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the debate about environmental standards for museum collections 
has by no means been resolved.  Climate change, ever increasing 
energy bills, the complexity of air-conditioning systems, the 
feasibility of alternative climate control strategies and the real 
effects of inappropriate indoor environments on collections pose 
major questions for conservation professionals. 

the papers in this volume investigate what is known and what is 
not known about suitable environmental conditions for cultural 
heritage collections. CLiMate FOr COLLeCtiONS StaNdardS 
aNd UNCertaiNtieS presents the most significant recent 
research on the subject, informed by a major international 
conference, held at the Pinakothek der Moderne in Munich from  
7 to 9 November 2012 on the occasion of the 75th anniversary of 
the doerner institut.
 
the global imperative to save energy and reduce our carbon 
footprint is evident.  Museums and other cultural institutions are 
deeply implicated in these concerns as major consumers of energy, 
particularly those housed in modern buildings. the demand for a 
better understanding of the interactions between cultural heritage 
collections and the climate is pressing. the eU-funded research 
project Climate for Culture is currently investigating the influence 
of current and future climate change on cultural heritage objects. 
Serious concerns have been raised in the conservation community 
at recent extensions of the range of acceptable climate criteria for 
both permanent exhibitions and loans, and new theories such as 
the ‘proofed fluctuation concept’ are much discussed. 

CLiMate FOr COLLeCtiONS StaNdardS aNd UNCertaiNtieS 
addresses these issues. By adopting broad definitions of both 
‘climate‘ and ‘collection’, the subject has been expanded 
beyond the concerns of previous conferences such as ‘Museum 
Microclimates’ (Copenhagen 2007) and recent discussions such 
as ‘the plus/minus dilemma’ (iiC/aiC 2010). to ensure these 
questions are addressed in depth, the topics of climate change and 
sustainability have been introduced. the current volume contains 
35 contributions and some 20 posters are available for download 
from www.doernerinstitut.de. 

this publication was kindly supported by the eU-funded research 
project Climate for Culture and the doerner institut. the editors 
would like to thank the many authors, as well as May Cassar and 
rebecca Bennett (London), Joachim Huber (Winterthur), roman 
Kozłowski (Krakow), Poul Klenz Larsen (Copenhagen), Renate 
Poggendorf (Verband der restauratoren e. V. Bonn), as well as 
ruth Krauß and Julia arzberger (Munich) for their grand support.

Jonathan ashley-Smith
andreas Burmester
Melanie eibl
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Abstract

environmental standards for cultural heritage collections have 
been much debated in recent years. the interest in the issue 
has been driven by the growing movement towards green 
museums, that is, managing indoor museum environments in a 
responsible and efficient manner, particularly in terms of reducing 
energy consumption and carbon emissions while maintaining 
high standards of collection care. this paper provides a brief 
progression through two fundamental approaches to establish 
the allowable ranges of climatic variations: an analysis of the 
mechanical response of painted wood, the category of heritage 
objects most vulnerable to relative humidity and temperature 
fluctuations, and an analysis of the historic climate to which 
the objects have acclimatised. The climate specifications and 
standards based on both these approaches are reviewed.

Introduction

environmental standards for cultural heritage collections on 
display, in storage or in transit have been much debated in 
recent years. the transcriptions of two roundtable meetings of 
the international institute for Conservation: ‘Climate Change 
and Museum Collections’ in 2008 and ‘the Plus/Minus dilemma: 
the Way Forward in environmental Guidelines’ in 2010 illustrate 
the problems discussed [1, 2]. the interest in the issue has been 
driven by the growing movement towards green museums, that 
is, managing indoor museum environments in a responsible 
and efficient manner, particularly in terms of reducing energy 
consumption and carbon emissions but at the same time 
maintaining high standards of collection care. 

Heritage science and conservation practice have developed two 
fundamental approaches to establish the allowable ranges of 
climatic variations: an analysis of the mechanical response of 
heritage objects most vulnerable to relative humidity (rH) and 
temperature fluctuations, and an analysis of the historic climate to 
which the objects have acclimatised.

Since painted wood is generally regarded as requiring particularly 
tight climate control, much research has focused on understanding 
the response of this category of objects to changes in ambient 
environmental conditions and the results have strongly influenced 
guidelines on allowable microclimatic variations in museums. two 
fundamental conditions of concern are analysed here: external or 
internal restraint that prevents wood from swelling and shrinking 
across its grain in response to RH fluctuations, and differences in 
the dimensional response of the wood substrate and the pictorial 
layer to these fluctuations.

Allowable microclimatic variations in museums  
and historic buildings: reviewing the guidelines

Łukasz Bratasz 
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in turn, the acclimatisation of sensitive objects to the environment 
within which they have been preserved for a long time has been 
also widely used to establish the criteria for climate control. 
Michalski [3] coined the term ‘proofed fluctuation’, defined as 
the pattern of largest RH or temperature fluctuations to which 
the object has been exposed in the past. it was assumed that 
the risk of physical damage beyond that already accumulated 
from fluctuations which do not go beyond the proofed pattern is 
extremely low. The proofed fluctuation concept eliminates any need 
for elaborate mechanical response calculations and offers a risk 
assessment based on past climate records alone. the concept was 
explicitly expressed in many standards and recommendations on 
the control of indoor environmental conditions.

Climate specifications based on the analysis of structural 
response of painted wood

Painted wooden objects are complex multi-layer structures 
composed of humidity-sensitive materials, wood, animal glue, 
gesso and paints, which respond dimensionally to variations in rH 
and temperature in their environment. all materials constituting 
the painted wood are humidity-sensitive: they shrink when they 
lose moisture and swell when they gain moisture. However, a 
notable effect is that each material responds differently to the 
loss and gain of moisture. the mismatch in the response of 
gesso and unrestrained wood substrate, particularly in the most 
responsive tangential direction of the wood, has been identified 
as the worst case condition for fracturing of the pictorial layer: 
upon desiccation, the shrinkage of wood overrides that of the 
less responsive gesso which experiences compression, whereas 
upon wood swelling, the gesso layer experiences tension. if the 
elongation of a wood support goes beyond the critical level the 
gesso can crack. 

Stresses induced by changes in rH are not limited to the pictorial 
layer only. the wood substrate may also experience stress due to 
restraint on its dimensional response, perhaps as a result of the 
restriction of movement by excessively rigid construction methods, 
or if wooden elements have been assembled with different mutual 
orientation of their fibre directions. Wood can also experience 
internal restraint as the moisture diffusion is not instantaneous 
and uneven moisture change induces uneven dimensional 
response, when the outer parts of the wood respond more quickly 
than the interior to variations in ambient rH. Uneven dimensional 
response in opposite faces of decorated panels, due to a lower 
permeability of the painted face to the moisture flow, is another 
cause of restraint. the constraint of wood from free movement 
can cause deformation and cracking of the wood, and subsequent 
cracking and flaking of the pictorial layer. 

the concept that a stable climate offers long-term stability for 
painted wood has, for a long time, been derived from practical 
observations. However, only relatively recently were two key 
issues systematically examined: the dimensional response of 
the objects to changes in temperature and rH, and the critical 
levels of strain at which materials begin to deform plastically or 
fail physically. Mecklenburg et al. [4] proposed the yield strain as 
a ‘failure criterion’ for the wood substrate or pictorial layer, that 
is, allowable rH variations should not cause strains exceeding 
the yield strain so that the response of the materials should at 
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all times stay in the elastic (reversible) region. analysis of the 
damaging impact of rH variations on painted wood was further 
refined by taking into account the vulnerability of the pictorial layer 
to fatigue fracture, a consequence of the cumulative strain effects 
[5]. Cyclically repeated RH fluctuations in museums and historic 
interiors may range from slow seasonal changes caused by an rH 
decrease in winter due to heating and a return to a higher rH level 
in summer, to brief RH fluctuations, even under an hour in duration, 
arising from the opening and closing of doors and windows, the flow 
of visitors, or the operation of intermittent heating. 

the structural analysis of painted wood has allowed maps of 
allowable rH variations to be produced, which take into account 
the amplitude, duration and initial rH level [4-6] as well as 
proposing environmental specifications for collections of historic 
objects [7,8].

the most general conclusion from a review of existing data is 
that moderate variations within the approximate rH range 50 
plus or minus 15 % are safe. this safe range was derived from 
the extremes of conservative criteria of the materials’ yield and 
fatigue fracture, and assumptions of worst-case wooden substrate 
response. as such, the range provides a cautious ‘baseline’ for 
the environmental standards for safe display of painted wood. 
This baseline can be re-defined when the understanding of critical 
strain levels is refined with advances in experimental research on 
physical fracture in painted wood. a thorough overview of the issue 
is provided by the author in the recent review [9].

The acclimatisation concept: target temperature and RH ranges 
based on past climatic conditions 

the acclimatisation of painted wood to the particular indoor 
environment within which it has been preserved is a well-
established concept in the conservation field. It was assumed 
that the risk of further physical damage (beyond that already 
accumulated in the past) from fluctuations smaller than the 
historic pattern of severe fluctuations is extremely low. If the past 
fluctuation was enough to cause fracture, the object has fractured, 
and the crack opens and closes reducing the stress which would 
be otherwise engendered in the undamaged material. traditionally, 
the acclimatisation concept was the basis for recommendations 
that past climate conditions should be retained as accurately as 
possible when vulnerable objects are moved from their usual 
location for restoration or exhibition. With the growing use of 
electronic monitoring systems, long-term surveys to understand 
RH and temperature levels and their fluctuations have become 
easier and can be undertaken on a wider scale. the accumulated 
data can be processed mathematically to establish more 
quantitative target microclimates suitable for the preservation 
of vulnerable objects by specifying average levels of climatic 
parameters, their seasonal drift as well as bands of tolerable 
short-term fluctuations superimposed on these average levels 
[10]. the acclimatisation concept was also explicitly expressed in 
several recommendations and standards on choice and control 
of indoor environmental conditions favouring conservation of 
sensitive historic materials, discussed in detail below. 

it should be stressed at this point that the harmlessness of the 
pre-existing climatic conditions has been a key assumption 
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in the approach. the assumption has to be checked carefully 
in each case, as physical damage can be cumulative rather 
than catastrophic, therefore fluctuations, even if not exceeding 
the historic levels, can involve risk of damage. Conservation 
treatments can erase the safety margins developed in objects by 
their acclimatisation to historic conditions. if cracks in polychrome 
sculpture, furniture or panel paintings act as expansion joints 
to relieve stress in objects, a consolidation treatment may make 
them more vulnerable to climate fluctuations. Treatments can also 
change, sometimes radically, the dimensional and mechanical 
properties of the original artistic materials. 

it is essential to assess the extent to which acclimatisation 
to historic conditions has induced such safety mechanisms, 
particularly in those objects considered most valuable or 
vulnerable in a collection. these assessments can be supported 
increasingly by scientific methods for the direct tracing of climate-
induced damage: non-invasive, simple, economical and capable 
of operating in real-world conditions in museums or historic 
buildings. the idea is to record an observable characteristic in 
an object which is related to damage (i.e., a damage indicator) 
in a continuous way or at a specified time interval, rather than 
to monitor the environment affecting the object. the acoustic 
emission method, which is based on monitoring the energy 
released as sound waves during fracture processes in materials, 
has been particularly successful in direct tracing the fracturing 
intensity in wooden heritage objects exposed to variations in 
temperature and rH [11].

Specifications and standards

Specifications and standards generally contain recommendations 
on three principal components by which the indoor climate is 
statistically represented: long-term average levels usually over one 
year, seasonal cycles and short-term fluctuations. table 1 shows 
a selection of standards and specifications for temperature and 
rH since the 1970s, all aimed at ensuring the safe preservation 
of materials and objects sensitive to moisture-induced damage. 
the earlier history and development of recommendations for the 
climate in museums is described by erhardt et al. [12].

the most general tendency is the gradual development of such 
recommendations from single-value targets and conservative 
tolerances to more rational, science-based approaches allowing 
seasonal changes and broader short-term fluctuations. The 
specifications have gradually recognised that the recommended 
temperature does not need to be at the universal value of around 
20 °C dictated by human comfort. The widest range was specified 
by the National trust in the UK, in which the lower limit of the 
allowable range was set at 5 °C to prevent the risk of frozen pipes. 

The specifications reflect a general belief that RH should be as 
near constant as possible and that the middle rH region (close 
to 50 %) is optimal, being close to the annual outdoor average 
in those parts of the world where the guidelines were written. 
However, there is also an awareness that objects stored for 
significant periods of time in environments where the average 
annual rH deviates from the central value of 50 % might 
have become acclimatised to these conditions. therefore, any 
change from a particular historic climatic environment may be 
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Long-term 
average

Seasonal 
cycle

Short-term  
fluctuations

1978 Garry thomson 
the Museum 
environment

19 (winter)
Up to 24 
(summer) 

50 or 55 - ± 5 Class 1 - appropriate for major 
national museums, old or new, 
and also for all important new 
museum buildings

[13]

reasonably 
constant to 
stabilise rH

40 to 70 Class 2 – aimed at avoiding 
major dangers whilst keeping 
costs and alteration to a 
minimum, for example, climate 
control in historic houses and 
churches may have to be limited 
to class 2 specifications

1979 Canadian 
Conservation 
institute

21
(Seasonal 
variation 
from 20 to 
25 allowed)

Between  
47 and 53

38 to 55 ± 2 the allowed seasonal 
changeover of the set points 
is 1 °C and 5 % rH per month, 
respectively
Occasional variations of ± 5 % 
rH are tolerable if these are the 
exception

[14]

1994 National trust 5 to 22 58 50 to 65 (alarm level 1) the recommended strategy 
involved control of rH to as 
constant a level as possible 
principally by adjusting heat input

[15]

40 to 75 (alarm level 2)

1999 american Society 
of Heating, 
refrigerating, and 
air-Conditioning 
engineers inc. 
(aSHrae)

15 to 25 50
or
historic 
yearly 
average

No ± 5 Class of control aa – No risk 
of mechanical damage to most 
artefacts and paintings

[8]

No ± 10 Class of control a – Small 
risk of mechanical damage to 
high-vulnerability artefacts; 
no mechanical risk to most 
artefacts, paintings

+ 10 in  
summer
- 10 in  
winter

± 5

+ 10 in  
summer
- 10 in  
winter

± 10 Class of control B – Moderate 
risk of mechanical damage to 
high-vulnerability artefacts; tiny 
risk to most paintings

25 to 75 Class of control C - High risk of 
mechanical damage to high-
vulnerability artefacts; moderate 
risk to most paintings

Below 75 Class of control d - High 
risk of sudden or cumulative 
mechanical damage to most 
artefacts and paintings because 
of low-humidity fracture

2006 National trust 5 to 22 50 to 65 - - The earlier fixed set point of 58 
% rH was replaced with a target 
range. the rH set point should 
be adjustable in each room 
and depend on the conditions 
to which the collection has 
acclimatised

2007 Smithsonian 
institution

21 45 - ± 8

table 1. Selection of international standards and specifications since the 1970s for temperature and relative humidity
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problematic, even though the new conditions may appear optimal 
for long-term preservation. 

the same approach is taken to the rH variations of various time 
scales, from a yearly cycle to short-term fluctuations. Authors of 
the early recommendations on the narrow ranges of rH variations 
stated openly that they were based on what could be expected 
of air-conditioning systems rather than on any knowledge 
of what objects could tolerate without damage [13]. With the 
growing understanding of the effects of climate conditions on 
materials and objects, broader ranges of rH variation have been 
increasingly accepted. it has been recommended that allowable 
ranges could be based on less-than-ideal historic conditions 
provided the collection has survived well.  the assumption behind 
these specifications is that conservation professionals can assess 
the risks posed by historic conditions by undertaking condition 
surveys of the most vulnerable or valuable objects within the 
collection. 

