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D 4.2 Report on damage functions in relation to climate change and microclimatic response.
This is a succinct report on the use of damage functions in the field of cultural heritage in the
context of climate change. An earlier document, Deliverable 4.1 ”Report on newly gathered
knowledge about damage functions” gave information on the state of the art for damage
functions used in the heritage field. Extended discussion of the contents of the two
deliverables will appear in a separate publication provisionally titled “Damage functions in
cultural heritage risk assessment” which will also provide greater detail of the history and
context of the study of damage and risk.
This report consists of an examination of the criteria for selection of damage functions that
might be used in producing risk maps that show future changes in indoor environments and
the consequent predicted changes in cultural property. The project ‘Climate for Culture’ uses
future projections of outdoor climate that are used to model future indoor environments.
Damage functions are applied to the modelled indoor data to produce figures that are used
to produce maps or to create risk evaluation criteria for decision support systems. This
process is described in greater detail in Deliverable 5.2 “Report on the climate change impact
on movable and immovable cultural heritage throughout Europe”.
This report, Deliverable 4.2, contains information about the damage functions used to create
risk maps as shown in Deliverable 5.2 but it is not restricted to those damage functions that
have been implemented within the ‘Climate for Culture’ project. The research field of
predicting the impact of future climates on historic interiors is only a few years old. There is
currently a great deal of new research into the development of damage functions. There is
potential for a large amount of further work that combines these two research directions. It
is hoped that the discussion in this document might be useful to future researchers.
A strong focus of this project has been the indoor environment, and the main output from
modelling and measurement consists of levels of temperature and humidity within buildings.
While acknowledging the contribution of pollutant gases and particulates to rates of
deterioration, this report gives priority to the effects of temperature and humidity.
This document should be read in conjunction with project deliverables D 4.1 and D 5.2, to
which reference is made throughout the text.
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Words used in this report to describe items at risk.
The words used in this report to describe the items that are believed to be at risk from
changes in climate, such as objects and collections, are used in a consistent manner, but not
necessarily with restrictively narrow definitions. These definitions may differ from those used
in other related fields of study.
Object
An individual item of cultural significance. Usually the word refers to a single item of movable
heritage; a painting, a piece of furniture, a book. It will not usually be used to refer to a thing
such as a building or site even though that may be the ‘object’ of a particular study.
Building
A large structure or group of structures intended to have a long service life for a variety of
human endeavours eg dwelling, place of worship.
Collection
The contents of a museum or historic house. A group of objects that for better management
or easier comprehension is considered as one set, unified by some common factor such as:
location, material, date, manufacturer, culture or collector. The history of the collection and
the motives for collecting are not considered.
Historic (or heritage) site
A historic building and its immediate surroundings. This could include castles, cathedrals,
palaces, cottages or museums. It would not normally include an archaeological dig or a
landscape.
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Words used in this report to describe aspects of the study of objects at risk.
The words that are frequently employed in the systematic study of risk and damage are often
used rather loosely in ways that overlap with everyday usage. Or they may, in contrast, be
used consistently but in ways that differ significantly between different areas of study. The
definitions below are consistent with studies in the conservation of museum objects.
Prediction
A prediction is a statement about what will happen in the future to a specified object, given a
specified set of circumstances. The knowledge or experience used in the prediction must be
subject to scientific criteria such as repeatable experiment, systematic recording, open
publication and peer review.
Risk
The word risk is related to the uncertainty of future events. If risk is quantified, the
magnitude of risk must include estimates of both the probability and the consequences of
the predicted situation. In this report the future events of interest are changes in the
environment that cause unwanted changes in the state of objects.
Hazard
A substance, activity or event that may, in some circumstances, cause chemical or physical
change in an object, collection or building. Examples are frost, high temperature, high
humidity, fire, flood, earthquake. These are sometimes known as ‘agents of deterioration’. In
some circumstances, usually not in the heritage context, agents such as fire and flood can be
used for beneficial purposes. High humidity is used as part of beneficial conservation
treatments
Environment
In this report the word ‘environment’ will be used to describe the quality of the atmosphere
in the immediate vicinity of the item of interest. For an object on display in a gallery this
means the nature of the air in the gallery, reflected in measurements of temperature
humidity and concentrations of pollutants. The word ‘microenvironment’ will be used to
describe the environment within a showcase or storage container, which is likely to be
different to that of the larger space surrounding the enclosure. This element of difference
between a smaller and a larger space leads to the use of the word ‘microenvironment’ to
describe a small portion of a larger volume that behaves in an anomalous fashion. For
instance, because of restricted ventilation or proximity to a cold or damp wall.
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Other expressions and abbreviations used in this document.
Damage function
A quantitative expression of cause and effect relationships between environmental factors
and material change.
Dose-response relationship
This is a subgroup of damage function. A dose-response function shows the relationship
between the accumulated dose of a hazard such as light or a pollutant gas to measureable
change in a material.
Abbreviations used in the document
CfC
LM
MC
RH
T
ToW
TUE

Climate for Culture
lifetime multiplier
moisture content
relative humidity
temperature
time of wetness
The Technical University at Eindhoven.
Mentioned specifically in relation to the database and risk analysis system available
to CfC project partners

