties of objects as well as
uncertainty of input data. Many damage functions are based on the behavior of one
single material, not representative of the wide variety of forms in which different materials
are found in heritage objects. For example, the material …paper† could be old, new, acid,
alkaline, high or low lignin content, in a single sheet or in a book. All these factors would
affect the response, but they may not be included in the damage function.
The uncertainty of input data rises from uncertainties in measured or predicted data. One
problem is the formation of microclimates, i.e. the climate might differ significantly within a
room and therefore not be representative for the deterioration mechanism of concern.
Another problem is that in hygroscopic materials several deterioration mechanisms e.g.
swelling-shrinking, hydrolysis, corrosion, mould growth, hydration and mineral
transformation depend on the moisture content. However, as moisture content is difficult
to measure, relative humidity is often used as a proxy in damage functions. In reality the
relationship between moisture content and relative humidity is dynamic, characterized by
cycles and fluctuations and that the temperature level of objects is not the same as the
air temperature. In addition, heat diffuses faster than moisture in hygroscopic materials,
causing internal unbalances under dynamic conditions.
2) Deficiencies of the function itself and the natural variability of the deterioration
process. There might be synergistic effects that are not included in the function. This
uncertainty is rarely quantified but it should be possible to produce probabilistic damage
functions in many cases.
3) The interpretation of the output, i.e. the predicted material change. This is a
significant source of uncertainty due to ambiguity. Most damage functions will only
predict a relative change. If generic buildings are used this is not necessarily problematic,
as there are no actual objects for which absolute damage could be predicted.
Furthermore, it is uncertain to what extent a material change will be interpreted as
damage; it is by nature subjective.
The significance of uncertainties in the predicted indoor climate resulting from climate
projections and building simulation will vary for different types of cause-effect
relationships, as these are not equally sensitive to variability or extreme climatic events.
The type of relationship that is most straightforward to model with a damage function is
one where the effect can be expressed as the product of the intensity of a physical
variable and its duration, which is known as a dose-response relationship. One example
is colour fading which depends on the product of light intensity and time. Most
deterioration mechanisms are not strict dose-response relationships although there may
be cumulative effects over time. Some of these can be described with relatively simple
functions depending on one or more variables. One example is chemical deterioration of
paper due to cellulose hydrolysis, which can be approximately predicted by combinations
of relative humidity levels and temperature resulting in the same relative rate of
deterioration.
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When the cause-effect relationship is neither a dose-response, nor a simple function of
one or more physical variables, the problem is more complex. Furthermore, the functional
variables might be mixed and involve synergisms. In these cases it becomes more
difficult to mathematically describe the relationship with a damage function.
An example of one such complex cause-effect relationship is mould germination and
growth. Most models use a combination of relative humidity, temperature and time for
prediction e.g. [Isaksson et al. 2010]. The germination of mould is a threshold
phenomenon and therefore sensitive to extreme conditions for a limited period of time.
Mould growth, on the other hand, is cumulative. Although it is not well established how
variability in temperature and relative humidity affect mould, it has been shown that
fluctuating relative humidity decreases growth of mould also in relation to cumulative time
at relative humidity levels that permit growth at constant moisture conditions [Viitanen
and Bjurman, 1994].
Given the fundamental differences in time-dependency and cumulative effects between
different damage functions it seems plausible that uncertainties in predicted indoor
climates will play different roles for different types of functions. For example, uncertainty
about variability and extreme events will be of less concern for cellulose hydrolysis than
mould germination and growth. Further research is needed to establish the sensitivity of
damage functions in relation to upstream uncertainties.