The ASHRAE specifications went one step further by specifying 
five classes of climate quality and detailing which climate related 
risks are avoided in each class and which are present [8]. these 
specifications also state that the long-term RH level can be either 
50 % (for international consistency) or it can be the local historic 
average rH (for the museum’s permanent collection).
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2009 National Museum 
directors’ 
Conference UK

16 to 25 40 to 60 Specifications for the majority  
of objects containing hygroscopic 
material. However, panel 
paintings are listed among more 
sensitive materials which  
require specific and tight RH 
control

[8]

2010 european 
standard eN 
15757:2010

No  
specifica-
tion

Historic 
yearly 
average

Historic 
seasonal 
cycle*

± 10
or target 
range  
calculated 
from the 
historic  
climate**
(whichever 
greater) 

* this cycle is obtained by 
calculating, for each rH reading, 
the central moving average 
(Ma), which is the mean of rH 
readings taken 15 days before 
and after the time at which the 
average is computed

** the lower and upper limits 
of the target range of rH 
fluctuations are determined as 
the 7th and 93rd percentiles of 
the fluctuations recorded in the 
monitoring period respectively

A fluctuation is calculated 
relative to Ma, i.e., the seasonal 
cycle rather than the yearly 
average value 

[16]
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Conclusions

The most general conclusion from the scientific research and 
preventive conservation practice discussed in this paper is that 
increasing criticism of the fundamentalist concept of strictly 
controlled museum climates has, since the 1980s, led to more 
relaxed specifications permitting individual long-term targets 
for specific collections, seasonal changes and broader ranges of 
short-term fluctuations.

each sensitive object with its unique original structure and 
conservation history, acclimatised to its particular environment, 
requires specific levels and ranges of temperature and RH. 
However, the body of scientific evidence indicates that moderate 
variations within the approximate range 50 plus or minus 15 % are 
safe. this variation corresponds to class B of the aSHrae controls, 
which is often the only possible moderate-cost strategy available 
to historic buildings (also used by museums) offering some limited 
potential for tighter climate control.

Further broadening of the allowable variations might result 
from observations that many objects have survived remarkably 
well in conditions which were far from ‘ideal’. therefore, climate 
specifications based on the acclimatisation concept remain useful 
tools, particularly when electronic monitoring systems can provide 
long-term historic climate data in remarkable detail. the two 
approaches can also be amalgamated so that maintaining the past 
microclimate (in terms of levels, seasonal cycles and fluctuations 
of temperature and rH) is combined with the ‘absolute’ allowable 
variations based on the mechanical behaviour of paintings. as a 
result, very stable past microclimates will not dictate unnecessarily 
strict future targets for climate control.

Acknowledgements

this review article was prepared as a part of research within 
National Grant No. UMO-2001/01/B/HS2/02586. 

References

[1] ‘Climate change and museum collections, a discussion held on 
September 17, 2008, London, edited transcription, international 
institute of Conservation’, http://www.iiconservation.org/dialogues/
iiC_climate_change_transcript.pdf (accessed 15 august 2012).

[2] ‘the plus/minus dilemma: the way forward in environmental 
guidelines, a discussion held on May 13, 2010, Milwaukee 
Wisconsin, USa, edited transcription, international institute of 
Conservation’, http://www.iiconservation.org/dialogues/Plus_
Minus_trans.pdf (accessed 15 august 2012).

[3] Michalski, S., ‘the ideal climate, risk management, the aSHrae 
chapter, proofed fluctuations, and towards a full risk analysis 
model’, in Proceedings of experts’ roundtable on Sustainable 
Climate Management Strategies, tenerife, 2007, ed. F. Boersma, 
Getty Conservation institute, Los angeles (2009).  
http://www.getty.edu/conservation/our_projects/science/climate/
paper_michalski.pdf (accessed 19 april 2013).

http://www.iiconservation.org/dialogues/IIC_climate_change_transcript.pdf
http://www.iiconservation.org/dialogues/IIC_climate_change_transcript.pdf
http://www.iiconservation.org/dialogues/Plus_Minus_trans.pdf
http://www.iiconservation.org/dialogues/Plus_Minus_trans.pdf
http://www.getty.edu/conservation/our_projects/science/climate/paper_michalski.pdf
http://www.getty.edu/conservation/our_projects/science/climate/paper_michalski.pdf


018 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

[4] Mecklenburg, M.F., tumosa, C.S., and erhardt, d., ‘Structural 
response of painted wood surfaces to changes in ambient relative 
humidity’, in Painted Wood: History and Conservation, ed. V. dorge 
and F.C. Howlett, the Getty Conservation institute, Los angeles 
(1998) 464–483.

[5] Rachwał, B., Bratasz, Ł., Krzemień, L., Łukomski, M., and 
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Abstract

if universal principles of conservation are to be discussed effectively 
a common understanding of standards should be established. this 
paper offers a vocabulary of standards and introduces a method to 
describe them. the paper reviews the development of standards 
identifying the relationship between the origin of a standard and its 
resultant approach. it uses pairs of keywords to describe distinctive 
features of standards and uses five word pairs to examine and 
compare national standards in the UK and China. the process of 
understanding standards and describing them precisely enhances 
efficiency through improved communication.

Introduction

the concept of standards is like ‘good company’, or ‘a beautiful 
view’: easy to recognise but hard to define. This paper investigates 
our understanding of standards, both in their terminology and the 
meaning that they confer. Clear definitions of standards exist but 
whether the term confers the same meaning to different people is 
questionable. the paper considers the origins and implementation 
of standards and offers an extended vocabulary and a model of 
description that could contribute to a more aligned description 
and understanding of standards. it also offers an opportunity to 
broaden our appreciation of the role of standards and thus increase 
their impact.

Standards are important in that they promote efficiency, quality 
and innovation [1], they are the products of compromise: we 
abandon uniqueness to conform. Standards can be compulsory or 
voluntary and their origin influences their implementation. Cassar 
and Keene [2] describe standards based on their geographic 
influence. A museum could use international or national standards 
or their work could be governed by an internal specification 
operating as a standard. in order to make comparisons this paper 
focuses on national standards for collections care.

Case studies 

in the UK a concern for the creation of standards in collection care 
has existed since the 1970s [3] resulting in comparatively more 
standards than in China which is beginning a process of defining 
and developing standards. reviews of Chinese museum collections 
under threat due to poor collection management in the early 2000s 
[4] and the publication of thomson’s the Museum environment 
in Chinese [5] have been an impetus to standards creation. the 
resulting schemes in China are in a trial stage. 

What is a standard? 

a standard is a document to consistently measure ways of 
producing objects, processes and services. Standards help 

Towards a common understanding of standards?

Jane Henderson and Shumeng Dai
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to ensure uniformity and reduce complexity [1], they give us 
confidence to follow a common method and make it easier to make 
decisions [6]. Standards are built on the consensus of current best 
practice that incorporate the experience, opinions and expertise of 
all interested parties [7]. in common parlance the term ‘standard’ 
can be used in a variety of ways and can be defined in relation to a 
wider jurisdiction, their content or how they were formed.

Talking about standards in conservation

the scope of preventive conservation is broad and there are many 
practices that can be described as ‘standard’. Within the narrowest 
meaning, only published formal standards with a serial number 
should be referred to as such. a more general meaning can include 
all the public or non-public, formal or informal documents that 
regulate the care of objects and established traditions, conventions 
or customs whether or not they are in a written form. For example, 
in any culture behaviour in relation to occasions such as birthdays 
or weddings can be described as ‘standard practice’ without the 
existence of any formal definition: this can be described as a 
standard-based approach [8]. Standardised practice also exists 
in more formal and documented contexts including manuals, 
specifications, procedures, etc. Broadly speaking, law and policy 
can also be categorised as a standard. an insistence on a tight 
definition of standards may generate a pleasing sense of precision 
but may reduce effective communication and understanding. 
recognising standard-based approaches widens the scope to 
be considered when seeking to change, improve or consolidate 
practice within collections care.

Standards in context

Standards are detailed and more flexible than laws and policies, 
their relationship is like a pyramid (Figure 1). Laws can underpin 
the implementation of standards by providing a regulatory 
framework. Laws represent the state’s interest and citizens 
must comply. Policies are made by governments, organisations, 
companies, etc., to manage the institution’s internal activities. 
Policies guide people to operate within the constraint of the law. 
Standards are detailed to provide technical specifications to 
support policies and laws. Normally standards are voluntary, but 
when identified in law, they become compulsory.

Figure 1. Standards 
within the legal 

system: the 
hierarchy of 

regulations [9]
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Content of standards

Based on their contents, standards can be categorised into 
four basic types: measurement standards; process standards; 
performance standards; interoperability standards [10]. each of 
these types can be found in collections care.

Measurement standards

Measurement or metric standards are used to measure ordinal 
values such as the size of clothing or volume measurements. 
these standards are useful for manufacturers producing 
products and for customers purchasing them [10]. the words and 
numbers used in these standards are unambiguous and precise. 
Many collections care standards describe performance using 
measurable standards such as 50 to 60 % rH. 

Process standards 

these prescriptive standards aim to provide normative activities 
or processes. they supply the ‘methodology to perform tests and 
perform processes in a consistent and repeatable way’ [10]. these 
standards describe the sequence of an operation. an ‘Oddy test’ is 
a standardised process to evaluate the suitability of materials for 
inclusion in display cases [11].

Performance standards

Performance-based standards are fundamental to benchmarking 
[6]. they may set several levels of behaviour to encourage 
individuals to aim for the highest. For example, in Japan following 
the Hyogoken-nanbu earthquake of 1995, the Building Standard 
Law was revised to prescribe performance requirements based on 
earthquake response [12]. thomson offered both Class i and Class 
ii environmental standards to be applied dependant on the nature 
of the collections, building and institution type [5].

Interoperability

interoperable or compatibility standards are set for two or 
more different activities to ensure they use the same method or 
specification. The process and performance are not prescribed but 
a fixed format is required [10]. For example, the designs of keyhole 
and key are interoperable. When considering digital preservation, 
both the digital artefact and an interoperable system of software 
and hardware must be preserved to ensure that the digital artefact 
can be accessed. 

Combinations of content

Some standards can represent more than one typology. For 
example, the UK standard single bed size is 36 × 75 inches. 
Utilising clear measurements it is also performance based, 
because its size is suitable for a person and it is interoperable 
because the mattress fits the bed. For a registrar operating an 
international art loan these different standards approaches could 
arise. the loan conditions may specify measurable environmental 
targets set at several degrees of tightness. testing of display case 
materials according to the Oddy test protocols may be included 
in the facilities agreement as may a plan to ensure that any 
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Application or Jurisdiction Type of Contents Formative process

Corporate in-house or 
organisational standards
Society or industrial standards
National standards
regional standards
international standards

Measurement standards
Process standards
Performance standards
interoperability standards

de facto standards
de jure standards

table 1. Summary of categories of standards 

environmental logging systems travelling with the loan items could 
be read and interpreted by each venue.
 
Origin of standards

if we categorize standards according to the process by which they 
are created, the basic types are de facto and de jure standards [13].
 
a de facto standard, evolved by a market process, is widely 
accepted and used, having achieved a dominant consensus 
position without approval from any official body, while a de jure 
standard is established by an official standards organisation and 
is promulgated by a government agency [14]. these categories 
represent two groups of stakeholders involved in the evolution of 
standards [15].

de facto standards emerge from consensus and competition; 
the winning standards will represent the emerging dominant 
technology [15]. a winner-takes-all approach to the emergence 
of de facto standards will result in the elimination of competitor 
systems such as the battle between VHS and Betamax. a de 
facto standard can be sponsored by an organisation or can be 
unsponsored such as the QWertY keyboard. 

de jure standards do not necessarily represent consensus in the 
market. the ‘winners’ are those selected by authorising bodies. 
although de jure standards avoid competition costs they rely on 
judgement for selection and there may be a gap between the 
priorities of decision makers and practitioners [15]. 

Both de jure and de facto standards can be based upon evidence 
generated by research to support their specification. The 
process of creating a de jure standard may begin with specially-
commissioned research and a de facto standard can evolve from 
the wide-spread acceptance of the conclusions of research. 
Conversely, a determined politician could impose a de jure 
standard regardless of the evidence; poor practice, with no 
evidence base, can evolve into a de jure standard in the way that 
superstitions grow. the practice of collections care is best served 
by those standards that are based on relevant research and 
evidence whether this is research commissioned specifically for 
the purpose of standard creation or evidence created by research 
simply inspiring a standardised response.

By considering these aspects of standards (jurisdiction, content 
and formation) it is apparent that although simple definitions can 
be offered, standards vary greatly with consequent variation in their 
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impact (table 1). Where a response to a collections care problem is 
the development of a standard, an awareness of this variety and a 
developed vocabulary will assist in an effective process of standard 
definition and implementation. 

Standards and semantics

Once the variability of standards or standards-based approaches 
is accepted, the challenge that arises is how to represent and 
understand this. ashley-Smith [6] offered seven pairs of polarised 
words to illustrate the diversity of standards. this concept has 
been adopted and extended here to develop a methodology to 
portray variability and to enable discussion about how this may 
impact on the uptake and operation of a standard. From the initial 
seven pairs, the authors created 23 pairs of words to highlight 
dichotomies within standards (table 2). these pairs are grouped 
into categories which reflect: the elasticity of standard design; 
measurement methods; reasons for standardisation; compliance 
regimes; formative process and application. 

Pairing serves to highlight the breadth of concept embodied 
within the simple term ‘standard’. any word pair can be used to 
evaluate a standard along an imaginary scale between them. For 

table 2. Semantics applied to standards 

1 Broad scope Narrow scope degree of 
tightness2 Universal Local

3 Generic Specific detailed

4 Flexible rigid

5 risk Certainty

6 General directions Fixed numbers

7 evangelism Pragmatism

8 Process technical the measurement 
methods9 Outcome Output

10 Minimum 
requirement

Good/Best Practice

11 Compatible Self-dependent the motivation for 
standardisation12 Uniform diversiform

13 impartial Unfair

14 Objective Subjective

15 evidence based Lacks evidence

16 Guidance Coercion Binding characters

17 enable Punish

18 Self-assessment external force

19 de facto de jure Formative process 
and application20 evolved imposed 

21 Market Government

22 Public Non-public 

23 Long period temporary/ 
Provisional
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Figure 2. representation of standard variability using spider graphs
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the purpose of this paper, to examine UK and Chinese standards, 
five critical word pairs were identified. By eliminating concepts that 
were pre-determined or beyond the scope of the study and word 
pairs which represent an inherently correct position the list was 
narrowed. Word pairs that were most descriptive and applicable 
to a museum context were chosen. although a comparison of the 
degree of pragmatism or risk approach would be insightful, the 
authors concluded that in comparing the UK with China the pairing 
of flexibility – rigidity offered the most culturally neutral evaluation.

Spider graphs

Each of the five word pairs chosen can be plotted on a spider 
diagram (Figure 2) using judgement to place each standard at a 
point between the pairs.

1. Broad scope   Narrow scope
2. Generic   Specific detailed
3. Flexible  rigid
4. Self-assessment  external force
5. Long period   temporary/Provisional

For some of the pairs it may be presumed that a midpoint creates 
an optimal standard. For example, it can be a disadvantage for 
a standard to be too flexible or too rigid. For others, such as 
longevity, an appropriate time scale may relate to the stability of 
the context in which they apply. the pairings are offered as a tool 
kit to dissect standards, to represent and highlight how different 
approaches may work in a given context. it is not intended that 
the pairings selected for this study would be the best in another 
but this methodology of representing the variety could be used 
elsewhere. 

Analysis of museum standards

eight UK-based collections care documents from the last 35 
years were selected for study. these texts include benchmarks 
and guidelines that go beyond the technical description of 
standards. two Chinese standards for collections care in museums 
were considered. as these standards are undergoing a trial 
implementation their scaling is based on an understanding of their 
operation in four Chinese Museums (Wuhan Museum, Xi’an Ban 
Po Museum, Shanghai Museum and Capital Museum). this range 
of documents was selected to examine their variability considering 
their different nomenclature and origin.