DMSS Decision-making Support System
ExDSS Expert Decision Support System
ASHRAE The American Society of Heating, Refrigerating & Air-Conditioning Engineers
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1. Introduction
In the cultural heritage context a damage function can be defined as an equation or an
algorithm that relates quantifiable factors in an object’s environment to quantifiable changes
within the object, or to quantifiable changes in the probability of such change.
Within “Climate for Culture” a damage function was initially defined as sufficient information
about the relationship between indoor climate and unwanted irreversible change in objects
to enable production of the various outputs of the project. These outputs were risk maps,
decision-support systems and economic impact evaluations. This broad definition allowed
inclusion of information about environmental standards and tolerable ranges, which are not
usually presented in the form of equations or algorithms.
A more extensive discussion about damage functions and dose-response relationships can be
found in sections 1-3 of project deliverable D 4.1 ‘Report on newly gathered knowledge
about damage functions.’
The basic assumption in using damage functions in the context of global climate change is
that the relationship between local environment and material change in heritage objects is
fully understood. If it is predicted that the local environment will be different in the future, it
can be assessed whether this environmental change will lead to a change in the rate of
degradation or change in the magnitude of risk of damage. Ideally the predicted change in
risk, or in the state of the object, can be quantified. This numerical value can be used to
grade the severity of change. Different grades can be ranked so that one scenario can be
seen to be better or worse than another in terms of preserving heritage value.
In reality the relationship between environment and change is not fully known. There is great
variability in the construction and material of the objects. The nature of the
microenvironment immediately surrounding the object may not be known. Considering this
variability and uncertainty the predictions can only be very generalised and extensively
qualified. The possible sources of uncertainty are discussed in Section 2.1 and in the
discussion of each damage function.
Damage functions are part of the hidden pathway between the input of environmental data
and the outputs of potentially useful information about heritage collections. The way in
which the data is treated can alter the value of the output. For instance applying the damage
function to yearly averaged values rather than taking the average of values of functions
calculated for every hourly set of data, can seriously underestimate the severity of some
deterioration reactions. It is essential to be aware of seasonal peaks, e.g. of insect activity,
that might be ignored when looking at annual trends.
The evaluation of the output, at the stage before it is made overt to the stakeholder, is
subject to political influence. Is the aim to warn, to calm or to petrify those with
responsibility or the power to influence change?
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2. Risk communication
Since the interactions of interest are in the future, and are subject to uncertainty, even
deterministic relationships should be treated using the general term ‘risk’. Risk has
traditionally been thought of as a combination of the probability and consequence of
unwanted occurrences, although more recently it is taken to include positive and neutral
outcomes as well as negative effects [1]. Since there is a popular conservative assumption
that rapid climate change is not a good thing and that many of its effects on human activities
will be adverse, the negative connotation of risk is maintained in this document.
Risk assessment includes the steps of risk identification, risk estimation, risk evaluation, and
risk communication. The first three steps form the bulk of this report but the methods of risk
communication used in the project will be discussed first.
The risks to collections are communicated to different stakeholders using different tools
developed during the Climate for Culture project. Four main risk communication methods
have been developed. Three of these are publicly available through the project website: the
risk maps described in deliverable D5.2, the DMSS (decision-making support system) that
gives interactive access to the maps and can provide local risk information to the user, and
the ExDSS an interactive system that guides the user toward appropriate environmental
management approaches. The fourth approach is an environmental data analysis and risk
assessment system currently only available to project partners who have downloaded their
environmental data onto a database housed at the Technical University at Eindhoven (TUE).
This requires registration and uses a separate log-in. Almost all the damage functions used in
these four systems are described in this report, even though only the first two deal
specifically with future predictions of climate change.
There are some notable differences between the risk assessment approaches needed for the
maps and for the decision support systems. The maps can only give generalized views over
large geographic areas. Because of the great number of building types and of object
materials and constructions, the number of maps available is limited. So although the maps
may be useful for politicians and regional administrators, and some students and researchers,
it is unlikely that they could meaningfully supply the information needed by the
administrator of a specific building in a specific location with specific types of collection.
2.1 Uncertainty
The project relies on a chain of information, relationships and decisions. This goes from the
choice of IPCC scenario, through the conversion of predicted outdoor environments into
predicted indoor environments, to the integration of damage functions into the production
of the final outputs.
The propagation of uncertainties through this process is investigated in the paper
‘Uncertainties in damage assessments of future indoor climates’ [2] which first appeared in
the post-prints of the conference ‘Climate for Collections: Standards and Uncertainties’ and
can be found in modified form in deliverable D5.2. In the paper the uncertainties related to
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damage functions are discussed under the headings of: uncertainties of input, uncertainties
inherent in the function itself, and uncertainties in interpretation.
The input uncertainty relates to both the object and its environment. Collections managers
are responsible for certain individual objects but a damage function usually only gives a
prediction for a generic material e.g. paper, or a generic object type e.g. painting. ‘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 separately included in the
damage function (see section 5.4.2.2 p.32). A ‘painting‘ could be old, new, damaged,
restored, re-lined, with or without a ground layer, in an acrylic, oil or another medium,
varnished or unvarnished, with a solid backing or un-backed, glazed or open, and so on. It is
not certain what a damage function for ‘paintings’ would reveal.
The measured or predicted environmental data is subject to several uncertainties. Real
measurements are subject to basic instrumental error, to poor calibration and to reading
errors. The instrumental error for RH and T may be as little as 2-3% but for indoor pollutant
measurements the error can be as high as 25%. There may be microclimates in a room that
mean that the single figure given for the measured or simulated data for that space may be
very different from the immediate environment of the object.
Another problem is that for predictions involving hygroscopic materials RH is used as a proxy
for moisture content. The relationship between moisture content and relative humidity is
asymmetric, non-linear, and it is dynamic, characterized by cycles and fluctuations.
A contribution to damage function uncertainty is the possibility of synergy between different
environmental factors. Functions derived from field studies of representative material
samples, or of dosimeters, may consist of lengthy equations with derived coefficients for a
number of environmental factors. The assumption is that variation in one factor does not
significantly alter the contribution of another. This is not always the case. In addition, some
relevant factors may not be included in the equation because of the difficulty or cost of
measurement. These deficiencies may explain the very low coefficient of determination R2
quoted for many dose-response relationships. Some idea of the possible uncertainty is given
in the international standard on metal corrosion ISO 9223- 2012 [3]. The uncertainty of using
the published damage functions is estimated to be minus 33% to plus 50%.
One way to become comfortable with uncertainty is to abandon the illusion of certainty
suggested by the use of equations and graphs. The ‘equals’ symbol in a dose-response
relationship does not have the universal validity associated with its use in the equation 2 + 2
= 4 or in a balanced chemical equation. At best it suggests that if you put the same numbers
in on one side you will always get the same number out on the other, irrespective of any
relationship to the real world.
In relating a dosimeter-derived function to any real world changes, it should be remembered
that the only thing that follows the dose-response relationship is the dosimeter. The
dosimeter is not designed to mimic objects but to measure aspects of the environment. Most
dosimeters look at short-term changes to fresh materials. This short-term change does not
explain progress over a period of years or decades.
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Lastly, it is not certain to what extent predicted change in some material properties will be
interpreted as damage. This is very subjective (see section 2 of deliverable D4.1). Relative
levels of risk are also subjective, influenced by the risk aversion of the interpreter and the
degree of personal stake in the outcome.
2.2. Precautionary advice
The aim of the outputs of the Climate for Culture is to help different stakeholders make
decisions that affect cultural heritage buildings and collections. The choice of damage
function, the way the data is selected, the way the calculation is performed and the way the
results are presented, can all alter the effectiveness of the message. If some sort of action
could be necessary, possibly involving reallocation of budgets and staff resources, a vague
‘might be bad, might not be so bad’ message will do little more than annoy.
When a bad situation might occur a long way off in the future, it is usually difficult to gain the
attention of an audience to try to prepare for, or to prevent, the predicted disaster. One
approach is to concentrate on the worst-case scenario and to adopt the precautionary
principle. The precautionary principle is roughly: Where there is uncertainty you can’t afford
to wait. If the predicted outcome is very bad, even if the probability of it happening is very
low, even if the data collection is incomplete, even if the mechanism is not fully understood,
you should take action now. The ‘action’ often actually means the prohibition of some
activity, but it could indicate positive action to counteract any future damage. The worst-case
scenario is a way of convincing your audience that the precautionary approach is the right
one.
The choice of an appropriate scenario is a political balancing act. Too severe a warning may
make people unnecessarily worried and may cause unwise or excessive expenditure. Or it
may cause a loss of faith in the forecaster if there is no evidence of change, leading to total
inaction. Too weak a warning may lead to complacency and the inability to take action when
the evidence is finally seen.
The Climate for Culture project did not choose the most extreme climate scenario, a difficult
decision. If there is no sign of future damage with a moderate scenario should you worry?
Yet signs of increasing risk observed with a moderate scenario are far more convincing than
those predicted using an extreme one.
The choice of 10mm as the threshold for heavy precipitation is cautious. But a statistically
reliable increase might not be detected if a higher threshold, less likely to be exceeded, were
chosen.
Some damage functions tend to exaggerate risk, only a few underestimate it. Those functions
concerned with damage to wood use data measured in the tangential plane for the
expansion due to moisture increase. This is the direction that shows the greatest variation,
i.e. the worst case. The border between elastic and plastic deformation is taken as the
warning threshold rather than the actual yield point (where damage would be observable).
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Thus the risks of damage to wood from changes in humidity are overestimated, leading to a
precautionary approach to environmental control.
The risk threshold for the lifetime multiplier discussed in section 5.4.2.1 page 30 tends to give
an exaggerated warning of risk but, once understood, it is easy to interpret this signal in a
more studied and context-related manner.
In this document it is assumed that users of the maps or decision support systems are
intelligent and will not react suddenly or thoughtlessly, but will read the information
provided about the damage functions, their uncertainties and the limits of generalised
interpretations. They will then make a decision based on the significance of the collection,
the institutional conservation policy and the available resources. This follows the procedure
outlined in the British Standards Institute’s PAS 198:2012.[4]
2.3 Interpreting maps
There are different approaches to using damage functions to warn of possible increases of
risk and damage in the future. The Noah’s Ark project used maps with different colours for
different values of risk factors [5]. Predictions of future change were calculated using the
difference between the averages from three thirty-year time slices. In their excellent series
of studies Brimblecombe and Lankester [6] show changes in properties such as predicted
lifetime of paper on X-Y graphs using a moving five-year average. This enables a quick visual
assessment of future trends and differences between specific locations. Climate for Culture
used the Noah’s Ark model. The ‘climate’ for each 30-year period is defined by averaged
behaviour. Differences between three defined ‘climates’ were calculated. Maps quickly show
the geographical differences in many more locations than is possible with a graph.
Differences between separate thirty-year averages may be easier to see on a map than on an
X-Y graph if the results are quite noisy, not showing an immediately obvious trend, as with
salt transitions.
An attempt was made to detect trends within the thirty-year periods but it was concluded
that the data was too noisy to make meaningful correlations.
The geographic area under consideration for this project is large and diverse. From north to
south it encompasses arctic and subtropical zones, leading to large differences in
temperature. From west to east it goes from maritime to continental climates leading to
significant differences in airborne humidity. The difference in average temperature between
north and south is 30-35oC. Given that chemical degradation rates may double with a five
degree rise in temperature this means that decay could be a hundred times faster in the
south than the north.
Thus the maps have an underlying complexity of information from which the subtle changes
caused by climate change must be extracted. The choice of ranges, scales and colour
schemes for maps is critical for effective risk communication. One problem arises when the
range of validity for the damage function is not known, or if it has only been tested in a
smaller range of RH and T than is found at the site of interest. Where there is a strong
temperature dependency, as with paper lifetime, attempts to include the extremely long
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lifetimes predicted for low temperatures may mean that interesting geographical differences
in the middle range of temperatures and lifetimes are obscured.
3. Selecting damage functions and environmental risk criteria
The real and simulated environmental data need to be evaluated in the light of various risk
criteria. In addition to the use of specific damage functions these criteria might more
generally include:
•
•
•
•
•