7.9 Discussion
As shown in the previous section, there are significant uncertainties introduced at each
modeling step in the production of risk maps. The sources of uncertainty and their
dominating nature are summarized in table 7.1. The relative levels of these uncertainties
and how they propagate through the process to produce risk maps are to a large extent
unknown. Furthermore, little is known about how important this gap in knowledge is for
the final assessment of risk maps, both in the case of estimated impact and for adaption
planning.
Table 7.1
The major sources of
uncertainty for each
modeling step in the
production of risk maps and
the dominating nature of
uncertainty for each source.
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An intuitive direction of research to bridge this gap would be to quantify uncertainties for
the whole chain. In this vein, Tian and Wilde [Tian and Wilde, 2011] outline the
methodological steps needed for a probabilistic treatment of building performance in
relation to climate projections, based on global sensitivity analysis. This methodology
could be extended to include damage functions. As mentioned above, there is a need for
sensitivity analysis to analyze how damage functions are affected by upstream
uncertainties from climate projections and building simulation.
The use of building simulation and damage functions as an extension to climate
projections is a •top-down‚ approach where the output is a predicted value (with the
possibility to add a probability range). There is a possibility to use a •bottom-up‚ process
instead, where intolerable risk is expressed as a combination of thresholds for different
climatic parameters. The likelihood of exceeding these thresholds would then be
analyzed and used for risk assessment [Jones, 2001].
To bear in mind is that it is only possible to quantify a limited part of the whole uncertainty
range, as shown in Figure 7.6. In effect, there will always be a large amount of residual
uncertainty left - no matter the efforts of research. Whereas aleatory and epistemic
uncertainty can be quantified to some extent, ambiguity is not amenable to quantification
at all. From the summary in table 7.1 it is evident that there are important sources of
uncertainty in risk maps which are by nature ambiguous. As pointed out by Dessai and
Hulme, 2004 , uncertainties about future climate change will always be subjective and
conditional, and further research might actually increase uncertainty as new and
•unknown‚ uncertainties are discovered. This is a strong argument for adaption planning
not to rely on increasingly precise predictions, i.e. reduced uncertainty. Instead, adaption measures
could be implemented that are robust for a range of possible future climates and states of the
world [Dessai et al. 2009; Weaver et al., 2013].

Figure 7.6 The relationship between damage projections, a projected range and a total
range of uncertainty. Adapted from [10].
All risk management decisions, and consequently all adaption planning decisions, do not
require the same level of treatment of uncertainty; sometimes best-estimates or worst
cases are sufficient for decision-making [PatŠ-Cornell, 1996]. The use of worst cases is
widely used for decision-making in preventive conservation, and many damage functions
are based on this concept. Even though worst cases are appealing because of the
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intuitive ease with which they seem to inform decision-making, they are most useful in the
case of a negative result, i.e. that climate change will not matter for the object under
consideration. However, this result will be obvious also if a wider range of probability
distributions are considered. Furthermore, it is not an easy task to define the worst case
given the many modeling steps needed to produce risk maps. For each modeling step
some moderation of the worst case is needed in order to ignore extremely unlikely
outcomes. This moderation results in a quasi-worst case that represents a truncation of
the probability distribution. Both quasi-worst cases and best-estimates can be
problematic when used for policy decisions [PatŠ-Cornell, 1996; Webster et al. 2012].
The limited resources available for cultural heritage make trade-offs between risks a
necessity, and such trade-offs are best done in a risk management framework where the
overall magnitudes of different risks are compared.
Despite the many challenges ahead, it should be the aim of research to assess the
relative importance of different uncertainties and to communicate uncertainties effectively
to decision-makers [Foley, 2010]. How uncertainties should be communicated in risk
maps is a further topic of study. To bear in mind is that effective communication of
uncertainty is a challenging task, even when full probability distributions are known
[Spiegelhalter, 2011].
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Part 8 - Map Database Overview
Introduction
All the climate and risk maps produced have been stored in a database that is available
on www.climateforculture.eu. The database contains additionally to the maps also an
extensive set of information on case study buildings and generic buildings.
This chapter provides information on how to get access to the maps in the database.

Selecting Maps in the Database
Navigation through the database is simple and intuitive as can be seen in the step by
step example below.
1. Go to www.climateforculture.eu.
2. Select the €Data• menu, see Figure 8.1
3. Select the type of building

Figure 8.1 Data menu

4. Select €Case studies Database•see Figure 8.2 and Figure 8.3.
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Figure 8.2 - Case studies menu

Figure 8.3 - Case study selection
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5. Click on the €Show• button and the page dedicated to the type of building will
appear.
6. Select the type of maps you want to look at using the menu shown in Figure 8.4.