BS 5454:2000 recommendations for the storage and exhibition 
of archival documents and Pd 5454 Guide for the storage and 
exhibition of archival materials (UK). BS 5454 was a de jure 
standard in its simplest sense. It had a narrow scope defined in 
its title. With a clear focus, the requirements were specific and 
detailed. With rigid, unambiguous provisions and fixed numbers 
it has elements of a measurement standard and is consequently 
easy to understand. BS 5454 was used for official inspections so an 
institution could lose recognition if it failed to comply. in 2012, Pd 
5454 superseded BS 5454, offering guidance on the preservation 
of archives, although it offers a wider scope. Compared with the 
BS, PD 5454 is more flexible in a range of contexts making it easier 
to apply whether the collections are mixed or vulnerable, in all 
seasons, in historic buildings or in a purpose-built repository. Pd 
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5454 provides fixed numbers but these are set in a range with 
explanations; it offers solutions and has detailed guidance. the 
document is more persuasive than its precursor. Pd 5454 is not a 
‘British Standard’, but its potential is huge as it replaces BS 5454. 
recently launched, it may not be updated soon.

PaS 197:2009 Code of practice for cultural collections management 
(UK). PAS 197 is described as a specification with a narrow scope 
concentrating on collections management, it is concise and 
systematic. The standard has some flexibility and is not based on 
coercion. PAS stands for Publicly Available Specification, which 
means it could later become a ‘British Standard’. PaS 197 was 
scheduled for review two years after its completion.

SPeCtrUM museum documentation standard (UK). described 
as the UK museum documentation standard, SPeCtrUM 
contains 21 procedures and many more ‘sub-procedures’. this 
process standard covers object documentation and activities 
such as condition assessment, prescribing the priority of actions. 
SPECTRUM is specific and certain and has spurred museums to 
undertake large information management projects. the standard 
contains minimum requirements. established by a public body, 
its procedures are incorporated in the UK Museum accreditation 
Standard [16]. Since its inception in 1994 it has been widely 
accepted in the museum industry in the UK and internationally 
operating both as a de jure and a de facto standard.
 
Benchmarks in collections care for museums, archives and 
libraries (UK). Identified specifically as a benchmarking, not a 
standards’, document this publication describes three levels 
of performance for collections care against which institutions 
can self-assess. Collections care is a broad concept involving a 
wide range of activities influencing the preservation of objects. 
Benchmarks contains many recommendations but does not force 
the institution to complete them; the provisions are pragmatic with 
detailed scope offering a self-assessment approach supporting 
staff to improve performance. Based on several precursor 
documents, Benchmarks was published in 2002 and revised in 
2011. Benchmarks represents a de jure approach that has evolved 
and become more detailed over 15 years. 

MGC standards in the museum care series (UK). these 
wide-ranging standards first published in 1992 comprise 
eight booklets covering a series of specific collections types 
published by a governmental advisory body, the Museums 
and Galleries Commission (MGC, now MLa) [17]. they contain 
detailed requirements describing best practice in process and 
performance but there is no enforcement regime. the standards 
are rigid and specific, guiding non-experts to implement them. 
The requirements are relatively high, containing some specific 
measurement-type targets requiring significant resources to 
achieve them. despite the dissolution of their sponsoring body, 
these standards still have relevance in the UK museum sector; they 
have transitioned from a de jure to a de facto standard. Without 
external force, these strict standards are unlikely to be applied 
consistently.

thomson’s the Museum environment (UK). this universally 
acknowledged de facto standard for collections care describes 
environmental parameters for museums. Many countries applied 
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the standards contained within the book with varying success. 
although there is no external force to impose implementation 
this book became a touchstone of good practice resulting in the 
enforcement of its Class a standards through de jure routes 
such as BS 5454 or de facto methods such as international loan 
agreements. Creating a long term consensus in the market, 
the book’s specific and detailed contents eliminate doubts and 
encourage acceptance of its recommendations. it is a good 
example of how standard practice can emerge from a source which 
does not comply with the traditional definition of standards. 

regulation on Museum Collection Conservation environment 
in trial implementation (China). this regulation is a de jure 
standard produced by the standard-making committee of State 
administration of Cultural Heritage (SaCH) in China. this is 
a technical standard used to regulate museum environment 
conditions for collections storage, display areas and conservation 
labs. The provisions are measurable, specific and rigid, for 
example, specifying store size without reference to collection 
type [18]. Some clauses offer more general guidance. this is a 
minimum standard document. in its evolutionary stage imposing 
the standard may be dangerous. However, in practice, museums 
undertake the project with support from the experts from SaCH 
who conduct inspections and offer further guidance whilst 
encouraging museums to complete the implementation. 

Museum evaluation Standard (China). the Museum evaluation 
Standard is also a de jure standard of SaCH. it has three 
performance grades. Museums are awarded Grade 1 by achieving a 
total score of over 800 points which does not require the museums 
to meet the entirety of the highest grade [19]. the evaluation 
Standard is assessed by committee. it focuses on processes such 
as the management of infrastructure and facilities, collections 
management and research, exhibitions and services. it also contains 
elements of a measurement standard, for example, offering scores 
against specific numbers of (undefined) ‘precious collections’ [19]. 
This is an interesting case of a non-specific measurement standard. 
it is planned that the standard will last a long time and will be 
revised and updated every three years. For museums applying 
to the scheme, there will be the external pressure of supervision 
and assessment by the government. Museums may lose their 
accreditation status if they cannot maintain the scheme. the 
standard is pragmatic but lacks precision. 

Discussion

Of the ten documents considered four are formally defined as 
standards although only BS 5454 has specific recognition as such. 
Others defined practice later adopted by standards and others have 
the potential to one day evolve into a formal standard. all offer 
advice, guidance and definitions against which collections care 
practice can be measured and improved. it is possible to split these 
documents into two categories depending on whether or not they 
are formal standards but this distinction may be one of the least 
interesting to make. 

Considering the graphs, for several of the pairs a median point on 
the scale is a baseline and deviating from this raises questions 
about a standard’s efficacy. The more extreme the scaling the 
more challenges there may be in implementing it. Plots for PaS 
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197:2009, Pd 5454 and Chinese Museum evaluation Standard 
are closest to the median points suggesting they offer balanced 
achievable approaches. Standards which demonstrate greater 
rigidity or specificity will be harder to implement. If they are 
supported by a strong enforcement process they may be enacted, 
perhaps with resentment, but without external force their 
implementation may be perfunctory. Broader scope will tend to 
increase the areas to which the standard applies and therefore 
increase the resources required to implement it.

the Museum environment is a special case. it played a unique 
role in the early days of environmental standards when it defined 
the pinnacle of knowledge and was adopted in the absence of any 
alternative. In today’s more crowded market a specific and rigid 
standard with no enforcement might expect to have less impact. 

it is useful to consider the range of museum institutions 
attempting to adopt these standards: specifically comparing those 
with reasonable environmental conditions and staff expertise with 
those with fewer resources. Standards which lack any extreme 
score may generally experience a good rate of take-up due to 
their more voluntary and generic nature offering some detail and 
flexibility. However, for institutions with fewer resources these 
more generic standards may require professional support to 
be effective. these smaller less well-resourced museums may 
welcome the lack of detail and enforcement but this may allow 
weaker aspects of practice to continue unnoticed. those museums 
provided with professional support may be able to use median 
point standards to create good outcomes. Larger museums with 
a stronger starting point of conditions and expertise also have the 
awareness to improve themselves. For these museums, standards 
which offer clear statements in an achievable framework are 
challenging and can lead to improvements without external force. 

Chinese collections care standards

the two Chinese standards whilst pragmatic do not offer a 
full spectrum of detail so aspects of collections care such as 
documentation are not discussed. Standards for different types of 
collection or museum are not yet in place in China. adoption of de 
facto standards from abroad with an established consensus and 
reputation could help avoid adverse unintended consequences 
related to the adoption of new specific standards. 

SaCH aim to regulate all museums in China [20] but this will take 
time and their priority appears to be raising minimum standards, 
perhaps at the expense of driving improvements in best practice. 
Although the Evaluation Standard defines attainment levels, these 
utilise vague terminology such as ‘proper’ and ‘effective’, offering 
less specific guidance. A reliance on written standards can mean 
that those museums operating at best practice levels have an 
underused potential to be used as benchmarks for all Chinese 
museums.

Conclusion

Mapping standards across word pairs is a tool to dissect their 
varied nature and spirit. Considering those standards that have 
endured but been revised, it can be seen that the pressures of 
sustainability, pragmatism and professional review have led 
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towards the median points on many of the scales shown. as 
Chinese museums implement a more consistent approach to 
collections care they may find that the balance between detailed 
rigid approaches and generic ones becomes easier to achieve. 
We have seen how elements of the Museum environment have 
operated as a standard and how documents offering levels of 
practice, whether described as benchmarks or standards, can 
increase a sense of attainability. 

the concept of standards can be as simple or as complex as 
anyone wishes to consider. in this paper we have analysed the 
concept in its broadest sense in the belief that the common 
understanding of ‘standards’ goes far beyond a narrow technical 
description. When defining and improving practice in collections 
care, operating with this broader conception offers the benefit of 
greater impact and clearer communication. 
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Abstract

in 2004 a working group was established under the framework 
of the european Committee for Standardisation to develop 
environmental standards for museums, archives and historic 
buildings. Its brief was to develop specifications, measurements 
and methodologies to assist museum professionals to understand 
and manage environmental factors affecting heritage.

this paper summarises the processes of drafting the european 
standards and explains the rationale behind the documents; it also 
discusses future approaches to developing european standards.

Introduction 

in 2004 a technical committee (tC 346) was established under the 
framework of the Comité européen de Normalisation (CeN) or 
european Committee for Standardisation with the main objective 
‘to develop, with a need-based approach, specific normative 
documents in the field of conservation of cultural heritage’ [1]. 
 
One of the five working groups within the technical committee 
was ‘CeN/tC 346 WG4 environment’ (WG4). the objective of WG4 
was to formulate specifications, measurements and methods 
to control the environment of collections, historic houses and 
outdoor monuments. as convenor of this working group, the author 
has focused on creating standards which will develop theory, 
procedures and methods to improve environmental conditions. 

the standards were drafted by experts nominated from across 
europe and present recent research and practice within each 
subject. the draft documents were also considered by experts from 
the CeN member states before publication, and the standards will 
be reviewed every five years. 

this process ensures the standards are not simply based on 
consensus around established baselines but rather reflect the 
cutting edge of conservation research, knowledge and practice, 
balancing contemporary demands for the dissemination and 
presentation of cultural heritage with concerns for long-term 
sustainability. the standards are intended to be helpful, practical 
and usable tools to support and improve the constant work of 
conserving cultural heritage across europe.

Background – previous experience with environmental standards 
Danish Film Institute - the use of standards in the preservation of 
photograph and motion picture collections

For more than 30 years the motion picture film collection at The 
danish Film institute (dFi) was stored in poor environmental 
conditions [2]. a survey conducted in 2000 revealed that much of 

Conservation of cultural heritage – European  
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the degraded acetate film stock was expected to reach a critical 
level of decay within 15 years if the storage environment was not 
improved [3]. a massive duplication program was necessary to save 
the contents of the collection. the deterioration processes included 
unstable cellulose nitrate-based films, acetate film presenting 
clear signs of vinegar syndrome and fading colour films. It was 
estimated that within 10 years more than 10000 film titles of the 
31000 in the collection would require duplication or digitisation to 
a more stable format. The average cost per film was 15000 Danish 
Krone (dKK), a total of 500 million dKK at 2002 prices [4]. 

an alternative solution to this huge duplication program was devised 
based on the international Organisation for Standardisation’s (iSO) 
recommendations for the preservation of imaging materials [5 to 
7]. Following the cutting-edge research presented in the standard, 
a new film archive was established with a predicted usable lifetime 
of at least 500 years, and environmental conditions which reduced 
the rate of film decay to almost zero. The predicted cost was 
around 50 million DKK; this amounted to 62 DKK per film title 
(at 2002 prices, with annual running costs). experience from the 
last 10 years of operating the storage facilities at the danish Film 
archive shows that it is possible to maintain a temperature of 5 °C 
and 35 % relative humidity (rH) in a 2300 m3 room for around  
30 kWh/m3/year [8]. this energy consumption is low in comparison 
with other facilities operating similar environmental conditions. 
By establishing a film archive that meets the international 
environmental standards specified for motion picture films the 
collections have been safeguarded for a far lower cost than 
duplicating the degrading stock.

standards and standardisation

in general, we are most familiar with those standards developed 
to improve product quality, for example, for memory cards in 
computers and cameras or electricity plugs. these are based 
on established norms. in most cases, standards are optional 
but may contribute substantially to the success of a contract or 
business. in some circumstances, standards are mandatory, for 
example, building or fire regulations. In many areas, standards are 
introduced with the intention of simplifying quality control for both 
service providers and users. 

the most effective standards are based on current knowledge 
and best practice; they are usually developed by experts with 
complementary backgrounds to clearly disseminate practical 
information to end users. Standards should be based on the most 
current information, avoiding redundant research. reference to 
international standards may improve perceptions of the validity 
of a solution and may contribute to a more considered end result 
than if local procedures were developed through anecdotal 
experience. 

Developing European standards for the conservation  
of cultural heritage

Many physical materials, objects or buildings are considered to be 
part of our cultural heritage. in order to preserve these artefacts 
or structures some protection measures have to be established. 
a long-term sustainable conservation approach should include 
all factors that may affect the stability and preservation of 
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cultural heritage objects. For movable objects, these may include 
storage, use (exhibition, study, conservation, restoration etc.) and 
transport. Objects stored in a good environment could deteriorate 
if the climate is changed or if they are moved to another climate 
without appropriate acclimatisation. Poor handling in transit can 
be detrimental to objects usually stored in a good environment 
and light-sensitive objects may discolour or fade rapidly if exposed 
even briefly to intense light or radiation.

the development of european standards for conserving cultural 
heritage was initiated by the majority of CeN member states1 in 
2004, based on a strategic plan setting out the aims, objectives and 
remits of a series of working groups (WGs). the structure of the 
WGs was based on established theory within the field on preventive 
conservation (Figure 1). as in other standardisation initiatives, 
first the terminology used had to be developed and agreed. This 
work was progressed by WG 1. Characterising the materials at 
risk and their degradation processes, as well as the materials 
and techniques used to conserve moveable and immovable 
objects were the remits of WG 2 and WG 3. WG 4 was tasked with 
developing specifications, measurements and control measures 
for environmental conditions within museum collections. WG 5 was 
responsible for formulating criteria for packaging and transporting 
moveable objects.

the overall objective of the CeN/tC 346 WG4 environment was 
to specify environmental conditions for cultural heritage. the 
specifications were to be based on scientific knowledge and 
current practice. the working group was mindful that effective 
long-term conservation requires balance and compromise. the 
development of any conservation approach is a challenging 
process, affected by resource limitations, the particular rates of 
decay of specific materials, the mixed nature of collections, the 
complexity of composite objects, varied preservation histories 
and the perceived values of collections. Conservation solutions 
should be based on a sustainable approach, characterised by 
interdisciplinary cooperation and consideration for all those who 
engage with the cultural heritage object. 

Figure 1. 
Organisation of 

CeN/tC 346 and 
the working groups: 

original and new 
structure from 2012

1 CeN members 
are the national 

standards bodies 
of austria, 

Belgium, Bulgaria, 
Croatia, Cyprus, 
Czech republic, 

denmark, estonia, 
Finland, France, 

Germany, Greece, 
Hungary, iceland, 

ireland, italy, 
Latvia, Lithuania, 

Luxembourg, 
Malta, Netherlands, 

Norway, Poland, 
Portugal, romania, 
Slovakia, Slovenia, 

Spain, Sweden, 
Switzerland and 

United Kingdom.
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in WG 4 environment, it was found necessary to develop three 
levels of standards: 

•  General guidelines and specifications, for example, ‘CEN/
TC346 15757 Conservation of cultural property: Specifications 
for temperature and relative humidity to limit climate-induced 
mechanical damage in organic hygroscopic materials’; 

•  Supporting standards on general issues, such as ‘CeN/tC346 
PreWi Conservation of cultural property – integrated Pest 
Management (iPM)’;

•  Detailed descriptions of specific issues, for example, ‘CEN/
tC346 15758 Conservation of cultural property – Procedures 
and instruments for measuring temperatures of the air and the 
surfaces of objects’. 

each subject required experts with different backgrounds. the 
work process had to be productive in order to meet the CeN 
timeframe of three years from the beginning of a piece of work 
to publication of a standard. Mindful of these challenges, WG 4 
established a number of task groups (tGs) to support the working 
group members. 