Maxima, minima and ranges of RH and T
Frequency of transitions through specified thresholds
Time above or below thresholds
Time within user-defined boundaries
Compliance with international standards

AS an example of the last category, Marco Martens has devised a method of analysing
environmental data so that the levels of compliance with the various ASHRAE [7]
specifications AA-D are recorded as percentages of compliant data [8]. This analysis is made
available to project participants with data uploaded to the TUE database. This type of
information may not be useful for evaluating the uncontrolled and unoccupied buildings
modelled for the maps in D5.2, but may be useful where improvements to environmental
control are planned and can be modelled.
The degree to which the predicted data fall within the boundaries defined within the
European standard EN15757:2010 [9] is explored in this project, see section 5.2.1 page 22.
Other specifications such as that used by the National Trust within the UK could be used [10].
As these relate to buildings with low levels of control, but where the contents are generally
in good shape, such specifications might be more appropriate for showing tolerable
environmental ranges for e.g. paintings than those used for galleries with high levels of
control such as the National Gallery in London [11].
Idealistic criteria suggest that the damage function:
•
•
•
•
•
•

should lead to information and advice useful to the stakeholder
must represent (an eventual) decrease in fitness for purpose
which must be apparent within a meaningful timeframe
and must model the dominant mechanism of decay
must not generalise materials too much
cannot be too dependent on local variables

It would be possible, using measurement or prediction using a damage function, to follow
the change in some physico-chemical property of the object and yet this change have no
impact on the way the object is perceived, valued or cared for in the foreseeable future.
Examples would be small changes in surface colouration or slight alterations of
microstructure. Even if what is currently hidden could become a problem in the future this
must become apparent within a long-term planner’s time horizon. 200 years in the future is
15
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the maximum realistic planning horizon [12] even 50 years takes us beyond the working
lifetime of a decision-maker. No one is going to alter collections management procedures to
increase the useful lifetime of an object from 300 to 400 years. No one is going to panic if the
predicted lifetime falls from 5000 to 1000 years.
There is often more than one deterioration reaction taking place at the same time. It only
makes sense to be guided by changes in the dominant mechanism. Chemical degradation of
wood is affected by changes in temperature and humidity but the reaction is very slow.
Biological decay is likely to be the dominant mechanism.
It is necessary to generalise to some extent when providing universal, yet still helpful, advice.
But the degree of generalisation can be overdone. For instance the material type ‘metal’ is
too generalised; the chemical reactivity (environmental susceptibility) of iron is very different
to that of gold. Study of one insect species will obviously be useful for predicting risks from
that one species, but it may not be possible to generalise the risk assessment across a range
of species. Conversely, a damage function that attempts to model a range of species that
harm cultural property may seriously overestimate some risks while ignoring others.
A number of functions are very dependent on local variables. Pollution levels vary greatly
between urban, rural and coastal environments. It would be inappropriate to create maps
that were highly contingent on local conditions and required complex textual explanations to
make them universally useful. With the indoor environment, levels of risks such as mould
growth and insect attack are very dependent on local management. Attempts to predict
changes in risk on a Europe-wide basis would be subject to a large number of provisos.
The CfC project was unable to avoid all of the pitfalls described above.
4. Outdoor climate and risk
The main focus of the CfC project was the predicted changes in indoor climate. The driver for
indoor change is obviously the change in the outdoor environment. The outdoor climate was
modelled for the recent past, near future and far future. The differences: recent past to near
future, and recent past to far future, were calculated to see if there are increases or
decreases in the predicted values.
4.1 Climate
Outdoor climatic data was calculated for temperature, relative humidity,
specific humidity and precipitation. The relationship of these factors to damage to cultural
property is discussed below in the light of the predicted changes in the future.
4.1.1 Temperature
In general, temperature is not a dominant factor in outdoor degradation reactions. The
exponential dependence of decay rate on temperature found for paper and textiles indoors
is not observed with most building materials. Functions for calculating recession of building
stones do not feature temperature. Decay of metal is linear with temperature increase and
may actually decrease above 10oC. Fungal attack in timber is linear with temperature
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increase. Accumulation of biomass and deterioration of stained glass decrease with
increasing temperature [13].
As far as this project is concerned, the most significant feature of the predicted outdoor
temperature increase is its effect on indoor temperatures.
4.1.2 Relative humidity (RH)
In general the humidity mixing ratio, the actual amount of water in the atmosphere, is
predicted to increase. However, because of the rise in temperature, the change in relative
humidity will not be great. Although RH is a factor in many degradation reactions, the small
predicted change means that damage functions may not predict significant alteration to
degradation rates. Risk mechanisms such as salt crystallisation, and functions such as Time of
Wetness (ToW), that involve RH in their assessment are discussed below.
4.1.3 Precipitation
Increased levels of precipitation are probably far more important. Increased precipitation will
increase rates of calcareous stone recession and damage to clay-containing minerals (e.g.
sandstones). The increase in total precipitation, heavy precipitation, and consecutive wet
days in northern zones all add to the time that materials remain wet. Biomass accumulation
on monuments and fungal decay of wood will increase.
Wet stone is more susceptible to frost damage. Wet frost damage is likely to increase in the
North East. The beneficial effects of predicted decrease in Time of Wetness are probably
outweighed by the increase in precipitation.
4.2 Climate risk
Maps defined as outdoor climate risk maps were published in project deliverable D5.2 for the
following:
•
•
•
•
•
•
•
•

Time of Wetness
Freezing / thawing cycles
Salt crystallization cycles
Frost Days Index
Dry Days Index
Wet Days Index
Heavy precipitation Index
Tropical Night Index