Figure 8.4 - Case studies database ‚ filter
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Appendix A: WUFI® Plus Simulation
For each generic building described in the box, a WUFI® Plus model was created.
Layout and construction dimensions of these models were based on 34 real case studies
with the classification of “generic buildings” collected in the CfC case study database.
Additional information about assemblies was taken from the church of Roggersdorf which
was investigated in depth and of which a validated WUFI® Plus model existed [Erhard et
al, 2013].

Layout - All the generic buildings have the same basic layout:

Table A.1 – Generic Building Layout

Floor Plan

Rectangular

Smaller sides
orientation

East-West Direction

Larger sides
orientation

North-South Direction

Windows

Distributed evenly on Northern
and Southern walls

Roof

Gable roof

Indoors, two zones were modelled: Nave and attic, but only the nave
zone was used for the creation of simplified building models, panEuropean simulations, risk assessment and map plots.

The 34 case study buildings were divided into two dimensional categories:
 One representing “small” buildings
 One representing “large” building.
The dimensions of the generic buildings are average values derived from these two
groups and rounded by 0.25 m.
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Small Building - Described as chapel with:
Length/Width  32.00 m
Area  320 m2

Figure A.1-a: Small building –
small window area

Figure A.1-b: Small building –
large window area

Table A.2 – Dimensions of small building

Length

21.75 m

Width
Height

11.25 m
10.50 m

Floor
area
Volume

244.69 m2
2569.22 m3

Roof
inclination
Height of roof
Wall area

50°

Small window
area (5%)
Small window
area (10%)

36 m2
(6 windows: 2x3m)
69 m2
(6 windows: 2x5.75m)

6.70 m
693 m2

The dimensions of the large buildings were determined from the mean dimensions of the
case study buildings that fitted the requirement of large building.
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Large Building - Described as church with:
Length/Width > 32.00 m
Area > 320 m2

Figure A.2-a: Large building –
small window area

Figure A.2-b: Large building –
large window area

Table A.3 – Dimensions of large building

Length
Width
Height

71.50 m
30.25 m
24.25 m

Roof inclination
Height of roof
Wall area

50°
18.00 m
4934.88 m2

Floor
area
Volume

2162.88 m2

Small window
area (5%)
Small window
area (10%)

246.74 m2
(8 windows: 4x7.75m)
493.50 m2
(14 windows: 4x8.80m)

52449.72 m3

Walls - The assemblies of the walls were derived from the CfC case study database.
They are categorized heavy weight and light weight buildings.


Heavy weight building – The CfC heavy weight generic buildings have massive
stone walls with 1.25 m of sandstone. Both inside and outside surfaces are
covered with lime plaster. The assembly is shown in Figure A.3



Light weight building - The assemblies of light weight churches are determined
on the basis of the available information collected from the CfC case studies.
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Figure A.3: Assembly of heavy weight buildings

Roof - The generic buildings have a gable roof with 50 ° inclination as frequently found in
the CfC case studies. For the roof a wooden construction with wooden tiles is used, as
shown in Figure A.4.

Figure A.4: Roof assembly

Attic Floor - No detailed information about this kind of assemblies was available in the
CfC case study database. The WUFI® Plus model of the Roggersdorf church used a
wooden construction with clay mortar on the face towards the nave. This construction
was also used for all generic buildings. Figure A.5 shows the assembly of the attic floor.
Climate for Culture – Deliverable 5.2

152

Figure A.5: Attic floor assembly

Moisture Buffering Performance (MBP) - To distinguish the different moisture buffering
capacities of the buildings, two types of low and high capacity are defined.
Low MBP:
- Inner surfaces (walls & floor attic) with custom Standard Deviation (SD) value: 0,5
m
High MBP:
-

Inner surface of walls covered with an additional softwood-layer of 2,5 cm

-

Clay mortar layer of floor attic removed

-

no additional SD-value on inner surfaces (walls & floor attic)

Windows – The information about the glazing type or area in the CfC case study
database refers to uncoated single glazing windows. Two representative variants for the
window coverage have been calculated from the database as follows
 5 % window coverage
 10 % window coverage
Ground-floor - The ground floor of the generic buildings is modelled with granite slabs
on a thick gravel layer. The influence of the ground should be minimized in the WUFI®
Plus model, so an unrealistically high insulation was inserted below the assembly of the
ground floor. The assembly of the ground-floor is shown in Figure A.6.
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Figure A.6: Assembly of ground-floor of nave with granite covering