Difficulties and challenges in developing standards
Practical difficulties

Overall, this structure proved reasonably productive but there 
were some weaknesses, in terms of the pace of work and issues 
around transparency. Some national committees were concerned 
about a perceived lack of transparency or overview of progress. 
there were also challenges in engaging the right experts at the 
right time. One of the basic problems was that experts were not 
remunerated for this work, so time had to be found between 
other commitments. There were additional difficulties in funding 
travel and accommodation for the two annual meetings needed to 
allow for sufficient progress between sessions while maintaining 
momentum. although new technologies offered alternative 
possibilities for communication (email, Skype, phone meetings and 
video conferences), face-to-face meetings were usually preferred 
as the most transparent and productive means of developing the 
documents, which involved compromise and balance between the 
diverse backgrounds and experiences of each member state. 

Intellectual challenges

Standard development requires the contribution of interdisciplinary 
knowledge and experience from the many specialised professions 
involved. in the conservation of moveable and immovable cultural 
heritage, specialists included conservators, engineers, chemists, 
architects, curators, art historians, bureaucrats, administrators 
and educators, amongst others. Practical, theoretical and 
research-based approaches were contributed from across 
europe. Commercial interests were not a major variable in the 
development process, but they may become an important factor in 
the future. the variety of specialists involved and the differences 
between international approaches presented both opportunities 
and challenges. the diversity created rigor and breadth but also 
obstructed consensus, engagement and efficiency. 
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Collaboration within CEN/technical committees

it also became apparent that many of the working groups and 
technical committees had overlapping remits. as a result experts 
in CeN/tC 346 working on a standard for exhibition lighting created 
a joint working group with CeN/tC 169 Light and Lighting to 
benefit from the expertise of each technical committee and to avoid 
duplication of work or conflicting recommendations. For future 
work, relevant existing technical committees should be identified 
and contacted before a new work item is initiated; in the case 
of more complex situations, it may be necessary to undertake a 
feasibility study before new work streams are commenced. 

The revised business plan for developing European standards  
on the conservation of cultural heritage

For the last few years discussion in the working groups, 
particularly in the CeN/tC346, had been focused on three main 
challenges. The first was whether it was possible to create an 
overview of areas that require a standard, and how these areas 
might be identified. The second question was how new issues or 
work streams to develop standards should be devised and the 
third was focused on the process of developing the standards, 
particularly how to ensure the right experts were involved from the 
initial stages of work. essentially, the problem was how to ensure 
a transparent and efficient process of developing the standards 
needed by professionals involved in conserving cultural heritage. 

as a result of these discussions a new strategy was agreed in June 
2012. More working groups have been established, each with a 
more clearly defined and focused remit. This has simplified the 
process of appointing relevant experts and will hopefully lead to 
the more efficient development of standards. 

the overall objective of CeN/tC 346 remains the production 
of standards applicable to the conservation of movable and 
immovable cultural heritage, in terms of environmental control and 
interventive conservation. 

Figure 2. Showing 
the relation 
between work items 
in CeN/tC346 WG4 
Care of collections, 
after the revised 
business plan from 
2012
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table 1. Published and drafted standards related to environmental issues by autumn 2012

EN number Title Developed by 
(until 2012) 

Developed by (post 
2012)

eN 15757:2010 Conservation of cultural property – 
Specifications for temperature and relative 
humidity to limit climate-induced mechanical 
damage in organic hygroscopic materials

WG4 -

eN 15758:2010 Conservation of cultural property – Procedures 
and instruments for measuring temperatures of 
the air and the surfaces of objects

WG4 -

eN 15759-1:2011 Conservation of cultural property – indoor 
climate – Part 1: Guidelines for heating 
churches, chapels and other places of worship

WG4 -

CEN/TC 346 – Environmental standards by autumn 2012 under development
FpreN 16141 Conservation of cultural property – Guidelines 

for management of environmental conditions 
– Open storage facilities: definitions and 
characteristics of collection centres dedicated 
to the preservation and management of cultural 
heritage

WG4 -

FpreN 16242 Conservation of cultural property – Procedures 
and instruments for measuring humidity in the 
air and moisture exchange between air and 
cultural property

WG4 WG7

preN 15759-2 Conservation of cultural property – indoor 
climate – Part 2: Ventilation

WG4 WG7

preN 16163 Conservation of cultural property – exhibition 
lighting of cultural property

WG4 Jointly between 
tC346 and tC169

preN 15999-1 Conservation of cultural property – Guidelines 
for management of environmental conditions 
– recommendation for showcases used for 
exhibition and preservation of cultural heritage – 
Part 1: General requirements

WG4 WG4

preN 15999-2 Conservation of cultural property – Guidelines 
for management of environmental conditions 
– recommendation for showcases used for 
exhibition and preservation of cultural heritage – 
Part 2: technical requirements

WG4 WG4

PreWi Conservation of cultural property – integrated 
Pest Management (iPM)

WG4 WG4

PreWi Conservation of cultural property – New sites 
and buildings intended for the storage and use of 
collections

WG4 WG4

PreWi Conservation of cultural property – risk 
assessment methodology for moveable cultural 
heritage

WG4 WG4

PreWi Conservation of cultural property – Guidelines 
for improving energy efficiency of  
architecturally, culturally or historically valuable 
buildings

WG4 WG8

PreWi Conservation of cultural property – Procedures 
and instruments for measuring moisture content 
in objects and building materials

WG4 WG7

PreWi Conservation of cultural heritage – emergency 
and contingency plan

- WG4
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11 WGs (replacing the previous five) have been established with 
more tightly defined mandates than previously (Figure 1). the focus 
of CEN/TC 346 will be on finishing work in progress. New WGs will 
be created only when a minimum of five CEN members commit 
themselves to participate. When work is completed, a WG will be 
closed. WGs will continue only if CeN/tC 346 considers the same 
group of experts would be required for developing a new related 
standard.

the title and objective of WG4 has changed under the new 
structure; the group has been renamed ‘Care of collections’ rather 
than ‘environment’ (Figure 2). Four working groups, rather than 
one, are now responsible for drafting the environmental standards.

The environmental standards and drafts within CEN/TC 346

table 1 provides an overview of published and draft standards 
related to environmental control for cultural heritage; it also 
indicates the WG previously responsible for developing the 
standards and which team is now accountable under the new 
strategy.

Discussion

the original approach of WG4 environment was holistic, focused on 
drafting documents to cover all aspects of environmental control 
for cultural heritage, defined as museums, archives and library 
collections, as well as historic houses and outdoor monuments. its 
remit included developing specifications for environmental control 
and measurement as well as for management and planning issues. 
initially, the proposed structure of the standard was a general 
introductory document followed by supporting notes on specific 
issues such as climate, air quality, housekeeping, exhibitions, risk 
assessment and collection management, etc. it was intended that 
the supporting notes would assist the end-user to achieve the 
specifications (as set out in the introductory document) through 
practical step-by-step advice. However, in practice, when the 
drafting began it proved difficult to reach consensus on either 
structure or content. 

the result was that general introductory documents were prepared 
for each subject, supported by more specific standards (for 
example, indoor climate, part 1 and part 2; showcases used for 
exhibitions, part 1 and 2). Some issues became dormant due to 
a lack of available experts (e.g., air quality). While the published 
and draft documents provide good advice and describe relevant 
approaches, they are not as specific as the end-user might 
require. Initially a classification system was proposed to specify 
the quality of the storage environment, for example, ‘good’, ‘better’ 
and ’best’. However, a more descriptive approach was chosen, 
which established a general direction but did not provide precise 
step-by-step instructions. While general descriptions can be 
very informative, it is generally helpful to supplement descriptive 
documents with more practical information. 

a good example of an effective approach is iSO 18934 on 
archives for imaging materials [7], or the recently published 
Publicly Available Specification (PAS) 198:2012 [9]. The concise 
information on environmental issues provided in the main body of 
these documents is supported by annexes, where more specific 
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information and the relationship between various risk factors 
and the stability of materials is presented; a comprehensive 
bibliography is also included. Both standards reflect new 
conservation theory by providing guidance on how to establish 
an environmental specification for a particular collection. They 
replace the old approach of setting out narrow specifications with 
tight tolerances, which were often very difficult to achieve and 
involved high running costs.

a set of good standards for environmental control could assist 
conservation professionals on a practical level, by providing 
guidance on how to establish safe environments for museums 
and archive collections. they could also support conservation 
management issues, such as negotiating with decision makers for 
resources. Specifically, there are four main spheres in which they 
may support conservation work: 

1.  Help the end-user establish a safe and sustainable environment 
for a museum collection; 

2.  Help the end-user secure resources from decision makers by 
reference to internationally recognised standards for a state-of-
the-art environment;

3.  Help the end-user specify deliverables from external contractors, 
taking into account both initial investments and running costs; 

4.  Help the end-user demonstrate to decision makers through a 
cost-benefit analysis that a better quality storage environment 
will increase the expected lifetime of the collection and reduce 
the running costs.

the published and drafted environmental standards within CeN/tC 
346 will help end-users improve the environment around museum 
collections and increase the expected lifetime of the collections. 
However, experience suggests they may not yet be sufficiently 
robust to achieve the other goals set out above. Standards like iSO 
18934 and PAS 198:2012 are more appropriate to fulfil the first 
three goals set out above. 

Discussions should continue around developing a certification 
or accreditation system to document the quality of a museum 
storage or exhibition environment. an accreditation procedure 
could improve the development of different technological solutions 
to build a sustainable museum climate. it could also be a very 
powerful tool to document the return of investments to decision 
makers. However, the transaction costs of developing and 
maintaining such a system must be considered carefully.

Conclusion 

My personal experience of using standards on the permanence 
of photographs and imaging materials has demonstrated how 
helpful they can be in developing general conservation knowledge 
and increasing understanding of environmental control principles 
and practice. the ambition to develop european standards should 
be recognised as a long-term strategic initiative that will increase 
the quality of conservation processes and expand the body of 
conservation knowledge, as well as foster cooperation and synergy 
between european experts. However, the process of drafting 
standards is complicated and time-consuming. rather than seeking 
consensus on obsolete theories, the ambition must be to achieve 
standards underpinned by cutting-edge research and practice. 
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achieving a set of environmental standards for collections care will 
extend the usable lifetime of cultural heritage by many decades 
and reduce the resources and energy required for conservation. 
Good standards will reduce uncertainties and provide sound 
guidance for sustainable approaches to the long-term preservation 
of cultural heritage.
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Abstract

recent guidance for British cultural heritage organisations 
that care for cultural collections recommends that planning of 
environmental controls should be done within the context of the 
‘expected collection lifetime’, taking into account resources, 
significance, use and material change. The Collections 
demography project is working towards a model of collection 
change in historic libraries and archives that aims to integrate 
these variables, and which, therefore, may aid implementation 
of the new guidance. a key element of the work is an innovative 
public engagement project that is seeking to engage stakeholders 
in conversations around the value and lifetime of collections. 
this paper outlines three aspects of the public engagement 
programme: interviews with users, a questionnaire survey of 
users, and workshops. the VaLUe (Value and Lifetime – User 
engagement) questionnaire is described in detail. in particular, 
results are presented which are relevant to the development of 
the Collections demography model and the implementation of 
recent guidance. the analysis of the questionnaire provided data 
on stakeholders’ definitions of lifetime and their views on the 
desired lifetime of collections. the results also indicated that 
‘context of use’ (e.g., the type of institution that holds a collection 
and the activities that can take place there) is associated with how 
stakeholders think about the value and lifetime of collections. Such 
results can inform modelling of collection change by providing 
justification for the use of particular damage thresholds and 
by providing a planning horizon over which damage should be 
assessed.

Background to the Collections Demography project

the Collections demography project is breaking new ground by 
exploring parallels between collection modelling and population 
modelling in the context of historic libraries and archives. an 
interdisciplinary team has been drawn from the fields of climate 
science, heritage science, social science, collection management 
and conservation with the aim of integrating knowledge concerning 
environmental change, the indoor and outdoor environment, 
material change and heritage values. the project is working 
towards an innovative collections management tool that will 
describe and predict the effects of the environment, material 
composition and use on the rate of change within collections and 
the impact of change on collection values. 

Collections Demography and standards and guidelines

New British guidance asks organisations to consider the intended 
lifetime of their collections when making decisions about storage 
and use (PaS 198 [1]). in particular, the guidance asks that 

Collections demography: stakeholders’ views on the 
lifetime of collections

Catherine Dillon, William Lindsay, Joel Taylor, Kalliopi Fouseki, 
Nancy Bell and Matija Strlič
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an organisation’s strategy for the preservation of a collection 
should include a statement of the ‘expected collection lifetime’. 
an organisation should take into account available resources, 
significance, planned use and display, and the expected rate of 
deterioration of materials when thinking about expected collection 
lifetime. 

Work to date on the Collections demography project suggests that 
an understanding of value is crucial in discussions of collection 
lifetime. By integrating research into material change with 
research into what change is considered to be ‘unacceptable’ 
(and therefore a loss of value) within the context of a particular 
collection, projections concerning the future lifetime and value of 
that collection could be modelled. 

Public engagement in the project

a key element of the Collections demography project is an 
innovative public engagement programme that is investigating the 
values stakeholders attach to objects held in particular collections. 
the programme encourages a conversation between different 
stakeholders about how to define unacceptable change and think 
about the desired lifetime of those collections. 

this paper describes the public engagement element of the 
project and how the results may be used to provide context in the 
development of the collections demography model and inform 
decision-making using the model. Users of historic archives and 
libraries have been consulted in a number of settings using a range 
of methods such as interviewing and questionnaire methods. the 
results have been used to identify what users think is important 
about collections and investigate the relationship between those 
values and attitudes towards the future of collections.

‘Value’ and ‘damage’ definitions

Literature reviews were first conducted and have been used to 
provide a framework for how ‘value’ and ‘damage’ are defined and 
analysed within the project.

•  a comprehensive review of the heritage values literature 
describes the wide-ranging typologies of value that currently 
exist in the literature and the often conflicting ways in which 
‘value’ is conceptualised and operationalized in collections care 
and conservation [2]. 

•  Vision and mission statements from project partners and key 
pieces of policy, such as ‘archives for the 21st Century’ [3], were 
also collated in order to examine how institutions express their 
aims and the impacts they hope to achieve. 

•  a review of the literature on discounting and time preferences 
in decision-making looked at methods of valuation used in the 
cost benefit analysis of government projects in order to identify 
parallels in collections management. Methods of valuing 
decisions made about collections using estimates of lifetime 
were reviewed and tested [4].

For the purposes of modelling, ‘value’ has been operationalized in 
the project in terms of the benefits that can flow from a collection 
and which are dependent on material change. Benefits can be 
thought of in terms of both personal significance (the importance 
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or meaning that users ascribe to or derive from documents) and 
institutional impact (e.g., an archive providing resources to support 
government, or a historic house supporting learning by illustrating 
past use). Such benefits have some dependency on the activities 
that users can engage in (such as reading for research or viewing 
documents in exhibitions or on shelves). Without the continued 
‘health’ of a collection such activities and the benefits associated 
with them may be much reduced. Hence, collection lifetime is used 
within the project as a proxy for some types of value. Lifetime is the 
length of time a document remains fit for purpose (e.g., reading or 
display). ‘Damage’ is defined as unacceptable change [5], such as 
change that affects fitness and hence the possibility of a collection 
being able to yield future benefits in terms of significance and 
impact. 

Qualitative interviews with readers

in many historic archives and libraries, users (e.g., readers or 
visitors) have direct contact with the collection and are the people 
most likely to be affected by changes. For this reason, collection 
values (in terms of personal significance) were first identified at 
source through interviews with users of the National archives (UK) 
original document reading rooms [6]. interviewees were presented 
with a document that they were using in their own research and 
with a document that had been declared ‘unfit’ for production in 
the archive. Using an unstructured format, interviewees’ narrative 
responses to the documents were collected and analysed. the 
interviews were designed to elicit personal and comparative 
statements of value from readers. Value statements were extracted 
from interview transcripts and grouped into themes summarising 
the main content of the narratives. Conservation experts were 
invited to comment on the coding of the transcripts. the main 
themes identified were that documents were important to readers:

•  For the relationship they offer to the past
•  For the relationship they offer with places
•  For the understanding they offer
•  For the impact on the value of readers
•  For the relationships among documents
•  For the benefits of access
•  For the emotional impact on the reader
•  For being.

a further group of statements related to readers’ observations 
of and experiences with the physical object (such as its care, 
completeness, condition and usability). 