The first four were calculated for both outdoor and indoor environments and are discussed
below in the discussion of indoor risks. To some extent these indices do not do much more
than give a new focus to specific aspects of climate. The degree to which they give useful
information about heritage risk is discussed below.
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4.2.1 Dry days
The dry days index measures the highest number of consecutive days in a month when the
rainfall is <1mm.
Dry weather may be an encouragement to visit heritage sites, however in the longer term
there may be risks to cultural property. The main worry is that soil at the foundations of
buildings may dry out and shrink, causing subsidence and cracking of the built structure.
Prolonged dryness may create the conditions for wild fires and dust storms.
There is no risk threshold for dry days as the damaging potential depends very much on
initial conditions and is highly temperature dependent. 15 consecutive dry days may be
considered a ‘drought ‘ in areas of high rainfall, but is the normal pattern for much of the
Mediterranean zone
4.2.2 Wet days
The wet days index measures the highest number of consecutive days when rainfall >1mm in
a set period, usually a month.
A higher number of wet days leads to materials remaining wetter longer, which encourages a
number of decay mechanisms. If soil becomes saturated, rainwater cannot be absorbed and
runs off leading to increased risks of flooding. There is a fair correlation between wet days
and total precipitation, so an increase in the number of wet days is more likely to mean
increased risk and damage in areas of high average rainfall. Since the index is not directly
linked to quantity of rain it cannot be used to predict sudden devastating downpours in
normally dry areas.
4.2.3 Heavy precipitation
The heavy precipitation index gives the number of days per month or year with daily
precipitation > 10 mm
An increase in the number of days with heavy rainfall increases the likelihood of water
penetration into buildings, either directly into the materials or indirectly through overloading
of rainwater disposal systems. Deeper penetration increases the likelihood of indoor
damage through e.g. salt crystallization and mould. It should be noted that an increase in the
number of heavy rain days does not necessarily mean an increase in total rainfall. So that
damage functions that include total precipitation as a factor, e.g. stone recession, may not
predict an increase in damage even if the number of heavy precipitation days increases.
Delivery of a greater quantity of water in the same time period increases the risks of flash
and fluvial flooding.
It should be noted that the Noah’s Ark project defined heavy precipitation as >20mm per day
[14]. There is no universal risk threshold, so the most useful indicator is increase or decrease
over time.
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4.2.4 Tropical Nights
The tropical nights index records the number of days in a defined period when the minimum
temperature is > 20oC
Although to some people in northern Europe the idea of ‘tropical nights’ sounds alluring, and
to those living in southern Europe they are a common experience, continuing high
temperatures may have some downsides.
Since it measures the number of days, rather than the number of consecutive days, the index
cannot be directly related to what most people would think of as a ‘heat wave’. However a
number of the problems associated with heat waves would be found in months with a high
tropical night index. A heat wave is defined differently in different countries but a period of
at least two consecutive days above a defined temperature is needed. A heat wave may be
defined by a relative measure eg when the daily maximum temperature on more than five
consecutive days exceeds the average maximum temperature by 5oC.
There are well-publicized health and welfare problems associated with heat waves: increased
mortality and increased crime and civil unrest. The increased demand for power for cooling,
and even the direct effect of heat on electricity supply lines and transformers, may cause
power outages. High temperatures increase the risk of wildfires. Heavyweight buildings do
not cool down overnight leading to uncomfortably high indoor temperatures in traditional
museums.
Since a continuing minimum of 21oC may not be too uncomfortable or damaging to
collections (it is after all a common specification for museum display galleries) another
measure, the combined tropical night and summer temperature index (CHT), has been
proposed which counts days where the minimum is >20 and the maximum is >35oC [15].
Continuing high temperatures may increase the likelihood of thunderstorms with the
consequent risks outlined above for heavy precipitation.
There is no universal risk threshold, so the most useful indicator is increase or decrease over
time.
5. Indoor climate and risk
It should be borne in mind when using this document to aid the interpretation of the maps in
D 5.2 that the predictions are for unheated, uncontrolled and unoccupied buildings. Most
readers will be more familiar with controlled museums or with buildings that are heated and
occupied for some part of the time.
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5.1 indoor climate
The indoor climate was modelled for temperature, relative humidity and humidity mixing
ratio (roughly equivalent to absolute or specific humidity). Maps were also created showing
maxima, minima and ranges for these three variables.
5.1.1 Temperature
In general, heritage objects are resilient to temperature change. That this generalization is
true can be judged from the fact that heritage objects are routinely subjected to
conservation procedures involving both high (c.50oC ) and low (c.-20oC) temperatures for the
eradication of insects. However there are a few instances where change in temperature is
linked to change in risk. A list of archive material types for which the hot/cold pest
treatments are not appropriate has been prepared by Jane F. Cullinane [16]. They are mostly
carriers of information devised in the past century including audio- and videotapes but also
some older photographic processes.
Temperature changes can induce phase changes in materials, some of which such as
softening and melting will lead to damage. The melting point of most waxes is greater than
50oC (beeswax 62-64oC) although some wax mixtures might melt at temperatures as low as
35oC. The softening points of most plastics are above 50oC (PVC 54oC, polypropylene (PP)
57oC) but low density polyethylene (LDPE) starts to soften at as low as 32oC. [17]. The glass
transition temperature at which some materials move between a glassy and a rubbery
consistency is generally out of the normal indoor temperature range. Within this range
acrylics and PVAc can change behaviour in ways that can increase risk by becoming either
unexpectedly stiff or unexpectedly flexible.
On cooling, pure tin suffers a phase change at around 13oC when the bright white metal can
turn into a grey dust (tin pest) it normally takes much lower temperatures to initiate this
allotropic change [18].
Sudden changes in object surface temperature caused by e.g. display lighting are thought to
be dangerous to enamels on metal. A threshold in acoustic emission activity in enamels at a
temperature change of 2.1-2.5oC has been recorded. [19]
The main concern with temperature is its effect on the rate of deterioration reactions.
Roughly speaking a 5-10oC rise can cause a doubling of reaction rate. This means a halving of
lifetime, see section 5.4.2 page 30. At constant specific humidity, a rise in temperature of 1oC
will cause a drop in RH of about 3oC.
With maximum indoor temperatures predicted to rise by as much as 6oC it is possible that a
few melting, softening and glass transition temperatures will fall within the new ‘normal’
range. Deterioration rates will probably increase.
5.1.2 Humidity Mixing Ratio
The humidity mixing ratio is the proportion of mass of water vapour per unit mass of dry air
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at the given conditions, usually expressed as grams of water per kilogram of dry air. The
specific humidity is the ratio of the mass of water vapour to the total mass of the moist air
sample, directly related to the mixing ration but always a bit smaller. The related quantity
absolute humidity is the mass of water vapour per unit volume of air containing the water
vapour. As this involves a measurement of volume it is not independent of temperature or
atmospheric pressure. As such it is falling out of favour with engineers, but the name is often
incorrectly used for the mixing ratio or for specific humidity as the term ‘absolute’ makes a
useful contrast with the term ‘relative’.
Although the actual mass of water in air is what changes when water evaporates, when the
weather changes and when people breathe, ‘relative’ humidity is more commonly measured
and discussed.
The indoor mixing ratio is predicted to increase by up to 2 g/kg in the far future, from a
recent past average of 6-9 g/kg
5.1.3 Relative Humidity
Relative humidity is the ratio of the vapor pressure of moisture in the sample to the
saturation pressure at the dry bulb temperature of the sample. It is more commonly, and
unscientifically, defined as the ratio of the amount of moisture in the air to the maximum
amount of moisture that that volume of air could hold at a particular temperature, expressed
as a percentage. A rise in RH tends to cause a rise in moisture content of hygroscopic
materials. A fall in RH tends to cause a drop in moisture content, i.e. the material ‘dries out’.
RH is the measurement of choice because it is the one that most closely relates to common
experiences of dampness and dryness. Changes in RH relate directly (if not always simply) to
changes observed in materials and the deterioration of heritage items. It is the measure of
moisture in the air used throughout the rest of this document.
Average indoor RH is predicted to decrease by 2-5%RH, except in a band between 50 and 60
degrees latitude across Europe where a slight increase c.2% is expected. It should be noted
that these changes are close to the instrumental uncertainty for RH measurement. The
predictions about changes in RH range are mixed; increases of 5-10 %RH in France, Norway
and Spain, decreases of 2-8% in Austria, Germany, Greece and Sweden.
5.2 Indoor Climate risk
This section deals with aspects of indoor climate that relate to possible risks but where the
functions do not contain any factors directly relating to materials. In sections 5.3 onward the
functions used have been more directly tailored to correspond to the behaviour of specific
materials or object types. Each section is divided into up to three parts: an introduction, the
basis of the calculation and the sources of uncertainty. Useful reviews of the topic are
included, usually at the end.
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5.2.1 Boundaries set by environmental standards.
See discussion of ASHRAE specification in section 3 page 15.
European Standard 15757:2010.
“Conservation of Cultural Property - Specifications for temperature and relative humidity to
limit climate-induced mechanical damage in organic hygroscopic materials.”
Many heritage items are constructed using hygroscopic materials of organic origin e.g. wood,
paper, parchment, textiles, bone, ivory or leather. As the ambient RH changes the moisture
content of the material changes, causing a change in dimensions. The dimensional change,
which is usually not the same in all directions, sets up internal stresses. These stresses may
result in distortions and breaks that might be regarded as damage. Composite objects such
as paintings and polychrome sculpture are particularly prone to such unwanted changes.
Large fluctuations in RH are likely to be damaging. The European standard EN15757:2010 [9]
gives guidelines for an environmental specification that avoids these extreme fluctuations.
Rather than specifying a universal set point for RH and an allowable range of RH on either
side of this mid-point, as might occur in a museum or gallery with mechanical environmental
control, this standard uses the historic environment of the object as the basis for the
specification. The fundamental assumption is that, if an object has survived undamaged in a
particular environment for some time, it will continue without harm if the environmental
pattern remains the same. This is similar in principle to the ‘proofed fluctuation’ principle
promoted by Stefan Michalski [20].
Basis of the calculation
The method described in EN15757:2010 determines a mid-point for allowable fluctuations
that changes through the seasons. It is constructed using a moving thirty-day average of RH.
The allowable range of fluctuation lies within the 7th and 93rd percentiles of the RH readings.
If the RH readings have a Gaussian distribution, the boundaries are at ± 1.5 standard
deviations.
Within the CfC project the band of allowable fluctuations is calculated for the historic
environment during the reference period 1961-1990. Readings for the near and far future are
compared to this reference and the percentage of readings outside the historic reference
band is calculated.
By definition 14% of RH readings lie outside the reference band. Suppose it is assumed that
the historic environment from which the reference band was constructed was considered
safe. If, in the future, no more than 14% of readings lie outside the 1961-1990 reference
band, that environment must be deemed ‘safe’ or low risk (shown as green on the maps).