Heating & Ventilation - The generic buildings have been modelled as unconditioned
buildings, therefore no indoor climate control system and inner loads are added to the
WUFI® Plus building models.
The ventilation is modelled with constant values including infiltration:
 Nave: 0,6 h-1
 Attic: 3,0 h-1
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Appendix B: Energy demand
in buildings with climate control
Within the CfC project, a matrix which combines the quality of envelope (QoE) and the
level of control (LoC) in the 16 generic buildings has been introduced to evaluate the
energy demand for climate control (Figure B.1) in the recent past, near and far future
(Martens, 2012). Firstly, the simulation of the ndoor climate (Ti, RHi) has been obtained
in the 16 different buildings for each location in Europe using the REMO hourly data as
input. Then the energy consumption for heating/cooling and (de)humidification has been
obtained varying QoE’s and LoC’s in the energy simulation model.

Figure B.1 Matrix of
the 16 generic
building types
combining quality of
envelope (QoE) and
level of control (LoC)

n the energy simulation model, the building type depends on QoE: walls, glazing and
infiltration rate (responsible of leakages in the envelope); whereas the set points depend
on LoC.
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Table B.1 (Martens, 2012) Influence of the Quality of Envelope (QoE) on input
parameters.

QoE 1

QoE 2

QoE 3

Exterior
wall

Solid brick wall
400 mm,
plastered

Solid brick wall
400 mm,
plastered

Glazing

Single

Double

Solid brick wall
400 mm,
insulation on the
inside 100 mm,
plastered
Double low-e

brick wall
100 mm, cavity,
insulation 150
mm, brick 100
mm, plastered
Double low-e

0.4 h-1

0.2 h-1

0.1 h-1

-1
Infiltration 1 h
rate

QoE 4

Table B.2 (Martens, 2012) Influence of Level of Control (LoC) on input parameters.

LoC 1
Temperature -set point (°C)
-Relative
humidity set
point (%)

LoC 2

LoC 3

LoC 4

20°C
(Heating)

20°C (Heating)

20°C (Heating)
22°C (Cooling)

--

40%
(Humidification)
60%
(Dehumidification)

48%
(Humidification)
52%
(Dehumidification)

Changing LoC 1 to LoC 4 will decrease the influence of seasonal changes (daily and
weekly thermo-hygrometric changes also decrease when increasing the LoC). Increasing
QoE from 1 to 4 will result in decreasing daily and weekly ranges, although seasonal
changes in temperature increase because well insulated buildings tend to overheat in
summer due to solar radiation on roof and walls, to which internal heat production might
add in manned buildings, while cooling by infiltration is less.
The most severe conditions has the QoE 1 and LoC 1 model (unconditioned building)
with cold and humid indoor climate. When going from QoE 1 to QoE 4 (unconditioned
building - first column of the matrix in figure B.1), temperatures are less variable over the
calendar year and higher (internal loads cannot be cooled, so summer temperatures rise
to 30°C, relative humidity ranges between 33% and 75%). Note that buildings with a
modern envelope usually have a LoC of 3 or 4.
By going from QoE 1 and LoC 1 to LoC 4 (last row in the matrix in figure B.1),
temperature remains quite constant throughout the year and RH ranges from 25% in cold
winter and 80% in summer. The old and leaky envelope poses a limit to the natural
tendency of the building envelope to smooth out indoor climate variability, even in terms
of RH. The combination of QoE 4 and LoC 4 in the model shows an almost unchanged
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indoor climate, both in temperature and relative humidity. In this case set points values,
have been achieved over the entire period.
By changing set points (LoC), an evaluation of the saved energy has been obtained while
maintaining the same quality of conservation.
In Part 6 of this deliverable a set of map plots related to energy demand for heating,
cooling, humidifying and dehumidifying in certain buildings with climate control selected
from the 16 modeled ones, changing QoE and LoC are displayed.
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List of Abbreviations
A1B

The A1 scenario family develops into three groups that describe alternative
directions of technological change in the energy system, the A1B is
distinguished by balance across all sources.