Design of an attitudes questionnaire

Value statements taken from the interviews and literature reviews 
were used to construct an attitudes questionnaire for users of 
historic libraries and archives. the VaLUe questionnaire was 
designed to collect information about characteristics of the 
user (e.g.,activities, experience and demographics), a particular 
document they were using or viewing, what they think is important 
about the document (i.e., ratings of value statements), their 
perspective on the desired lifetime of the document and their 
opinions on the document’s condition, care and use. the questions 
were designed for specific types of multivariate analysis. Versions 
were created that were suitable for different ‘contexts of use’: 
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reading documents in a historic library or archive (reading 
rooms), viewing documents as exhibits in a museum or exhibition 
space (exhibits) and viewing documents on shelves in historic 
house libraries (Historic Houses). the analysis described below 
focuses on a factor analysis of the value statements, a cluster 
analysis of users (based on extracted factors) and users’ attitudes 
towards the future of documents. 

Distribution and returns

‘Paper and pencil’ questionnaires were distributed face-to-face 
in reading rooms, exhibition spaces and historic houses. the 
questionnaire was distributed from September 2011 to January 
2012 at a number of venues. each venue holds collections of 
documents (mainly paper) but in widely different settings, with 
different aims and activities. table 1 shows the number of usable 
returns per venue and activity. Overall, around half of those 
approached took a questionnaire and around half of these were 
returned (giving a good overall return rate of around 25 %). 

Key Findings 
What is important to users? 

respondents were asked to think about a particular original 
document they had used (reading room) or viewed (exhibits) 
that day or about the books in the Historic House library they 
had viewed. they were asked to think about ‘original documents’ 
(objects retrieved from a repository or on display) as opposed to 
copies (e.g., digital documents). they were given a series of around 
60 statements about the importance of the document(s) and 
asked to rate their agreement/disagreement with each statement. 
Principal axis Factoring (a form of exploratory factor analysis) was 
used to find structure in the ratings of the value statements (i.e., 

table 1. VaLUe Questionnaire - distribution and returns

Activity Venue Returns 
by Venue

Returns by 
Activity

% Total  
Returns

reading 
rooms 
(documents 
handled 
and read 
in reading 
rooms)

the National 
archives (UK)

290 393 72 %

Library of  
Congress (USa)

103

exhibits 
(documents 
viewed as 
exhibits, e.g. 
under glass)

Capitol Visitor 
Centre (USa)

43 54 10 %

the National 
archives (UK) 
Museum

11

Historic 
Houses 
(books 
viewed on 
shelves in 
english 
Heritage 
properties)

Brodsworth Hall 31 94 17 %

Kenwood House 28

eltham Palace 35

total 543 100 %
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subsets of statements that correlated with each other to a higher 
degree than they correlated with statements in other subsets) [7]. 
A nine-factor solution was found to be a good fit to the data (56 % 
of variance explained). the nine-factor solution is summarised in 
table 2.

The factors are similar to the themes identified during interviews. 
They relate to both personal significance and the wider impact 
of historic archives and libraries and so are relevant to both the 
user experience and institutional aims. the factors were shown to 
have good reliability (tested using split-half reliability and alpha 
reliabilities) and were therefore suitable for use as variables in 
further analysis. the validity of the factors can be demonstrated 
by comparing value profiles between the different contexts of use 
in which the questionnaire was distributed. Figure 1 shows that 
agreement with the importance of Materials & Sensory experience 
was stronger for Historic House visitors than other types of 
respondents, whereas agreement with the importance of Content 
& Learning was stronger for readers than for other types of 
respondents. 

What is the ‘end of life’ for a document?

the questionnaire also included some open-ended questions to 
probe respondents’ definitions of lifetime. Respondents were asked 
how they would define the ‘end of life’ for a document/book(s) 
like the one(s) they had been using/viewing that day. the textual 

table 2. Factor structure of value statements from the VaLUe questionnaire

Factor Name Description

Future Value Statements in this factor relate to the potential future value of documents, their 
significance to society and value to others, altruistic feelings about collections 
and the survival of documents

Materials & Sensory 
experience

Statements relate to users’ sensory experience of documents (mainly visual) and 
refer to such things as style, design and materials

Public Value &  
evidence

Statements in this factor were based on a set of statements found on the Public 
Service Quality Group’s biannual survey of UK archives [8]. they were found 
to cluster together in this factor. Statements refer to some of the core roles of 
government archives in supporting business, administration and the law

Personal Meaning & 
identity

Statements in this factor relate to the way in which original documents may be 
used in archives and libraries to build understanding of family, community and 
personal identity, for example by gaining insights into one’s personal origins or 
feeling more connected to other people in the present day

Understanding the 
Present

Statements refer to the use of documents to help understand events in the 
present day and to link the past to the present

discovery &  
engagement

Statements in this factor refer to the way in which using or viewing original 
documents can elicit surprise, feed curiosity and stimulate the senses

Content & Learning Statements in this factor refer to the information content (i.e., text and images) 
of documents, what can be learnt from them and their role in enabling 
understanding of and insight into the past

Connection  
to the Past

Statements in this factor reflect an interest in what mattered to people in the 
past, how documents can help the user or viewer feel connected to people in the 
past, and how documents are part of history

rarity a small factor with statements relating to the uniqueness of the document and 
whether it could be replaced if damaged
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responses were coded so that different types of definitions could 
be examined in detail. The two most frequent sets of definitions 
related to the activities that can be performed with a document 
(57 % of all responses) and descriptions of the physical state of 
documents (46 % of all responses). 

Across all responses, ‘end of life’ was most commonly defined in 
terms of not being able to read a document – see figure 2. this is 
closely related to the intended aim of an archive or library to be 
a source of information and evidence. readability was the most 
frequent definition of ‘end of life’, regardless of the context of use, 
although other actions (i.e., display) were mentioned by visitors 
to Historic houses and viewers of exhibits (where books cannot 
be handled). readers were more likely to mention not being able 
to handle a document. the results indicate that the lifetime of 
documents (as an indicator of benefits and value) can perhaps be 
defined in terms of the primary function of documents (to be read 
in order to derive information), but that this may vary to some 
degree according to the way in which a collection is used (e.g., 
display vs. reading).

responses were also coded in terms of ‘symptoms’ (i.e., features 
of the physical state of the document, figure 3). in line with the 
findings above, the symptoms mentioned most frequently were 
associated with the readability of documents (such as fading, 
disintegration and falling apart). the context of use may also 
influence what symptoms are associated with ‘end of life’. Visitors 
to Historic Houses were more likely to mention bindings, covers 
and documents that ‘fall apart’ than readers. these data are 
descriptive and there were a relatively small number of responses 
for exhibits and Historic Houses. in addition, the coding was 
based on vocabulary: there may be some overlap between coding 
categories. However, the results are useful in indicating how 
lifetime might be defined from the user’s perspective and how this 
may vary across contexts. 

Figure 1. Mean 
scores on each of 
the nine VaLUe 
factors broken 
down by the context 
of use
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How long should documents be kept in a usable state? 

readers were asked how long they would like the document they 
had been using to last in a readable state. Visitors to Historic 
Houses and viewers of exhibits were asked how long they would 
like the document(s) they had been viewing to last in a good 
enough state to be displayed. Figure 4 shows the spread of 
responses for each context of use. responses clustered around 
points in time such as 50, 100, 200 and 500 years, with 86 % of 
respondents giving a response of 500 years or less. a minority 
of respondents said that they would like the document to last 
indefinitely or infinitely (included in the >1000 years group in 
figure 4). the context of use again appears to be associated 
with responses, with time perspectives appearing to be shorter 
amongst visitors to Historic Houses. 

Figure 2. activity 
based definitions of 
‘end of Life’

Figure 3. Symptoms 
of ‘end of Life’



052 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

When is the future?

respondents were also asked, ‘When you think about future 
generations of readers/visitors, how far into the future are you 
thinking?’. the most frequent response was 100 years and most 
respondents gave a response of 500 years or less (Figure 5). 
Historic House visitors were again shown to have a shorter time 
perspective than readers or viewers of exhibits. a similar question 
was asked in a previous survey of professionals working with 
natural history collections [9], which yielded a similar pattern of 
findings. 

Figure 4. Frequency 
of responses to the 
question ‘How long 
would you like the 
original document/
books you have 
been using/viewing 
today to last in a 
readable state/a 
good enough state 
to be displayed?’

Figure 5. Frequency 
of responses to the 
question ‘When 
you think about 
future generations 
of readers/visitors, 
how far into the 
future are you 
thinking?’
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What could prevent documents from lasting this long?

Following the question concerning how long respondents would 
like documents to last in a usable state, they were asked what 
they thought could prevent documents from lasting this long. 
this was an open-ended question intended to probe respondents’ 
understanding of causes of unacceptable change in collections 
(i.e., a shortening of desired lifetime). the results reveal  (Figure 6)
that, amongst readers, handling (including general, overuse and 
misuse) was the most frequently mentioned cause of change. 
amongst viewers of exhibits and visitors to Historic Houses 
handling was also frequently mentioned. However, environmental 
conditions and storage (particularly damp, mould and insects) 
were the most frequently mentioned causes of shortened life for 
Historic Houses. the results are encouraging from a collections 
care perspective in that users are aware of the impact of handling. 
However, the results may also reveal a mismatch between lay 
and professional understanding of causes of shortened life. For 
example, a preservation risk assessment at the National archives 
(UK) [10] found that incorrect relative humidity was judged by 
professionals to be the greatest long term risk to the archive. in 
Historic Houses, library books cannot normally be handled, and so 
this is unlikely to be the greatest risk.

Characteristics of the document

When people make a decision with a time element (e.g., between 
outcomes that can occur sooner or later), they are influenced 
by a number of factors such as perceptions of risk to outcomes 
occurring in the future, their degree of impatience for outcomes 
to occur sooner rather than later, estimates of future utility and 
judgements about the needs of current versus future generations 
[11]. the analysis of the questionnaire explored some of the 
variables that might be associated with respondents’ answers to 
questions that probed their time perspectives. there appeared 

Figure 6. Users’ 
understanding 

of the causes of 
reduced lifetime
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to be a relationship between the age of a document and the 
desired continued lifetime of a document. respondents tended 
to want older documents to last further into the future (there 
was a statistically significant correlation with a moderate effect 
size between the two variables, r = 0.253, p < 0.05). analysis of 
comments and other ratings indicated that this finding might be 
related to the quality of materials of older documents and also the 
perceived greater historical significance of older documents (and 
therefore their potential future value).

Attitude profile of the respondent

the results presented above demonstrate that respondents’ 
attitudes towards the future of documents may be related to 
the context of use and also to the characteristics of documents. 
different contexts of use were also associated with different 
value profiles. To investigate further whether value profiles were 
associated with variations in attitudes towards the care, condition 
and use of documents a cluster analysis (Ward’s method) was 
conducted, to find groups of respondents with similar ratings 
on each of the nine value factors. Within readers, three distinct 
clusters were found and their value profiles are shown in figure 7. 

Clusters varied not only according to their value profile but also 
according to other variables. For example, readers in Cluster 1 
tended to have a positive score on all factors. Personal/leisure 
readers (including respondents who were researching family 

Figure 7. three 
clusters of readers 
that vary according 
to their value profile
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history) were more likely to be in this cluster than other clusters. 
Cluster 2 tended to disagree with or be neutral about each factor 
except ‘Content & Learning’. readers who were visiting an archive 
or library for work in connection with employment were most 
likely to be in this cluster. the clusters perhaps represent different 
types of audiences who use original documents in reading rooms, 
and it is likely that other attitude profiles would be found if other 
groups of stakeholders were also included (e.g., users of digital 
documents or professionals involved in the care and management 
of collections).

a second factor analysis was conducted on a second set of rated 
statements on the questionnaire that queried respondent’s 
attitudes towards the care, condition and use of original 
documents. each of the three clusters of readers shown above 
was then compared on this second set of six factors. the results 
are shown in figure 8. each of the new six factors has been 
labelled using a single statement summarising the group of 
statements in the factor. the analysis appears to suggest that 
different communities of readers have different attitudes towards 
documents. For example, Cluster 1 appears to have a greater focus 
on the need to use original documents than other clusters. 

Using the findings

The findings of the questionnaire study are relevant to the 
development of the Collections demography model and the 
implementation of PaS 198 in a numbers of ways. in particular, the 
results can help set damage thresholds and appropriate planning 
horizons for modelling. 

Firstly, the results illustrate what is important to users about 
their contact with collections and how this can vary according to 
different contexts of use. For example, information content was 

Figure 8. attitudes 
towards the care, 

condition and use of 
original documents 

for the three 
clusters of readers
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shown to be more important to readers than other groups of 
respondents, whereas materials and the sensory experience of 
documents were more important to visitors to Historic Houses 
than other groups of respondents. the results indicate that context 
will have a relationship with what characteristics of a collection 
(e.g., information vs. materials) are considered most important to 
preserve and therefore how lifetime should be defined for different 
contexts of use.

Secondly, it was shown that there may be a relationship between 
context of use and attitudes towards the future. Shorter time 
perspectives were found amongst visitors to Historic Houses 
(where books can be displayed but not read) in comparison 
to readers and visitors viewing exhibits. the questionnaire 
responses provide a planning horizon over which to model 
material change and assess the impact of environmental controls 
in different contexts. the long-term perspectives found in most 
users’ responses (100–500 years) have some parallels with time 
perspectives used in environmental economics, where it has been 
proposed that the long-term consequences of resource loss and 
carbon reduction should not be masked by high discount rates and 
short planning horizons [12].

The questionnaire results also provide a definition of the ‘end of 
life’ of documents from the user’s perspective. Not being able 
to read a document appeared to be the defining characteristic 
of ‘end of life’ across all contexts of use (with some variation). 
This definition fits neatly with the intended aims of archives in 
particular, which provide original documents for use in primary 
research. When modelling material change over a given planning 
horizon this definition provides justification that any changes which 
affect fitness for purpose (reading or display, depending on the 
context) can be used to set a damage threshold and predict end of 
life (and therefore loss of collection benefits or value).

the results also demonstrate how biases could occur when using 
stakeholders’ views directly in modelling. For example, users show 
a high level of awareness of handling as a cause of shortened life. 
However, this may contrast with professional judgements of the 
greatest long terms risks for some institutions (e.g., change across 
large archive collections due to environmental conditions, rather 
than single instances of damage due to handling). Furthermore, 
the results also suggest that attitudes towards the future may vary 
according to such factors as the characteristics of a document 
(e.g., age and perceived significance), which in turn suggests that 
attitudes are likely to change over time as collections and their use 
change. in addition, different communities of stakeholders may 
have different attitudes towards the future care, condition and use 
of documents. Understanding potential sources of conflict and bias 
such as these may help to inform how the results of engagement 
with different groups of stakeholders are interpreted and used. 

Next steps

Findings from the questionnaire study are being used to inform the 
design of workshops with stakeholders. Where the questionnaire 
sought diverse opinions in response to diverse documents in 
order to start to build a picture of the relationship between what 
is important to users and their attitudes towards the future of 
collections, the workshops will investigate similar questions but 
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under more controlled conditions. Workshop participants will be 
presented with sets of documents that have been degraded along 
known parameters and asked to rate fitness for different purposes 
(e.g., reading vs. display). in addition, participants will be presented 
with different value scenarios (based on the factor and cluster 
analysis of the questionnaire) before they make their fitness 
judgements. in this way, the effects of different contexts of use 
and value on damage thresholds can be examined and taken into 
account when using the thresholds in a model of collection change. 
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Abstract

in the Museum environment Garry thomson wrote: ‘is there such a 
climate as a Museum temperate Zone, where throughout the year 
average daily rH remains within the moderately safe limits of 40 to 
70 % and heating is rarely required? there are a few such favoured 
places scattered along the Mediterranean littoral’. in this study we 
show that, although Portugal is not typically Mediterranean, we 
can achieve ‘the moderately safe’ values quoted by thomson due 
to a delicate balance between the outside conditions, the building, 
and the collections as ‘timber old and new will be seasoned to 
the average prevailing humidity’ [1]. the behaviour of Portuguese 
traditional masonry buildings is well adapted to the climate as 
demonstrated not only near the coast, but also in elvas, close to the 
Spanish border, Évora, Castelo Branco and in Madeira and, most 
importantly, in the Mafra National Palace built in the seventeenth 
century, which ‘takes six months for cooling and another six months 
to recover’ [2]. research on hygroscopic inertia processes has 
enabled us to interpret environmental data, primarily from archives 
where relative humidity fluctuations are within a 3 % range annually 
without any mechanical environmental control measures. it seems 
that by selecting adequate materials together with intelligence of the 
building and its operators, very little equipment will be required; a 
truly sustainable approach to environmental control. When briefing 
architects, we usually begin by emphasising that in Portuguese 
museums there are problems which will either solved by the 
architect or they will never be solved.