22

This project has received funding from the
European Union’s Seventh Programme for research,
technological development and demonstration under
grant agreement No 226973

The greater the percentage of readings outside the reference range the greater the risk. The
upper threshold for deviation from the reference is put at 37% of readings. Greater deviation
than this is deemed high risk (shown in red).
The interval between 7% and 37% (shown in orange) is termed medium risk.
Sources of uncertainty
The simulated environment may not be the same as that experienced by the object at risk.
The effects of temperature on the object are usually small compared to the effects of RH.
But they have been totally ignored for these calculations. The speed of RH response rises
with increased temperature.
The assumptions in EN 15757:2010 are only valid if the object has truly survived the historic
environment with minimal damage. The history of condition and treatment may not be
known. Many conservation interventions decrease the tolerance to RH change, increasing
the susceptibility of the object. The relationship of this standard to other definitions of safe
ranges of RH and T has been reviewed recently by Łukasz Bratasz [21].
5.2.2 Frost days
Basis of the calculation
For this project ‘Frost time’ is defined as the total amount of time each year when the air
temperature (outdoor) or surface temperature (indoor) is below zero degrees Celsius
(TSURF<0oC). This may be recorded as days per time period where Tmin<0oC or hours per year
where T<0oC. Frost time is predicted to decrease across Europe, more noticeably in the north
and east.
On its own the figure is not very helpful for predicting material damage but might indicate
where further investigations are necessary. It might also assist in decisions about climate
control. In either case it would be useful to see whether the amount of time below zero will
increase or decrease in the future.
Fluctuations in sub-zero temperature (c. -20oC to -40o C) can contribute to freeze-thaw
damage, as supercooled water in very small pores solidifies, causing potentially destructive
pressures within the material. Frost time is one factor in determining the penetration of the
ice front through the building wall.
Where there are water-bearing services in the building, temperatures near or below zero
should be avoided. The British standard PAS 198:2012 recommends a minimum of 5oC [4].
Sources of uncertainty
Without further investigation, the total time below zero does not give information about the
minimum temperature reached or about fluctuations in sub-zero temperatures. It does not
provide the number of freeze-thaw cycles (as defined in this project). The penetration of the
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ice front is dependent on many other factors such actual temperature, thermal conductivity,
moisture content and salt content.
The measured and predicted surface temperature may not be a good indicator of
temperatures experienced by objects within the room.
The effect of subzero temperatures on heritage material has been reviewed by Dario
Camuffo [22]. Although 0oC seems like an almost magical threshold, this arbitrary
temperature has no particular significance to most materials and their interaction with their
environment. Tim Padfield has examined ”what happens to water absorbent materials below
zero degrees”[23].
5.2.3 Time of Wetness (ToW)
A number of biological, chemical and mechanical hazards become more likely if surfaces are
moist. The larger the figure for ToW the greater is the opportunity for these hazards to
manifest themselves.
Basis of the calculation
For the CfC project the ToW is calculated as the number of hours per year when RH> 85 %; and
TSURF, the temperature of the surface in question, is lower than TDP the dew point temperature.
At 85% RH TDP is around 2 to 3 degrees lower than the ambient temperature T. As a rough
approximation TDP≈ T - (100-RH)/5.
ToW indicates the time that a surface is covered by a film of liquid water. This liquid film need
not be readily observable as it may only be a few molecules thick, but it is enough to ensure
that acidic pollutants can be dissolved and electrolytic solutions formed that will promote
corrosion. At 85% RH and temperatures above 5oC, mould germination and growth are very
likely. Prolonged periods of wetness mean that water can accumulate in pores below the
surface. This increases the possibility of freeze-thaw damage if the temperature drops, and
salt damage when the humidity falls.
ToW is a fairly general predictor of damage. Within this project the most relevant indicator is
whether the trend in the future is toward is higher or lower ToW . This quantity was only
calculated for indoor environments in a number of case studies and is not available as a map.
The maps for outdoor environment suggest a decrease of around 300 hours a year from an
average of about 5000 hr/year across most of Europe except a few westerly coastal areas and
parts of western Russia.
Sources of uncertainty
The modelled temperature of the surface will not be the same at all points.
The definition of ToW used in this project is quite restrictive and may exclude conditions that
allow some damage mechanisms to take place. For instance iron may corrode at 60%RH.
Mould may not grow if the daily ToW is less than 12 hours [24].
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The relevance of ToW to stone decay has been reviewed [25]. Time of wetness is not deemed
to be a good indicator of indoor metal corrosion[3].
5.3 Mechanical Risks
5.3.1 Salt-crystallization cycles
Salt damage may occur at the interface between air and the object, or beneath the surface of
the object. The surface may be obscured by a mass of small crystals destroying the visual
integrity of painted decoration or disfiguring the natural appearance of stone. When it occurs
below the surface the visible result will be surface disruption and loss of material.
Salt damage is caused by one of two mechanisms. In the first, the salt attracts moisture at
high humidities and deliquesces (becomes a liquid solution). When the humidity falls the salt
re-crystallizes, exerting pressure on surrounding material. In the second mechanism the salt
transforms (via a liquid phase) from one crystal form to another though a change in the
degree of hydration. The change in volume may exert pressure that causes damage. The
pressure caused by hydration is usually more damaging than that from deliquescence. These
transitions take place at particular thresholds of temperature and humidity.
The salts may be naturally present or be introduced by pollution (e.g. sulfates from sulfur
dioxide in the atmosphere) or contamination (e.g. chlorides from marine sources). They may
be drawn into the stonework by groundwater or introduced during conservation treatment.
Basis of the calculation
The deliquescence of the salt halite (sodium chloride) occurs at 75.3 % RH and is independent
of temperature. Ideally the number of transitions down through a range such as 75.3±2%RH
would counted. The range, rather than an exact point, is used to avoid over-counting if
conditions hover around the transition point and change too quickly for the transition to take
place.
During the transition in the thenardite (Na2SO4) - mirabilite (Na2SO4∙10H2O) system pressures
in excess of 10MPa can be exerted, sufficient to disrupt porous building stone [26]. Such
pressures occur when the relative humidity increases across values described by:
Critical RH = 0.87549T + 59.11 where 0<T<22.5oC
The phase diagram shows that this equation holds reasonably well up to 30oC but a different
phase transition takes place above that.
It is not possible to quantify the actual damage caused by the number of transitions. It seems
reasonable to suppose that a greater number of transitions will lead to greater damage.
Comparing the present rate with the predicted future rate should show whether the risk will
increase or decrease in the future.
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Sources of uncertainty
The environment may not be measured in the right place. In the case of crystallization below
the surface in the pores of the material, the environment is not known and may not
resemble that measured in the building.
The two salt transitions measured here may not be locally relevant. Different salts have
different transition humidities. Some are independent of temperature others are strongly
temperature dependent. The behaviour of salt mixtures differs from that occurring with the
individual salts.
The figures used are derived from equilibrium situations and little is known about the kinetics.
The mechanism of salt damage at subzero temperatures is not well documented. Salt
damage in stone has been reviewed [26] and predictions in the context of climate change are
discussed in the Noah’s Ark Atlas [27]. Lankester and Brimblecombe report climate change
predictions for indoor salt damage [6].
5.3.2 Freeze-Thaw cycles
When water goes from the liquid to the solid phase it increases in volume by about 9%. If this
expansion occurs within a porous solid, or in a structural crack, this can cause a damaging
stress. If this stress is repeated the solid may become weaker and eventually delaminate and
spall.
The solid-liquid transition rarely occurs at exactly 0oC, it is affected by the presence of soluble
salts and is dependent on the size and distribution of pores. Freeze-thaw damage may not
be a risk in materials with coarse pore structure such as sandstone or where there is severe
salt contamination e.g. in coastal regions.
Basis of the calculation
The function measures the number of cycles in a year between T<-3°C (freeze) and T >+1°C
(thaw). Or for simplicity it may just be one cycle down and back up through 0oC. The number
of cycles is predicted to decrease slightly especially in central and Eastern Europe.
The use of a range, rather than a set point, eliminates over-counting of cycles when the
ambient temperature is hovering around zero but there is no time for the kinetics of the
freezing process in the solid to allow a damaging effect. The range makes an allowance for a
slight depression of freezing point due to dissolved salts and some variability of pore size.
It is obviously necessary that liquid water be present so that it can freeze and expand. This
water may result from internal flooding or migration from the ground or external wall. But,
most importantly, water will be absorbed from the indoor air and will be present as a liquid
in pores and capillaries at intermediate relative humidities well below 100%.
It is not possible to suggest a risk threshold for the annual number of cycles. However
Ruedrich et al. did not observe any deterioration in test samples when the total number of
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cycles was less than 50. Severe damage occurred after 1000 cycles in some sensitive samples
[28].
Sources of uncertainty
The modelled temperature may not be that experienced at the site of the absorbed water.
The distribution of capillaries and pores within the solid may not be known or may vary at
different locations. The strength of the material may not be known. There may be no record
of the previous number of cycles.
Given these uncertainties, the most relevant indicator may be whether the trend in the
future is toward is higher or lower incidence of freeze-thaw cycles. The mechanics of freezethaw cycles are discussed by Dario Camuffo [22] and in the Noah’s ark atlas [29].
5.3.3 Mechanical risk for painted wood panel - pictorial layer
Painted wooden panels have a layered structure that makes them vulnerable to fluctuations
in humidity. The layers above the wood may consist of gesso, hide glue, pigments in various
media and varnish. These layers each have different mechanical properties (such as stiffness)
and a different dimensional response to RH change. These differences can lead to separation
of the layers and damage or loss to the surface that holds the image or design.
The tolerable range of RH that can be experienced without damage varies according to the
long-term RH mean. Painted objects that are conditioned to the mid-range of RH are more
tolerant than objects that normally experience high (>65%) or low (< 35%) humidities.
Response times are longer at lower temperatures, e.g. 5oC, suggesting that the damage risk is
lower in cool conditions.
Very little future change in this risk is predicted across Europe.
Basis of the calculation
The calculation used in this project is based on an interpretation of the work of Bratasz et al
by Marco Martens [8]. In Bratasz’s work [30,31] the responses of two wooden panels of 10
and 40mm thickness are modelled for repeated fluctuations of different amplitudes to
determine which amplitudes would not cause damage to a gesso layer during a period of 100
years. The same work shows that the minimum amplitude of RH fluctuation, at any
frequency, that could cause damage to the base layer is 15%. This is about the same as for
the gesso layer on a 10mm panel, the minimum occurring at a cycle length of around 30 days.
If the difference between RH experienced and the annual mean RH is less than 15% RH the
environment is considered safe (shown on the maps as green).
If the difference between RH experienced and the annual mean RH is greater than 15% RH
damage is possible (shown as orange).
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To use the Bratasz data the actual irregular RH fluctuations must be approximated to regular
sine curve oscillations. The amplitude and period of this sine curve are compared to the
Bratasz data for gesso on 10mm wood. If they fall above this data curve, damage is deemed
likely (shown as red).
Sources of uncertainty
Wooden panels are often displayed on or near walls. The conditions behind the panel may
differ from those at the front surface. These microenvironments may differ from the
measured or predicted conditions for the room as a whole.
The modeling on which the assessment is based is only valid for RH changes around 50 % RH
and for sine curves of constant amplitude and period.
The risk assessment is for an exemplary object of a certain thickness. The age, size, condition
and treatment history of real object may alter the risk profile.
5.3.4 Mechanical risk for wooden objects: panels, furniture, sculpture
The moisture content of wood is related to the ambient environment. As the RH of the air
changes the moisture content (MC) of the wooden object changes. The MC of wood is usually
somewhere in the range 5-20%, being around 12%MC at 50%RH.
As its moisture content changes so do the dimensions of the object. The dimensional change,
which is not the same in all directions, sets up internal stresses.The internal stresses lead to
deformation. At low stresses (and hence low strains) the wood behaves elastically, the
deformations are spontaneously reversible. Above a certain strain the deformation becomes
plastic, rather than elastic, and the change is not reversible. The yield point is reached when
the strain is too large and the material fails.
The absorption and desorption of moisture is not instantaneous. In a dynamic environment
the moisture content at the surface may differ from that at the centre. It may take some time
for the object to reach equilibrium with its environment. The response time depends on the
size of the object and on the ratio of surface area to volume, and on the presence of surface
coatings. Response time for the surface is a few hours; complete response for the whole
object may take longer than 30 days. In a constantly changing environment equilibrium may
never be reached. Response to temperature change is much quicker but the physical
response much smaller than for moisture.