BS

Building Simulation

CDD

Consecutive Dry Days

CfC

Climate for Culture

CFD

Consecutive Frost Days

CRC

Chemical Risk Colour Photographs

CRP

Chemical Risk Paper

CRS

Chemical Risk Silk

CWD

Consecutive Wet Days

D4.2

Deliverable 4.2

D5.1/5.2

Deliverable 5.1/5.2

DD

Dry Days

DoW

Description of Work

DP

Dew Point

Ea

Activation Energy

FAQ

Frequently Asked Questions

FD

Frost Days

FF

Far Future

FR

Furniture Risk

Ft

Frosting time

FTC

Freezing-Thawing Cycle

HAM

Hambase

HDD

Heating Degree Days
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HPD

Heavy Precipitation Days

HVAC

Heating, Ventilating and Air Conditioning

IM

Inverse Modelling

IPCC

Intergovernmental Panel on Climate Change

IR

Insects Risk

LM

Lifetime Multiplier

Mat

Material Types

MBP

Moisture Buffering Performance

MGR

Mould Growth Risk

MPI

Max Planck Institute

MR

Mixing Ratio

NF

Near Future

NR

Normal Rain

O

Objects

P

Past

PLR

Pictorial Layer Risk

RCP4.5

Representative Concentration Pathway (RCP) 4.5

REMO

Regional Climate Modelling

RH

Relative Humidity

SCC

Salt Crystallization Cycles

ScR

Sculpture Risk

SLR

Sea Level Rise

SSM

State Space Model

T

Temperature

TD

Tropical Days

TF

Transfer Function

ToW

Time of Wetness
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TUE

Technical University of Eindhoven

TW

Time Window

UU

Uppsala University

WD

Wet Days
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Glossary
Temperature (T): It refers to the degree of heat or cold of the air, as
measured by a thermometer. It is expressed in °C .

Relative Humidity (RH): The ratio of water vapour pressure in the air at a
given temperature, to the maximum amount that could exist at that
temperature. It is expressed in percent.

Humidity Mixing Ratio also called Mixing Ratio (MR): It represents the
mass of water vapour per unit mass of dry air. It is expressed in g/kg.

Precipitation: Water falling from the atmosphere to the earth's surface in
liquid or solid form. It may be expressed in terms of daily, monthly, or yearly
total amount (mm/day, mm/month, mm/year).

Time of Wetness (ToW): The time period during which the atmospheric
conditions are favourable for the formation of a surface layer of moisture on
a metal, glass or stone surface. It is expressed in hours. It has been
calculated for RH>85%.

Freezing/thawing cycles: How many times per year (or month, or season)
the temperature cycles have caused water to pass from the liquid to the
solid state (i.e. ice).

Salt Crystallization Cycles: How many times per year (or month, or
season) the (surface) temperature and the air humidity cycles have
determined the crystallization or the dissolution of NaCl. When T=20°C, the
RH threshold is 75%.
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Sea Level Rise (SLR): It refers to the change in level of the sea surface for
global warming. Two main factors contribute to observed SLR. The first is
thermal expansion of ocean water; the second is from melting of major
stores of land ice. It is expressed in mm/year.

Frost Days (FD): Number of days per year (or month, or season) with
minimum temperature below the freezing point, i.e. 0°C.

Tropical Day (TD): Number of days per year (or month, or season) with
minimum temperature exceeding 20°C.

Dry Days (DD): Number of days per year (or month, or season) without
precipitation, or with precipitation smaller than the instrumental threshold (1
mm).

Wet Days (WD): Number of days per year (or month, or season) with
precipitation exceeding 1 mm.

Heavy Precipitation Days: Number of days per year (or month, or season)
with precipitation exceeding 10 mm.

Thenardite/mirabilite Cycles: The annual (or monthly, or seasonal)
number of times when thenardite (Na2SO4) has been hydrated to mirabilite
(Na2SO4 •10 H2O) and vice versa. The above mineralogical transitions
occur at some critical combinations of T and RH.
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