Introduction

The Museum Environment [1] was considered a difficult text by 
some though for others it was the Bible of preventive conservation; 
Garry thomson did not accept these judgements. in our opinion, 
the work of Garry thomson was not discussed and analysed as it 
deserved. Sarah Staniforth wrote: ‘in the late twentieth century 
the methods used to create benign environmental conditions 
become increasingly energy intensive, and the drive towards ever 
tighter standards in museums across the world, regardless of the 
climate in which a museum is located, caused Garry thomson to 
write in the final chapter on ‘Future Trends’ of his 1978 book The 
Museum environment these words: “there is something inelegant 
in the mass of energy-consuming machinery needed at present to 
maintain constant rH and illuminance, something inappropriate in 
an expense which is beyond most of the world’s museums. thus 
the trend must be towards simplicity, reliability and cheapness. We 
cannot, of course, prophesy what will be developed, but i should 
guess that it will include means for stabilising the rH in show cases 
without machinery, use of solar energy for rH control in the tropics, 
improved building construction to reduce energy losses and extensive 
electronic monitoring”’[3]. In fact, in the first pages of his book, 

The limits of Garry Thomson’s Museums Temperate 
Zone: can they be enlarged?

Luis Efrem Elias Casanovas, Vasco Peixoto de Freitas,  
Cláudia Ferreira and Sílvia Oliveira Sequeira
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thomson insists on the importance of the physical reality enveloping 
the collection and stresses that climate control is only part of the 
preventive medicine of conservation [1].

Considering that there are sufficient examples to warrant a 
simple examination of climate zones, thomson adds: ‘Our primary 
measuring rod is average indoor relative humidity and our chief 
secondary concern is whether the climate is cool enough for winter 
heating to be widely practiced’. He goes on to ask: ‘is there such a 
climate as a Museum temperate Zone, where throughout the year 
average daily rH remains within the moderately safe limits of 40 to 
70 % and heating is rarely required? there are a few such favoured 
places scattered along the Mediterranean littoral’. 

The Museum Temperate Zone as a sustainability guideline 

Garry thomson’s 1978 question has not remained unanswered: 
aware that ‘there are a few such favoured places’, we want to find out 
if it is possible to apply the same methods to control the environment 
irrespective of what zone the museum is in. during the last decade, 

table 1. Materials discussed in figure 1 [6]

Reference Base material Acrylic  
primer

Finishing  
paint

GC Gypsum Board 
(12.5 mm)

- -

GC2 Gypsum Board 
(12.5 mm)

- Vinyl – 50 μm 
(2 layer)

GC2a Gypsum Board 
(12.5 mm)

25 μm 
(1 layer)

Vinyl – 50 μm 
(2 layer)

GC3 Gypsum Board 
(12.5 mm)

- acrylic – 50 μm 
(2 layer)

GC3a Gypsum Board 
(12.5 mm)

25 μm 
(1 layer)

acrylic – 50 μm 
(2 layer)

GP Gypsum Plaster 
(11 mm)

- -

GP2 Gypsum Plaster 
(11 mm)

- Vinyl – 50 μm 
(2 layer)

GP2a Gypsum Plaster 
(11 mm)

25 μm 
(1 layer)

Vinyl – 50 μm 
(2 layer)

GP3 Gypsum Plaster 
(11 mm)

- acrylic – 50 μm 
(2 layer)

GP3a Gypsum Plaster 
(11 mm)

25 μm 
(1 layer)

acrylic – 50 μm 
(2 layer)

Gt Gypsum + Lime Plaster 
(10 mm)

- -

Gt2 Gypsum + Lime Plaster 
(10 mm)

- Vinyl – 50 μm 
(2 layer)

Gt2a Gypsum + Lime Plaster 
(10 mm)

25 μm 
(1 layer)

Vinyl – 50 μm 
(2 layer)

Gt3 Gypsum + Lime Plaster 
(10 mm)

- acrylic – 50 μm 
(2 layer)

Gt3a Gypsum + Lime Plaster 
(10 mm)

25 μm 
(1 layer)

acrylic – 50 μm 
(2 layer)
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developments in building methods and materials have begun to 
enable more sustainable control of the museum environment. the 
Portuguese climate is particularly well suited to help us answer 
this question because of its location and unique status within the 
iberian Peninsula [4].

Hygroscopic inertia: the concept

Hygroscopic inertia refers to the capacity of a building or 
compartment to reduce peaks of relative humidity naturally 
by storing excess moisture and restoring it to the atmosphere 
when the humidity is low. rendering and coating materials are 
largely responsible for this mechanism. Hygroscopic inertia may 
be assessed over short periods of time (short-cycle hygroscopic 
inertia of compartments) and for longer periods of time (long-cycle 
hygroscopic inertia of compartments).

Studies have shown that, in museums located in old buildings in 
temperate/ Mediterranean climate zones with strong thermal inertia 
and poor ventilation (relative to the volume and number of visitors), 
hygroscopic inertia contributes effectively to the maintenance of 
ideal conservation conditions, thereby dispensing with the need for 
complex active systems. 

Within the NOrdteSt [5] research project, a test procedure was 
developed to define the moisture storage capacity of building 
materials through a property to be determined experimentally. this 
gave rise to the concept of Moisture Buffer Value (MBV). the MBV 
indicates the amount of moisture transported to or from a building 
material during a daily cycle (short cycle), relative to the unit of area 

Figure 1. MBV 
values determined 
experimentally at 
the Laboratory of 
Building Physics 
for plasterboard, 
spray plaster and 
traditional plaster, 
associated with 
different coatings, 
see table 1 [6]

Figure 2. Variation 
in relative 
humidity inside 
a compartment 
with and without 
hygroscopic inertia 
[7]
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exposed to an atmosphere with cyclical variations in humidity. 
it may be determined for homogeneous materials or compound 
elements in contact with the indoor atmosphere. it is calculated 
by placing the material in  a climate chamber with daily cyclical 
variations in relative humidity, and recording the variations in 
mass. the MBV results from the difference between the maximum 
and minimum values in the mass variations in the stable cycle 
(Figure 1).

in Portugal, at the Building Physics Laboratory in the Faculty 
of engineering, University of Oporto, dynamic hygrothermal 
simulation programmes and experimental studies have shown 
that reductions in peaks of relative humidity are related to the 
hygroscopic materials applied and to the size of the surface area 
[6, 7] (Figure 2). 

Museum environmental control in Portugal

Central heating was not common in Portugal until the first decades 
of the twentieth century. The first museums to have heating and 
ventilation were the Museu Nacional de arte antiga in Lisbon and 
the Museu Nacional de Soares dos reis in Oporto, both in 1940. 
in 1983, the tile Museum in Lisbon, housed in the sixteenth-
century Convento da Madre de deus, was renovated for the 
seventeenth exhibition of the european Council. For reasons of 
economy, full air conditioning was not installed, but as the forecast 
(and actual) number of visitors per day was 3000, a simple system 
of temperature-controlled ventilation was installed, involving 
no recirculation and with supply air temperature kept at 21 to 
22 ºC. thermo-hygrograph charts show that room temperature 
was below 23 ºC and rH was at 55, plus or minus 5 % without 
humidifying equipment [8]. despite several years of thermo-
hygrograph charts and data on external conditions, the officials 
responsible for reviewing heating, ventilation and air conditioning 
(HVaC) regulations continued to search for ideal conditions, 
disregarding contemporary conservation opinion that the 
importance of RH fluctuations had been overstated and that ‘safe 
rH is a broad valley …’ [9]. 

Further examples became available for our research [10] and 
in 1999, for the iCOM-CC 12th triennial Meeting in Lyon, we 
presented with ana isabel Seruya a case study of climate control in 
a sixteenth-century building in Évora, in the south of Portugal [11]. 
The final result was the same as in the Tile Museum in Lisbon, 
although Évora is 120 km away from the coast. as we had only 
one building to work with in each case and no historical data, we 
did not consider the possibility of extending the method to other 
museums or areas. Some years later in 2004 it was decided to 
move the archives of the Santa Casa da Misericórdia de Lisboa, 
a welfare institution founded in august 1498, from an apartment 
building in the centre of Lisbon to the seventeenth-century Palácio 
Nisa1. Having tested the Palácio’s thermal characteristics, it 
was agreed not to install air conditioning but to rely on the usual 
behaviour of the classic Portuguese masonry; the conditions were 
well within the ‘proofed fluctuation’ of the previous 40 years, i.e., 40 
to 75 % rH and 16 to 26 ºC. Some of the results can be found in the 
52 thermo-hygrograph charts (from to March 2011 to april 2012), 
which can be downloaded as an interactive pdf file from [12]. Four 
example charts (one from each season) are shown in figures 3 to 6.
In January 2010, in this same archive, due to a water infiltration 

1 the Palace was 
demolished before 
the earthquake of 

1755 but was rebuilt 
and repaired. it kept 

the name because 
the first owner was 

a descendent of 
Vasco da Gama.

https://docs.google.com/open?id=0B2O1geQhQBM0b1MyN094UWR6WUU
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in the exterior wall of a subterranean archival room, fungal 
development occurred in documents located on bookshelves near 
this wall. the fungi developed only in some of the coated paper 
file covers located on the lower shelves. Nevertheless, the RH 
levels registered by the thermo-hygrograph remained below 60 % 
(Figure 7 and 8), since the equipment was located in the middle 
of the room and not near that wall. this is an example of how 
essential periodic visual inspection of collections is, regardless of 

Figure 3. thermo-
hygrograph 
chart (the dots 
represent the 
exterior conditions) 
from the archival 
storage room #2 
in Santa Casa da 
Misericórdia de 
Lisboa recorded 
between 4–11 april 
2011 (Spring)

Figure 4. as figure 
3 recorded between 
1–8 august 2011 
(Summer)

Figure 5. as figure 
3 recorded between 
31 October– 7 
November 2011 
(autumn)
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environmental monitoring equipment (as it is not possible to have 
measuring probes in every corner) whether using HVaC systems or 
passive control systems, as in this case.

After detecting the infiltration source and amending the problem, 
the air circulation was improved with strategically located simple 
domestic fans. this measure helps to homogenise the temperature 
and relative humidity on the surface of the documents, preventing 
microclimates with higher water availability forming, which are prone 
to fungal development.

Figure 6. as figure 
3 recorded between 
6–13 February 2012 

(Winter)

Figures 7 and 8. 
average rH and t 

values outside and 
inside the archival 

room where 
fungal growth 

was detected, on 
december 2009 

and January 2010, 
respectively 
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Portuguese climate and the way to sustainability

Michalski wrote that ‘By the 1960s and 1970s, designers 
worldwide demanded specifications by which to build. The familiar 
numbers, 50 % or 55 % rH, emerged from many experts, but 
actual knowledge about humidity had not changed in 100 years’ 
[9]. this knowledge has now changed and we now know that the 
environmental parameters in a museum must be established in 
accordance with the collection, the building, and the local climate 
rather than according to some unrealistic figures like the famous 
60/60 rule [13]. in Portugal it appears that it is comparatively easy 
to achieve such a balance, provided the building is well managed. 
As Tim Padfield wrote, ‘Portugal is blessed with a perpetual 
moderate climate so should have no trouble preserving its relics’ 
[14]. 

In fact Spanish geographers have defined a special type of Iberian 
climate which they called ‘clima Português’ i.e., ‘Portuguese 
climate’ [4] because it is different from the Spanish climate: the 
winter is less cold and the summer less warm, which means 
that the dangerous extremes are less dangerous. as Juan Vilá 
Valenti wrote ‘Nos referimos pues a lo que podemos llamar 
disimetria del clima en las dos frentes costeros peninsulares lo 
qual representará evidentemente una clara personalidad climática 
del conjunto de Portugal’ [4], or in english, ‘We refer to what we 
can call climate asymmetry in the two peninsular coastal fronts, 
which clearly represents a distinct personality of the Portuguese 
climate’. Orlando ribeiro adds ‘… along the iberian atlantic coast, 
the Mediterranean characteristics lose their influence under the 
humid and tepid pressure of the atlantic breathing’ [15].

Concluding remarks

the main conclusions of this paper are:

•  in the Portuguese climate it will be possible to control the 
fluctuation of relative humidity without complex mechanical 
systems; 

•   Hygroscopic inertia is an important concept and it is necessary to 
transfer this knowledge to conservation practice.
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Abstract

this paper reports a cost analysis of various climatic control 
strategies in the galleries of the National Museum in Krakow, 
Poland based on direct monitoring of the energy consumption 
and computer modelling using the WUFi Plus software. the 
effectiveness of the existing climate control is also evaluated by 
long-term acoustic emission monitoring of an eighteenth-century 
wardrobe exhibited in the museum’s gallery of decorative art. the 
technique allowed the progress of damage to be directly traced and 
the risk to be classified from various RH variations. The outcome of 
both investigations has supported a review of the museum’s policy 
and practice on climate control. The modified approach to climate 
control was first applied in 2010 during comprehensive rebuilding 
and renovation of the historic seat of the Princes Czartoryski 
Museum in Krakow. 

Introduction

designing and implementing optimal climate control strategies 
in museums is a challenging task due to the conflicting demands 
between maintaining high standards of collection care and 
the requirement to reduce energy costs and CO2 emissions. 
there has been growing agreement that collections can sustain 
greater variations in relative humidity (rH) and temperature than 
previously recommended [1], which allows relaxing some of the 
controls of the heating, ventilation and air-conditioning (HVaC) 
systems and, consequently, reducing the energy consumption 
considerably [2]. However, broadening the allowable variations of 
climatic parameters has to be informed by a sound understanding 
of how changes in climate conditions affect real artefacts.

there are two fundamental approaches to establishing the 
allowable ranges of climatic variations for objects that are sensitive 
to climate-induced damage: an analysis of the object’s mechanical 
response to climate variations [3-5], or an analysis of the historic 
climate [6] to which the object has become acclimatised. 
Both approaches to predicting the risk of damage to a real historic 
object in its specific environment can be supported by non-invasive 
scientific methods of directly tracing damage, which are capable of 
operating in real-world conditions in museums, historic buildings 
or during the transportation of works of art. the acoustic emission 
method, which is based on monitoring the energy released as 
sound waves during fracture processes in materials, has been 
particularly successful in directly tracing the fracturing intensity in 
wooden objects exposed to variations in temperature and rH [7].

this study provides a comprehensive cost analysis of various 
climate control strategies in the galleries of the National 
Museum in Krakow (MNK), based on direct monitoring of the 

Acoustic emission monitoring: on the path to rational 
strategies for collection care

Michał Łukomski, Janusz Czop, Marcin Strojecki and  
Łukasz Bratasz
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energy consumption and computer modelling using the WUFi 
Plus software. at the same time, a long-term acoustic emission 
monitoring project is reported, which evaluated the effect of the 
existing climate control strategies on an eighteenth-century 
wardrobe exhibited in the museum’s gallery of decorative art.  
The analysis focused particularly on insufficient humidification 
during repeated drops in the indoor rH during winter. already 
considerably cracked, the wardrobe was selected by the curators 
as representative of the massive furniture displayed in the gallery 
and also on account of its particular vulnerability to climate-
induced damage.

the outcome of both investigations has supported the development 
of an effective and economic HVaC system for the historic building 
of the Princes Czartoryski Museum in Krakow, which is currently 
undergoing major rebuilding and renovation. 