Basis of the calculation
The calculations used in this project are based on Marco Martens’ interpretation [8] of work
by Mecklenburg, Bratasz, Jakiela and others [32, 33, 34]. A different response time is
assumed for each type of object. The response time is used in an algorithm to smooth out
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the RH fluctuations in the environment to better represent the moisture changes
experienced within the wood. The strains induced by changes from one RH to another are
calculated and an assessment is made whether the resultant strain falls in the region of
elastic response, plastic response, or failure.
RH fluctuations that lead to strains within the elastic region are deemed safe (shown on the
map as green).
RH fluctuations that lead to strains within the region of plastic response may eventually lead
to damage (shown as orange).
RH fluctuations that lead to strains that exceed the yield point are highly likely to cause
damage (shown as red).
Sources of uncertainty
Measured and predicted humidities may not be identical to those experienced by the object.
The original calculations were based on exemplary objects that had particular dimensions,
structures, coatings and assumed response times. Caution should be exercised when
extending the conclusions to all wooden objects that might be covered by the descriptions
‘panel’, ‘furniture’ or ‘sculpture’.
The dimensional changes are only measured in the tangential direction, the direction of
greatest change. This may mean that the actual risk is overestimated. Damaged objects may
have shorter response times than undamaged.
Safe environmental parameters for wooden objects have been reviewed by Lukasz Bratsz
[30] and Naomi Luxford et al [35].
5.4 Chemical Risks
5.4.1 Inorganic materials
Possible damage functions for metals, glass and stone are discussed in Sections 5.3.1 to 5.3.2
of deliverable D4.1. These materials were not specifically included in deliverable D5.2. Levels
of pollution feature in the relevant functions. However, only a small number of pollution
measurements were made during the project. It had been hoped that functions dealing only
with RH and T, independent of pollution levels, such as that used for metals in the Climate
Notebook [37] could be used, but this idea was eventually rejected.
The thresholds of RH for damage to glass and metal are not uniformly accepted and their
temperature dependence has not been well researched. Where objects are suffering from
progressive corrosion such as ‘sick glass’ or alloys with ‘bronze disease’ it is likely that they
would be displayed or stored in microclimates, isolated from the measured or predicted
room environments. In which case it would be difficult to map them across Europe in a
meaningful way.
In general the deterioration of stone is not a problem indoors unless there are deliquescent
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salts or moisture sensitive minerals present [38].
5.4.2 Paper
Paper consists of organic fibres that are largely composed of cellulose. The polymeric chains
of the cellulose break down, causing the paper to weaken. Ultimately the material becomes
too weak to be handled. The rate of degradation increases with increased temperature and
relative humidity. That is, high temperatures and high humidities decrease the lifetime of the
paper. Acidity in the paper accelerates deterioration. The acid may come from the original
manufacture, from industrial pollution, pollution from materials used for storage and display,
or from the deterioration of the paper itself.
5.4.2.1 Lifetime Multiplier
Basis of the calculation.
The Lifetime Multiplier (LM) makes a comparison between the predicted lifetime of paper
subjected to the environmental conditions of interest, and the predicted lifetime at standard
conditions of 20oC and 50% RH. Since LM is expressed as a ratio it is independent of the
actual lifetime, which need not be known with any accuracy. If hydrolysis of cellulose were
the only risk factor, the total lifetime of paper at standard conditions could vary between 300
years for acid paper and 3000 years for alkaline paper. In reality the useful lifetime of poor
quality acidic paper in an active archive may be as little as 100 years.
When LM>1 a paper collection will last longer than a paper collection in a normal museum or
gallery environment. In naturally occurring cool dry conditions, values for LM > 15 are
possible. LM >200 is possible in purpose-built low temperature storage. An LM of greater
than 2 or 3, when the lifetime is already greater than 100 years is not really meaningful for
collection management decision-making.
When LM <1 the rate of deterioration is greater, and the lifetime shorter, than under
standard conditions. LM <0.5, a doubling of rate and halving of lifetime, is defined as the
threshold of risk (shown on the map in red).
The LM is given by the equation derived by Stefan Michalski [39].

where RH is the relative humidity in percent, T is the absolute temperature in K, Ea is the
activation energy, R is the gas constant (8.314 J mol-1 K-1). For this project the activation
energy was taken as 105 kJ mol-1.
The paper in which this equation was published was titled “Double the life for each fivedegree drop, more than double the life for each halving of relative humidity.” This provides a
useful rule of thumb.
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Sources of uncertainty
The measured or predicted conditions may not be the same as those in the
microenvironment of the object.
The equation is not reliable at low (<25%) or high (>75%) humidities. It underestimates the
effect of high humidity; at 80% RH the lifetime may only be a quarter of that predicted.
The equation does not define the type of paper. The description ‘paper’ covers a wide variety
of materials with different initial cellulose polymer chain lengths and a range of naturally
occurring and artificially added components. Acidity in the paper (from internal or external
sources) will accelerate degradation. Paper with pH 5 will deteriorate about 5 times faster
than paper with pH 8.
The activation energy (defined in the Michalski publication and in Deliverable 4.1) can vary
between 90-130 kJmol-1 depending on the type of paper. The predicted lifetime could be out
by 30-40%.
The power factor of 1.3 for RH is a good fit for some experimental data but other figures
have been proposed. This could mean a range in predicted lifetime of ±50%.
It is best to interpret LM in terms of the ‘rule of thumb’ mentioned above. Direction of
change and rough magnitude of change are all that should be inferred.
Although a doubling of rate or halving of lifetime may sound very significant it should be
noted that environmental standards that are designed to limit mechanical damage are not
concerned with chemical damage and allow much greater LM variation. For instance the LM
at the cool dry end of the ASHRAE A specification is 7 times greater than that at the equally
allowable warm moist end. Other multiplier differences between the cool dry corner and wet
warm corner of various standards and specifications are listed below:
Smithsonian
BS 5454:2000
Garry Thomson
Bizot
PD 5454 (mixed collection)
National Trust
EN 15757 (CfC data)

2
2
3
6
6
17
22 - 40

An attempt to use lifetime multiplier arguments to overcome rigid interpretation of
environmental standards has been described by Boris Pretzel [40].
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5.4.2.2. Neutral rag paper and acidic modern paper
Basis of the calculation.
The lifetime multiplier method underestimates the effect of high RH, does not account for
the acidity (pH) of the paper or the current degree of polymerisation (DP) of the cellulose
chains. Recently Matija Strlič has correlated the results of a large number of experiments to
arrive at an equation for the rate of degradation that incorporates the pH of the paper [41].

Lifetime, the time until the point that the paper becomes unfit for purpose, is calculated
using the equation [42]:

DP0 is the degree of polymerisation at the start-point for the prediction. The figure of 300 is
the DP at which paper is generally assumed to be too weak to be handled safely, whch marks
the ‘end of life’.
Sources of uncertainty
The measured or predicted humidities and temperatures may not be the same as those in
the microenvironment of the object.
Although the equation is better at predicting the effect of high humidities compared to other
methods (e.g. lifetime multiplier) it may not be reliable at very high or very low humidities.
As with many damage functions it only measures one type of risk, the hydrolysis of cellulose.
Other hazards such as mould, insects and poor handling may severely shorten the lifetime.
The equation for the rate of decay is assumed to be valid in the range 5-400C and 20-80%RH.
Conditions in the unconditioned buildings modelled in the project are likely to be wetter and
colder than this for much of the time. The rate is highly temperature dependent. The cold
conditions mean that very long lifetimes are predicted compared to those expected in a
normal gallery or archive store. Such long term predictions (tens of thousands of years) are
not really meaningful when compared to the recorded lifetime of existing paper. These
figures should only be used as indicators that allow comparisons between different types of
paper or different environments.
The ‘end of life’ is an arbitrary point. It will depend on the importance of the object and the
available resources whether it can be allowed to limp on for a few more decades protected
from the rigours of regular handling.
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At the time of writing, the new equation has not been published in the academic literature
and has not been subjected to peer review. Strlič et al. have reviewed the use of damage
functions for historic paper [43].
5.4.3 Colour photographs
Chromogenic colour prints have been in use since the early 1940s. They are found in archives
and in family albums. The colours change with time and eventually the photographs cease to
be a useful or reliable record.
The rate of colour change increases with increase in temperature and relative humidity and is
affected by acidic pollutants. The fading takes place even in the dark. Storage in albums or
boxes may increase local concentrations of pollutants such as acetic acid, generated by the
storage materials and by other objects as they age. These environmental factors affect the
stability of the base materials of the photographs as well as the coloured dyes that form the
image. Temperature is the most critical factor, the rate of change doubles for every 5oC rise.
Basis of the calculation
The annual rate of degradation is measured as the aggregated change in three colour
components: red, green and blue. The equation [44] used is:

where AA is the concentration of acetic acid in ppb, RH is the relative humidity in %, and T is
the temperature in K. The colour change is defined as:

where R0 etc are the initial RGB measurement and Rt etc are the measurements after time
t in years (in the case of annual change, 1 year).
There is a threshold of colour change beyond which most users believe that the photograph
has ceased to fulfil its purpose. This has been shown to be around ∆RGB = 0.43. The time in
years before the photographs become unacceptably changed is given by the equation:

Thus an annual rate of change of 0.01 suggests a useful lifetime of around 40 years, an
annual rate of 0.001 suggests a lifetime of more than 400 years.
In a controlled gallery at 50%RH and 20oC the lifetime is around 65 years. In a controlled
photo store at 35%RH and 16oC the lifetime is around 130 years. In uncontrolled buildings in
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the north of Europe, where indoor temperatures may be near zero for part of the year, the
possible lifetime could be 600 years or more.
Sources of uncertainty
The conditions in the immediate environment of the photograph will not be identical to that
measured or predicted for the centre of the room.
The equation gives a predicted rate of change (and hence lifetime) for a new photograph.
Collections will contain photographs of various ages that may have experienced different
environments in the past. Levels of acetic acid will depend on the type, age and
environmental history of the enclosures. 70 ppb is a common level for an archive, some
poorly constructed storage units may have levels of greater than 2000 ppb. 500 ppb was
chosen for the creation of the maps. Fortunately the predictions are not sensitive to small
differences in pollution levels.
Light can cause fading. This prediction is for fading in the dark. Lifetimes on display will be
much shorter.
The experiments on which the first equation is based covered only the range 20-60 %RH and
acetic acid concentrations of less than 1000ppb. Extrapolation beyond that range may lead to
less reliable results. The extrapolation to high temperatures is thought to be more reliable
but it should be noted that at high T and RH the deterioration of the base material may be
more important. Further information about the preventive conservation of photographs can
be found in the book by Bertrand Lavédrine [45].
As explained in section 5.3.5 of D4.1 the Time Weighted Preservation Index (TWPI) can be
used to predict lifetimes for photographs [46].
5.4.4 Textiles- silk
Silk is a material used to make items of heritage value including wall decorations, furniture
fabrics and costume. Many of these objects are likely to be on open display in historic
properties. Although light has traditionally been thought to be the chief cause of silk
degradation, recent research has shown that temperature and humidity may be more
important in cases where the ultraviolet component of incident light has been filtered out
Basis of the calculation
The lifetime multiplier equation described for paper is used. The activation energy for silk has
been calculated as 50 kJmol-1 [47]. This is significantly lower than that for paper. It takes a
drop of 10oC to double the lifetime, compared to 5 oC for paper. This means that level of
humidity is relatively more important in determining lifetime.
Based on experience with historic collections the lifetime for silk at 50%RH and 20oC is
estimated to be 250 years.
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Sources of uncertainty
See discussion of uncertainty for Paper on page 31.
There has not been as much quantitative research on the degradation of silk as there has
been for paper. The value for the activation energy is described as preliminary; the
experiments from which it was derived show a large variation.
Silk used for different functions will have different amounts of additives that will affect the
mechanical and chemical properties. ‘Weighted’ silk may contain much as 15% by weight of
metal salts.
No damage function was found for wool, but biological deterioration may dominate over
reactions involving just RH and T. Cellulosic fibres such as cotton and linen could be
approximately modelled using the equations in section 5.4.2.2 bearing in mind that the
starting DP will probably be higher.
5.5 Biological Hazards
The two major biological hazards in the indoor environment of historic properties are
considered to be moulds and insects. General information about these hazards can be found
in Mary-Lou Florian’s book Heritage Eaters [48]. The effects of rodents, birds and bats are
less dependent on RH and T and more easily controlled by good building and household
maintenance protocols. Large flora should not be a problem in a well-maintained building.
5.5.1 Mould
Mould growth risk
Fungal growth is a widespread problem with implications for or human health and the
integrity of heritage material. The effects on heritage items can vary from a light powdery
dusting to severe staining, weakening and disintegration of substrate material.
The most important factors are temperature, humidity and the nature of the substrate. It is
assumed that mould spores are ubiquitous. At temperatures above 0oC and humidities above
c.70%RH mould spores can germinate. The time to germination decreases as temperature
and humidity rise. Once the spores are activated the mycelium will grow at a rate that
increases with temperature and humidity. The rate of growth diminishes above c.30oC. It has
been shown that fluctuating relative humidity decreases mould growth compared to the rate
at constant RH [49].
The rate of growth depends on the availability of nutrients. Some substrates (eg glues,
leather) are more nutritious than others (eg plaster). Dirt and dust accumulating on
otherwise non-nutritious surfaces can provide an adequate source of food.
Basis of the calculation
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Within this project two different methods were used to calculate the risk of mould growth.
The first was used to generate the maps that show simulated environments in the recent
past, near future and far future. The second is used on data uploaded to the TUE database
for the analysis of current data from real environmental measurements leading to a traffic
light risk rating [50].
For the maps the possible rate of mould growth is calculated using the Sedlbauer isopleths
system [51]. The output of the isopleths system is two series of curves (isolines) plotting
combinations of RH and T that have either equal germination time or equal growth rate.
There is a widely accepted mould risk index based on visual examination with discrete
categories from 0-6.
0
1
2
3
4
5
6

no growth
some growth detected only with microscopy
moderate growth detected with microscopy (coverage more than 10%)
some growth detected visually
visually detected coverage more than 10%
visually detected coverage more than 50%
visually detected coverage 100%