Monitoring energy consumption

the main building of MNK was chosen as a site for a detailed 
analysis of the energy consumption of systems of climate control 
operating in the museum. the total surface area of air-conditioned 
zones in the building is 19500 m2. the building houses permanent 
and temporary exhibitions but also the library, offices of museum’s 
administration as well as some of its conservation studios and 
workshops. the climate control algorithm in the exhibition space 
followed the institutional indoor climate guidelines, which required 
a stable rH in the range of 45 to 60 % and a stable temperature in 
the range 19 to 21 °C dictated by the comfort of visitors and staff. 
the monitoring has shown, however, that the climatic conditions in 
the galleries deviate from these guidelines. rH drops below 30 % 
during cold periods in winter due to insufficient air humidification, 
which is a typical situation for many museums in central and 
northern europe. 

actual power consumption in real time by every subsystem of the 
HVaC operating in the building was monitored. the total energy 
consumption in 2010 was 4150000 kWh at 250000 euro with 64 % 
on heating for comfort and the remaining 36 % on climate control 
for conservation. importantly, 32 % of the total expenditure was 
spent on drying the air in summer whereas only 4 %, that is eight 
times less, on humidifying the air in winter. the average ventilation 
rate in the building was 0.7 air exchanges per hour. 

in the next step of the project, computer modelling was used 
to simulate energy consumption under various climate control 
scenarios. The accuracy of modelling was verified by comparing 
the calculated values with those measured during the monitoring 
described above. the comparison allowed the predictive power 
of the modelling to be assessed with precision, as the monitoring 
provided costs of various individual technological processes into 
which climate control by the overarching HVaC systems operating 
in the building can be divided.

Modelling energy consumption

Calculations of the energy needed to implement various climate 
control scenarios were performed using WUFi Plus software 
calculating coupled heat and moisture transfer in multi-layer 
building components exposed to the outdoor climate. this method 
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of calculation is presented elsewhere [8]. the construction of the 
building and the materials used were taken into account, as well 
as heat and moisture gains from people working in the building 
and visiting it. the latter number was through the number of 
tickets sold during 2010. the model is capable of calculating 
energy demand for keeping predefined climatic conditions inside 
the building. the real energy demand was calculated by taking 
into account the efficiency of HVAC subsystems used for heating, 
humidifying and drying. 

Several climate control scenarios were considered. three different 
bands of allowable rH variations were analysed, namely: 45 to 60 
% rH, 35 to 60 % rH, and 35 to 65 % rH for various ventilation 
rates in the building: 0.4, 1.2 and 2.5 air exchanges per hour. the 
exchange rate of 0.7 per hour measured in the building was also 
considered in the simulations. the results are presented in figure 1.

the total difference between measured and calculated energy does 
not exceeds 6 %, whereas the biggest discrepancy (up to 20 %) is 
obtained for air-drying, the most complex technological process. 
as expected, the cost of humidifying air increases when the lower 
rH stabilisation level is raised from 35 to 45 % rH, whereas the 
cost of drying air increases when the upper rH stabilisation level 
goes down from 65 to 60 % rH. Further, a strong correlation is 
observed between the energy consumption and the air exchange 
rate for all analysed rH ranges. the cost of heating for comfort 
does not depend on the allowable rH band selected but increases 
significantly with increasing ventilation rate. The economic benefits 
from various modifications of the current climate control strategy 
in the building, that is keeping rH in the range of 45 to 60 % at the 
ventilation rate of 0.7, are summarised in figure 2. the allowable 
temperature band is kept unchanged in the climate control 
modifications considered.

The first possible modification of the current guidelines is an 
extension of the allowable rH range from 45 to 60 % up to 35 to 
65 % RH. The modification results in a reduction of the total yearly 
energy demand by 13 %, mostly due to the diminished air-drying 
in summer. The second possible modification is a reduction of 

Figure 1. Yearly 
energy demand for 
different climate 
control scenarios in 
the main building 
of the National 
Museum in Krakow. 
results for three 
different allowable 
bands of rH 
variations at four 
air exchange rates 
in the building are 
presented
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Figure 2. 
Economic benefits 

from various 
modifications of 

the current climate 
control strategy in 
the main building 

of the National 
Museum in Krakow

the ventilation rate from 0.7 to 0.4 exchanges per hour by limiting 
mechanical ventilation of the building. This modification would 
result in a further reduction of the energy demand by 34 %. Hence, 
the total energy savings obtained by the above modifications of the 
allowable rH band and the ventilation rate would be 42 %. energy 
savings in other possible scenarios can be analysed from the data 
shown in figure 2.

However, to let conservation and collection care managers make 
such decisions, the risk of damage to the vulnerable objects 
exhibited should be assessed as precisely as possible for various 
climate control scenarios. Long-term acoustic emission monitoring 
was used to directly trace physical damage in an eighteenth-century 
wardrobe exhibited in the museum’s gallery of decorative art so that 
risks to the object from various RH variations could be classified. 
the measuring technique and the results of the monitoring, which 
ran for more than two years, are presented below. 

On-site acoustic emission monitoring

Acoustic emission (AE) is defined as the energy released due to 
micro-displacements in a structure undergoing a deformation. 
the energy passes through the material as ultrasound and 
sound waves, and is detected on the surface using a piezoelectric 
transducer, which converts the surface vibration to an electrical 
signal. the ae experimental setup and details about the data 
processing and analysis are published elsewhere [9]. raw data 
recorded during the monitoring were post-processed with the help 
of a computer program, which searched for individual ae events, 
extracted them and calculated the most important ae features, 
that is, amplitude, energy, duration and frequency distribution.

a wardrobe dated to 1785 was chosen for the ae monitoring as 
it was representative of the massive furniture displayed in the 
decorative art gallery of the National Museum in Krakow, and 
also vulnerable to climate-induced damage. the wardrobe is 
richly decorated with ornamental carving and a work of supreme 
craftsmanship. the oak structure is entirely veneered with walnut 
and decorated with inlays of ivory, tin, graphite and various types 
of wood in which the maker created rich ornaments including 
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Figure 3. Wardrobe, 
1785, the National 

Museum in Krakow 
(MNK 4-Sp-732)

Figure 4. damaged 
area on a side wall 
of the wardrobe 
(a); cracks visible 
on the veneered 
decoration are 
related to the 
construction of the 
wall visible inside 
(b); anatomical 
directions of the 
construction 
elements are 
presented on the 
schematic drawing 
of the structure (c)

allegorical figures (Figure 3). Fluctuations in ambient rH are 
considered to be one of the main factors, which contributed to the 
past deterioration of the wardrobe. they have caused cracks on 
the front and side walls in the areas where cross-grained wooden 
elements were assembled in the structure; the four-part frame has 
acted as a restraint for the central plank as illustrated in figure 4. 

From a technical point of view, long-term, continuous monitoring of 
the micro-damage development in an object displayed on the gallery 
is a challenging task, as a very low level of signal in comparison to 
environmental noise is expected in such environment. Monitoring 
required highly effective filtering of any possible noise resulting 
from processes other than fracturing in the wood structure. to 
prevent recording electrical and unwanted acoustic signals, the 
anti-correlation measuring scheme was utilised. two identical ae 
sensors were connected to the opposite sides of the wardrobe, close 
to existing crack tips, at such a distance that events recorded by 
one sensor were out of the range of the other. By discarding events 
recorded by two sensors simultaneously, a serious reduction of the 
noise was achieved. a further reduction of the noise was possible by 
application of 60 kHz high-pass frequency filtering after the initial 
45 days of the monitoring. it has been demonstrated [7] that signals 
with a high-frequency content are associated with fracturing of 
the wood structure whereas signals of low frequency are typical of 
ambient noise. 

Parallel to the ae monitoring of the wardrobe, temperature and 
rH were measured every hour in the gallery with the help of 
the permanent museum system of microclimate monitoring. 
Comparison of the ae measurements with the microclimatic 
parameters in the gallery allowed the risk analysis for the 
monitored object to be performed, which is presented in the 
following sections. 

Acoustic emission induced in the wardrobe by the climatic 
variations

the results of almost two years of monitoring the ae and climatic 
conditions in the gallery are presented in figure 5. as one can 
see, managing the indoor climate in the gallery was subordinated 
to the comfort of visitors and staff. therefore, the temperature 
was maintained at approximately 20°C throughout the year with 
some periods of slight increases or decreases in summer and 
winter respectively. though average rH was about 40 %, a distinct 
low-high seasonal cycle in rH was caused by heating in winter. 
according to the recent european standard (eN 15757, 2010) the 
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seasonal cycle was obtained by calculating, for each reading, 
the 30-day central moving average which is the arithmetic mean 
of all the rH readings taken in a 30 day period composed of 15 
days before and 15 days after the time at which the average is 
computed. the seasonal rH cycle ranged from 47 % in May 2011 to 
32 % in February 2012. the most pronounced falls in rH, recorded 
in december 2010, February 2011 and February 2012, were due 
to spells of particularly cold dry weather, when the outdoor air 
drawn into the museum was heated to the set temperature but was 
insufficiently humidified by the air-conditioning system. 

a multi-step analysis of the data was performed focused on the 
risk of rH variations to the monitored object, as thermal expansion 
or contraction has a minor effect on the overall dimensional 
changes of the wood compared with its response to moisture. 
as the drops in rH during winter and the wood shrinkage they 
produce are the primary condition of concern, correlation was 
sought between the measured ae energy and the minimum values 
of rH recorded in the gallery during winter. it should be born in 
mind that the cracks in the wardrobe would propagate only when 
two conditions are simultaneously met. On the one hand, a fall 
in rH must go beyond a certain critical level, on the other, the 
variation must last longer than the response time of the wooden 
panels to bring about their dimensional change. the panels are 
approximately 10 mm thick. if one assumes that both panel faces 
have the same permeability to the diffusion of water vapour, the 
95 % response time falls within the range of 5 to 7 days depending 
on the air velocity around the panel, i.e., if the adjacent air layer 
is calm or turbulent [4,10]. However, the response time of a panel 
can dramatically increase when wood is coated with any layers 
which hinder the moisture flow: the 95 % response times for a 
10 mm panel coated with light, medium or heavy varnish are 
approximately 10, 20 and 40 days respectively [10]. an increase in 
the response time can be brought about also by the asymmetric 
diffusion through the uncoated back-face of the panel when the top 
face is coated with any kind of a finish layer blocking the moisture 
flow. 

the detailed procedure of the analysis is illustrated in figure 6 for 
a time interval of one week corresponding to a response time of a 

Figure 5. indoor 
climate in the 
decorative art 
gallery in the 

National Museum 
in Krakow as plots 

of temperature and 
rH recorded every 

hour (grey line). the 
rH seasonal cycle 

is also shown by 
calculating, for each 
reading, the 30-day 

central moving 
average (black line). 
ae energy recorded 
for the wardrobe is 

shown as vertical 
bars. Periods when 

no signal filtering 
or 60 kHz high-pass 
signal filtering were 

used are indicated
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Figure 6. indoor 
rH: original values 
recorded every hour 
(grey line), as well 
as simple moving 
averages calculated 
for a one-week 
time interval (black 
solid line). rH 
values related to 
three exemplary ae 
signals are marked

10 mm thick panel with two faces diffusively opened as discussed 
above. In the first step of the analysis, the weekly simple moving 
average for each rH reading is calculated, which is the arithmetic 
mean of all the rH readings taken in one week before the time 
at which the average is calculated. in this way, the short-term 
fluctuations are smoothed and the longer-term cycles to which 
the elements might have responded are emphasized. to each ae 
signal, represented by vertical bars in the figure, a corresponding 
value of the one-week rH average is attributed. the procedure is 
illustrated in figure 6 for three selected ae events. 

in the next step of the analysis, the number of rH drops during the 
monitored period is established, as illustrated in figure 7, for the 
time period shown in figure 6. the smoothed one-week average 
rH plot is recalculated into a series of discrete decreases and 
increases of 1 % rH. the number of rH drops to each rH level can 
be then derived.

Finally, the energies of ae events corresponding to intervals with 
the same value of rH plus or minus 0.5 % rH were averaged, 
that is added and divided by the number of rH drops to that rH 
value. as the fracturing and the ae signals are caused just by rH 
drops, all ae events recorded were related in this way to a drop of 
at least 1 % in the one-week rH average. as 58000 arbitrary units 
(a.u.) was established in the calibration procedure as the energy 
released during the fracturing of 1 mm2 of the wood area, or 0.1 
mm of crack propagation for the 10 mm thick panel, the ae energy 
can be recalculated into the equivalent crack propagation. Figure 8 
presents plots of the crack propagation averaged per rH drop 
to a given RH level. For comparison, the figure also shows plots 
obtained by the same data analysis but using time-intervals of two 
weeks and one month, corresponding to possible longer response 
times of the panels. the plots immediately reveal which response 
time is correct. as the process leading to damage is related to 
rH drops, the damage should be more and more severe with 
decreasing rH value. Such a tendency is observed most clearly 
for the one-week time interval, which indicates that the damage 
progress is due to rH variations of an approximate duration of one 
week or less.
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the total ae energy registered during the two-year monitoring 
period was 703000 a.u. thus, the total area fractured was 12.1 mm2

corresponding to 1.2 mm of crack propagation for the 10 mm thick 
panel, or 0.6 mm per year. the recorded crack propagation in the 
entire object is relatively small for any practical assessment of the 
damage. So the principal conclusion from the two-year monitoring 
carried out is that the climatic conditions in the gallery are 
relatively low risk for the collection. 

However, amazing sensitivity and reproducibility of the ae sensors 
in detecting extremely small sources of acoustic signals has 
allowed further refining of the analysis. Figure 9 shows a plot of 
cumulative crack propagation which has occurred as a result of the 
rH drops in the entire two-year monitoring period. Calculations for 
the time intervals of one week, corresponding to realistic response 
times of the panels are provided. 

the plots allow acceptable rH falls to be derived if a conservation 
professional or a curator were to agree a ‘tolerable’ magnitude of 
fracture, that is the magnitude below which an object’s damage 
is considered insignificant. For example, an improvement in the 
present climate in the gallery by maintaining one-week average 

Figure 7. indoor rH 
as simple moving 
averages for one-

week time interval 
recalculated into 

discrete decreases 
and increases

Figure 8. Plots of 
average ae energy 

per rH drop to a 
given rH level
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rH over 38 % at all times will halve the current yearly crack 
propagation in the wardrobe to 0.3 mm/year. if the allowable 
one-week rH level is further increased to 40 %, the yearly crack 
propagation will be reduced to mere 0.13 mm/year. 

Conclusions: the re-evaluated indoor climate guidelines

Based on the outcome of these investigations, the National 
Museum in Krakow has embarked on reviewing its policy and 
practice regarding climate control so that the display conditions 
are better tailored to the clearly identified needs of the collections 
on one hand, and to the potential of a particular building for 
climate control on the other. The modified approach to climate 
control was first applied on the occasion of the comprehensive 
rebuilding, renovation and renewal of the historic seat of the 
Princes Czartoryski Museum in Krakow, which started in 2010. 

the museum itself, the oldest in the country, has existed for 
more than 200 years. it has been housed in the current building 
in the historic centre of the city since 1901. the research and 
conservation team of MNK which advised on the preservation 
aspects of the renovation plan had the following challenge: ensure 
that this renowned museum meets current standards and preserve 
the historic architecture and exhibition design that has defined 
the museum. the climate-control guidelines devised require that 
during the summer temperature is kept between 22 and 25 °C and 
is lowered to between 18 and 22 °C in winter. as an emergency 
measure, the temperature can be further lowered on very cold 
days, when the indoor rH falls below 35 %, but never below 16 °C
to ensure minimum comfort for visitors and staff. the rH is 
kept between 40 and 60 %, the efficient central humidifying and 
dehumidifying systems being responsible for the provision of the 
required conditions. the air entering the air-conditioning system 
is a mixture of outdoor air and re-cycled indoor air. indoor carbon 
dioxide concentration is used to evaluate indoor air quality and 
building ventilation following the recommendation of the aStM d 
6245 - 07 standard [11]. the CO2 sensors are installed in selected 
rooms of the museum. When the CO2 level is above 1150 ppm, that 
is the level at which, according to the standard, approximately 20 % 
of visitors find the level of body odour unacceptable, outdoor air is 
supplied into the building, otherwise the indoor air is recycled. 