Mathematical modelling allows the mould index to be treated as a continuous variable rather
than a series of discrete steps
The growth rate output of Sedlbauer’s biohygrothermal model has been correlated with the
mould index. Risk levels have been arbitrarily set at points on this continuum [52].
A mould index of less than 0.5, equivalent a growth rate of less than 50mm/year is
considered safe (shown on the maps as green)
If the mould index is between 0.5 and 2, equivalent to growth rates of between 50 and 200
mm/yr, this indicates possible damage (shown as orange).
A mould index greater than 2, is an indication annual growth rates greater than 200mm
which are considered likely to cause damage (shown as red).
The calculations for the TUE risk analysis system are also based on the Sedlbauer isopleths
system, but as interpreted by Marco Martens [8]. The method considers two types of
substrate, biologically recyclable material and non-biologically recyclable material with a
porous surface. The first provides nutrients directly; the second can capture particulate
matter, which provides nutrients.
A ‘mould germination factor’ is determined. This is the total continuous period of
exceedance of a particular isoline divided by the time for spore germination specified for that
curve, e.g. after exceedance of the 8-day germination isoline for 8 successive days the value
is 1. As soon as a value of 1 is encountered the spores germinate and are now able to grow.
If the germination factor does not exceed 0.2 the situation is considered safe (shown in the
risk matrix as green).
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The growth rate is calculated using the growth isolines and is given as an integer between 1
and 5 mm/day. The final output is the total amount of mycelium growth in millimeters
during the measured period, given for this project in mm/month or mm/year.
If the germination factor is greater than 0.2 but the accumulated growth is zero, the situation
is one to watch (shown as orange)
Any mycelium growth greater than zero is considered dangerous; high risk of mould growth.
(shown as red)
Sources of uncertainty
Environmental conditions close to the surface of objects are important. These may not
correspond to the conditions measured or predicted for the whole room. Localised
measurements of water activity may be very different from that predicted by RH
measurements a short distance away [53].
The model for germination and growth used here is only one of a number. The models do
not agree in detail. Different models are compared in a review by Evy Vereecken and Staf
Roels [54]. Paul Lankester has used a variety of models to predict the effects of climate
change on mould growth [55].
The nutritional value of the substrate, and the species of mould found, may vary from those
used to prepare the model data. Differences between types of substrate become apparent at
the slower growth rates experienced at lower temperatures. Work within the CfC project has
shown that at 10oC a sample of glue-lined canvas (nutritious) the lower limit was 80%RH but
was 90%RH for a sample of plaster. At 23oC the lower limit for both was around 70%.
The rate of mould growth is not linear with time but passes through several phases dictated
by the depletion of nutrients and the accumulation of toxic metabolites. The figure of a
certain accumulated growth per year gives an illusion of continuous linear growth. The figure
should not be interpreted literally but used merely as a comparative indicator.
5.5.2 Insect risk
Damage to heritage items can be caused by the larvae of certain moths and beetles and the
juvenile and adult forms of insects such as silverfish and booklice. The risk of insect damage
depends on relative humidity for some species and on temperature for most insect types.
The risk also depends on the availability of the right sort of food, some insects specialising in
proteins other in cellulosic materials. The damage can be limited by good management of
buildings and collections. The key factors in assessing risk are the vulnerability of the material,
the pest species and the environment.
Above about 5oC insect activity rises as temperature rises until about 30oC when it starts to
decline. Below 15 °C insects are sluggish, cannot fly and do not move far, egg-laying is
localized and larvae grow slowly, so damage to objects is limited [56].
Some insects are strongly RH dependent. The larvae of insects such as the woodborers,
furniture beetle and deathwatch beetle, need moisture content in the wood of above 15%.
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Other insects such as silverfish and booklice feed on microscopic moulds growing on
cellulosic material that require high local humidities.
Basis of the calculation
The calculation gives a rough indication of the likelihood of insect activity. Two formulae are
used, one for insects that are humidity dependent and one for those that are not.
Annual ‘degree-days’ above 15oC. (with RH >75% and T<30oC) and
Annual ‘degree-days’ above 15oC. (and T<30oC) (degree-days = days x (T-15))
There is a correlation between degree-days and the insect lifecycle. Brimblecombe and
Lankester show a linear equation for this relationship for one species (Stegobium Paniceum)
which equates one growth cycle (or period between episodes of egg laying) to 490 degree
days [57]. A museum gallery or store kept at 20oC all year round has 1825 degree-days, which
theoretically allows three growth cycles a year. Three generations a year of webbing clothes
moth have been reported in museum conditions. Rates of growth will be much lower in
unheated properties even though humidities may be high.
Increasing temperature increases not only the number of lifecycles but also the number of
eggs laid in each generation and the rate at which the larvae feed [58]. The equations cannot
be directly correlated with insect population or rate of damage. Comparing the present risk
with that predicted in the near and far future will show whether the danger is expected to
increase or decrease.
Sources of uncertainty
The measured and predicted humidity and temperature may not be those experienced in the
microenvironments in which the insects develop.
The development cycle of insects varies greatly from species to species. The susceptibility to
environmental conditions varies considerably. The equations can only give a broad
generalisation across a number of species. The generalised temperature range for maximum
activity is based on studies of those species of insects found in institutions with active pest
management strategies, predominantly in the north of Europe. It does not deal with insects
currently common in southern latitudes that may possibly be spreading north.
The risk to objects is very dependent on local management practice. A small number of
insects is always to be expected. There is no set threshold separating an acceptable and an
unacceptable insect population, but there are some guidelines. Good practice suggests the
use and regular inspection of insect blunder traps. An increased catch is a sign that the
population is increasing. Finding several different sizes of larvae and their moults in one trap
is a sign of infestation.
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6. Validation
Can we judge how realistic the predictions from damage functions are? The modelled
buildings, which are of sound construction but unoccupied and with no heating, and no
humidity control, are far from our common experience. These hypothetical buildings are
unlikely surroundings for some of the materials investigated: paper, silk, photographs. Even
so, some rooms in historic houses may be sufficiently similar and may contain a range of
objects, ancient and modern. There may be historic properties where the environmental
conditions are well recorded and the condition of the collections and interior decoration has
been well monitored.
If there are such buildings, and if the damage functions indicate a high risk of some damaging
phenomenon, one would expect to see some current examples of that phenomenon. If
enough is known about the state of collections in the recent past it may be possible to look at
the current condition and see if the predictions for the near future can be extrapolated. If
there is reasonable correlation then it might be supposed that the predictions for the far
future are not too wrong.
It was an ambition of the CfC project that such correlations might be possible.
Given the large variation in materials, construction and condition for each object type, and
given the uncertainty about the relationship between derived environmental measurements
and conditions in each object’s microenvironment, the task is enormous. The number of
surveys that would be necessary to derive statistically valid correlations between
environmental history and damage would require more time and more international
cooperation than was possible during the project. The progress that was made is summarised
in Deliverable D 2.3 “Report on the findings of the retrospective investigation on the state of
preservation of collections of cultural assets under different historic climate conditions”.
At the sometimes very low temperatures found in the unconditioned building modelled in
this project, the function for paper deterioration predicts lifetimes far in excess of human
experience of paper. So it is not possible to use real world experience to validate the function.
However there have been studies of the physical state of papers of different ages using the
SurveNIR system that might give some data that could be extrapolated [59].
For furniture, the current project Climate4Wood [60] emphasises the importance of studying
the condition and environmental history of real objects. However some recent research has
shown that it is not always straightforward to pinpoint the historic event or series of events
that have lead to observed damage [61, 62].
The functions used to predict more rapid and obvious risks such as attack by moulds or
insects might be validated if there were Europe-wide records stretching from the ‘recent past’
to the present day. One recent UK study of insect catches tends to support the postulated
relationship between increasing temperatures and increasing insect risk [63]. However the
study warns that “the abundance of insects is not driven by temperature alone”. Factors such
as the efficiency of local management may be equally important. Moreover this was a small
survey covering a short period of time, less than the 30 years needed to define a climate and
hence a change in climate.
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A comparison of four different functions for mould growth and their correlation with
observations of mould outbreaks has recently been published [53]. Although two functions,
including the one used to prepare the CfC maps, were found to be adequate, all four models
failed to predict mould growth in some instances.
It may be that the only way to validate the historic and recently published damage functions
used in this project is to wait until the future arrives!
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