Figure 9. Plots 
of cumulative 
crack propagation 
resulting from 
the rH drops 
in the two-year 
monitoring period 
to a given level of 
the one-week rH 
average
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With these guidelines, the size of the ducts through which the 
conditioned air will be supplied to the galleries could be considerable 
reduced. Consequently, lowering of the ceilings behind which the 
ducts are hidden was limited and the impact of installing the duct 
system on the original high ceilings in the rooms minimised.
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Abstract

recommended environmental conditions for collections became 
common in the international museum world from the middle of 
the last century. These targets mainly defined ranges of relative 
humidity at certain room temperatures and also set the limits of 
any acceptable fluctuations from these parameters for different 
materials and different groups of items. today, these demands for 
18 to 22 °C and x % relative humidity all year round are accepted as 
canonical not only by museum professionals but also by those who 
care for other types of cultural heritage like churches or historic 
houses. in practice, these recommendations can only be met with 
the use of extensive technical equipment or in buildings specially 
constructed to meet these specifications.

However, when visiting our historic monuments, for example 
castles, manor houses or churches, it is striking that innumerable 
pieces of art and culture have survived in an excellent state of 
preservation under environmental conditions which are far from 
the recommended museum climate. in central europe, the average 
values of the original climatic conditions in historic buildings are 
normally colder and more humid than in the theory of ‘harmless 
museum environments’ and follow the seasonal cycle of the 
climate outside the buildings. 

this paper will describe the personal experiences of the author 
concerning these problems through selected examples. it will be 
focused on historic buildings with complex interiors and on the 
differences between the ‘original’ environmental conditions of the 
buildings and the so-called ‘museum climate’.  it will also consider 
the problems air-conditioning or heating systems can cause for 
the buildings and for parts of the original interiors associated 
with the exterior walls. in the second part, the paper will discuss 
the actual recommendations for ‘museum climates’, particularly 
those for temperature. Finally, it will illustrate some proposals 
for alternative strategies with examples of interventions on 
monuments in Saxony.

Introduction

in the course of the last 100 years, the intensive examination 
and discussion of the mechanisms of the action of harmful 
environmental influences on our cultural heritage has resulted 
in the development of climatic standards for the preservation 
and presentation of historic objects. the perception of serious, 
in most cases physical and clearly visible, damage on historic 
artefacts as the result of unsuitable environmental conditions was 
the starting-point for efforts to establish these ‘standards’. the 
original goal was to create climatic environments which would be 
‘completely safe’ for museum collections and which would allow a 
free transfer of objects for exhibition purposes worldwide. today 

How the usual museum climate recommendations 
endanger our cultural heritage

Andreas Schulze
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these standards contribute to the basic professional knowledge of 
conservators, curators, exhibition managers and engineers within 
and beyond the museum world.  if one were to consult either the 
extremely comprehensive literature on this topic or colleagues in 
a museum about the desired values of temperature and relative 
humidity for wooden artefacts, in most cases the following would 
be specified: 21 °C and 55 % relative air humidity (RH) with only 
slight fluctuation above and below these fixed values. For some 
groups of materials, for instance paper, we will find deviating 
recommendations in respect of relative humidity, but the values of 
the recommended temperatures are more or less the same and 
in the range of ‘room temperature’, which means in the range of 
human comfort. Climatic conditions within these limits are usually 
considered ‘harmless’ and ‘safe’ for historic objects, conditions 
outside these ‘standards’ as ‘dangerous’. and very often these 
estimations are done on the basis of the measured conditions in 
the indoor air without regard to the real situation experienced by 
the object. Is this really correct from a scientific perspective?

these recommendations for the ‘museum climate’ have become so 
firmly codified in our professional world that more recent scientific 
research, for instance into the influence of temperature on the 
speed of degradation processes in organic materials, has been 
ignored in most cases and has not lead to any general revision 
of the climatic standards for museums [1, 2]. Only in the case 
of paper-based objects or of photographic materials have new 
recommendations been introduced to some libraries and archives, 
which consider these insights.   

in over 23 years as a professional conservator-restorer for the 
preservation of cultural heritage i have worked with countless 
historic objects, among others paintings, polychromed sculptures 
and complex historic interiors, which had survived over centuries 
in an excellent state of preservation under apparently ‘completely 

RH [%] equilibrium moisture content [weight %]

temperature [°C] 10 °C 15 °C 20 °C 25 °C 30 °C 35 °C 40 °C

90 21.1 21.0 21.0 20.8 20 19.8 19.3

85 18.1 18.0 18 17.9 17.5 17.1 16.9

80 16.2 16.0 16 15.8 15.5 15.1 14.9

75 14.7 14.5 14.3 14.0 13.9 13.5 13.2

70 13.2 13.1 13.0 12.8 12.4 12.1 11.8

65 12.0 12.0 11.8 11.5 11.2 11.0 10.7

60 11.0 10.9 10.8 10.5 10.3 10.0 9.7

55 10.1 10.0 9.9 9.7 9.4 9.1 8.8

50 9.4 9.2 9.0 8.9 8.6 8.4 8.0

45 8.6 8.4 8.3 8.1 7.9 7.5 7.1

40 7.8 7.7 7.5 7.3 7.0 6.6 6.3

35 7.0 6.9 6.7 6.4 6.2 5.8 5.5

30 6.2 6.1 5.9 5.6 5.3 5.0 4.7

25 5.4 5.3 5.0 4.8 4.5 4.2 3.8

table 1. Influences of RH and temperature on the equilibrium moisture content in pine wood [3]
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dangerous’ climatic conditions, or where existing damage had been 
caused by other reasons. On the other hand, i have seen many 
objects which were seriously damaged despite strict obedience 
to the ‘museum climate standards’. it should logically be the 
case that no change in environmental conditions is necessary in 
a historic building, for example a castle or church, if the historic 
substance shows no damage caused by a poor environment. 
Unfortunately, this is not always the common practice!

a particularly impressive example is the hunting castle Moritzburg 
near dresden, which houses many historic interiors and the 
world’s largest collection of baroque gilt leather wall hangings. 
the exhibition rooms of this castle are traditionally unheated; 
the values of temperature and rH inside the rooms follow the 
outdoor climate during the course of the year though significantly 
attenuated. The room climate fluctuates over the year between 
3 and 26 °C with an rH of between 45 and 85 %, with annual 
averages of 11 °C and 65 % rH. depending on the position of the 
rooms in the castle these values differ a little from each other. But 
the precious interiors with many types of artefacts and groups of 
materials present minimal or no damage that can be considered 
the result of harmful climatic influences. There are no signs of 
mould inside the castle, which is explained by the fact that the 
high values of relative air humidity are present only in winter in 
combination with low temperatures. However, about ten years 
ago we had a long and intensive controversy about the climatic 
conditions in this castle. 

the starting point of this controversy was the statement by an 
engineering company for climate control and heating systems and 
by the state’s building administration that the climatic conditions 
in Moritzburg castle were ‘irresponsibly cold and humid’ and 
that it would be absolutely necessary to change this ‘terrible 
situation’ with a technical solution concerning the ‘museums 
climate recommendations’ without delay. it was proposed to reach 
this goal with the installation of so-called ‘conservation-friendly 
heating’ and to lower the rH to 50 to 55 % by increasing the room 
temperature at all times of the year in those rooms with higher 
values of humidity, if necessary in the summer too (!). Self-
evidently, the true motives for that proposal were not concerns 
about the historic objects and interiors, but to sell products and 
to achieve environmental conditions which would extend the 
possibilities of using the castle more intensively. it took us three 
years of discussions and ‘fights’ to repel this project. Moritzburg 
castle will stay unheated in the future.

table 2. annual averages of the climatic outdoor conditions of three places in Saxony, which are located in different areas 
about 20 km from each other, with the resulting equilibrium moisture content of air-seasoned pine wood [4]

location and 
height above 
sea level

annual averages of the outdoor conditions

temperature 
[°C]

relative 
humidity [%]

absolute 
humidity [g/m3]

resulting equilibrium moisture  
content of pine wood, air dried [%]

dresden                      
(120 m)

9.1 76 6.64 14.8

dippoldiswalde                
356 m)

7.7 82 6.61 17.0

Zinnwald                     
(877 m)

4.1 86 5.48 18.7
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table 3. annual averages of the climatic conditions inside selected unheated and unconditioned historic buildings in 
Saxony, with the resulting equilibrium moisture content and tangential shrinkage of pine wood which would result if the 
objects were transferred to a ‘museum climate’ [5]

Discussion of the traditional museum climate recommendations

What are the implications of installing heating or air-conditioning 
systems in a historic building in order to protect and to preserve its 
original state? the necessary cabling for hot-water heating or for 
ventilation ducts interfere profoundly with the building’s structure, 
particularly if the intention is that the visitor should not see these 
technical installations. Often enormous financial and technical 
efforts are required, not only in terms of investments costs, but 
also in connection with ongoing running expenses. the systems 
themselves also pose potential risks of damage in the event of 
leakage or malfunction. in many cases the high expenditure of 
energy triggers follow-up actions to increase energy efficiency, for 
instance installing new windows or, in the worst-case scenario, 
with thermal insulation of the entire building. Ultimately, there 
may not be much historic fabric left worth conserving and it is 
also debatable whether the conditions for the cultural treasures 
inside the building are really improved! each intervention into the 
existing ‘system’ of the construction physics of a historic building 
and its interior has numerous consequences for each element of 
this overall system. Where the existing indoor climate of a historic 

nr location and name of the 
building and its height 
above sea level

annual averages of the indoor conditions calculated 
tangential 
shrinkage of pine 
wood in %, if 
transferred from 
these locations 
into the ‘museum 
climate’ (0.32 % 
per 1 % EMC)

temperature 
[°C]

relative 
humidity 
[%]

absolute 
humidity 
[g/m3]

resulting 
equilibrium 
moisture content 
of pine wood [%]

‘museum climate’ 21 55 10.12 9.9 -

1 Pillnitz, Neues Palais 
(115 m)

14.93 60.18 7.81 10.9 0.32 

2 radebeul, castle 
Hoflößnitz (140 m)

15.18 58.33 7.81 10.8 0.29

3 Moritzburg, hunting 
castle (173 m)

11 65 6.46 12.0 0.67

4 Kamenz, monastery 
church St. annen (195 m)

10.95 75.31 7.82 14.7 1.54

5 Bautzen, cathedral 
(222 m)

11.32 71.48 7.32 13.4 1.12

6 Wolkenburg, castle 
(246 m)

14.89 59.69 7.63 10.9 0.32

7 Wildenfels, castle 
(351 m)

13.87 58.08 7.16 10.8 0.29

8 augustusburg, castle 
(515 m)

13.66 69.62 8.37 13.1 1.02

9 Lauterbach, fortified 
church (598 m)

8.03 80.57 6.86 16.2 2.02

10 Schönberg (Vogtland), 
castle (600 m)

11.04 68.31 7.02 12.9 0.96
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building has been changed with heating or air conditioning, the 
final result shows different annual environmental averages, with 
higher room temperatures and lower relative humidity.   
 
it is generally known that the moisture content of organic, but also 
of many inorganic, porous materials will reach equilibrium with 
the values of rH and temperature in the immediate environment. 
alterations of an object’s moisture content result in dimensional 
changes, particularly in the case of organic materials, which can 
induce further diverse processes of damage. the real consequences 
of climatic alterations to the moisture content of objects are 
dependent on many factors or influences, such as the material’s 
dimensions, the presence of surface coatings, the position of the 
object in the overall context of the room and respectively of the 
building, exposure to air flow or the presence of moisture-buffering 
materials in the environment. However, not only the range of the 
climatic fluctuations but also the long-term average of the climate 
values are relevant for the material’s moisture content. this is 
why each modification of the annual average of temperature and 
air moisture will provoke reactions in the objects, no matter how 
slowly the process of change is introduced. the next factor to 
be addressed is, in my opinion, very important in the discussion 
of climatic recommendations: the ‘historic’ or ‘object-specific’ 
climate.  i want to illustrate this with the example of wood, which 
was used across all epochs and regions for the making of pieces 
of art and culture and for buildings too.  it can be assumed that 
in most cases, at least in well-forested regions, wood from the 
immediate surroundings was used for buildings and furnishings, 
which would have been seasoned in the air until well into the age 
of industrialisation. the natural air-drying of wood is a very slow 
process and is a function of its dimension; many historic guild laws 
took this into consideration in their specific regulations. During 
these painstaking drying procedures, the moisture content of the 
wood can never become lower than its state of equilibrium with the 
temperature and moisture content of the surrounding atmosphere!

type of wood differential degree of shrinkage in % per 
% equilibrium moisture content
radial tangential

coniferus wood

spruce 0,19 0,39

pine 0,19 0,36

larch 0,14 0.30

fir 0,14 0,28

ceciduous wood

beech 0.20 0,41

oak 0,16 0,36

ash 0,21 0,38

walnut 0,18 0,29

poplar 0,13 0,31

lime 0,19 0,29

table 4. differential degree of radial and tangential shrinkage of different 
types of wood in % per % equilibrium moisture content [6].
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if air-dried wood was used for the making of buildings or objects 
of art, all the dimensions of the wooden parts would correspond 
with its initial moisture content. the interiors of historic buildings, 
for example, castles or churches would not originally have been 
heated, or perhaps only heated slightly, so this ‘original’ moisture 
content of the wood would not have changed significantly while 
the objects and interiors were in use but rather the values would 
have remained in a natural state of equilibrium with the indoor 
climate, which was would have followed very closely the local 
outdoor climate.  if the climatic average of a building is known, 
it is not difficult to calculate the average moisture content of the 
wood quite precisely. in this context it is very interesting to see 
how considerable the impact of temperature is on the state of 
equilibrium of the wood moisture content (table1). 

it is a well-known fact that outdoor microclimates can develop with 
marked differences between places which are geographically very 
close, due to factors such as the height of the sites above sea-level. 
this fact has implications for indoor climates. Some examples are 
presented in table 2.

Many measurements of the moisture content of wooden objects 
in historic buildings attest that the calculated and the real 
measured values correlate very well. if there are no other sources 
of humidity, the moisture content of the wood is in a very stable 
balance with the indoor climate. it is possible to calculate the 
‘object-specific’ wood moisture content and to forecast its changes 
in the case of any alteration from the traditional climatic conditions 
inside a building (table 3). 

if the average indoor climate of Moritzburg castle, for example, which 
is currently 11 °C and 65 % rH were adapted to the ‘ideal museum 
climate’ of 21°C and 55 % rH, the moisture content of a door or a 
panel of spruce wood would drop by approximately 2 %, from 12 % to 
10 %. the connected dimensional change of the wood (table 4) is not 
simply academic, it would be visible in reality too (Figure 1). 

the same patterns of deterioration would be observed if a wooden 
altarpiece with polychromed sculptures and panel paintings 

Figure 1. Clearly 
visible example of 

shrinking reactions 
of a baroque door 
inside Moritzburg 

castle, after the 
room was equipped 

with air conditioning 
to be used as 

a conservation 
workshop. doors 
of the same type 
in the unheated 

exhibition rooms 
of the castle do 

not present these 
cracks around the 

door fillings.
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Figure 2 
Polychromed 

wooden retable 
from the late gothic 

period.

(Figure 2) or a piece of furniture were to be transferred from an 
unheated church to an exhibition gallery with a ‘museum climate’. 
the change in dimensions would be particularly detrimental 
because the shrinking of the wood provokes cracks and the loss of 
paint layers (Figures 3–8). 

So it is possible and necessary to state the following:

•  the traditional climate conditions in historic buildings differ 
fundamentally from the so-called ‘museum climate’.

•  in central europe the ‘original indoor climate’ is colder and more 
humid than the existing recommendations for the preservation 
and presentation of objects of art and culture. in other regions 
the trend of these divergences may be different.

•  depending on the very different local climatic conditions the 
respective indoor climate of the buildings can differ too and 
should always be considered from an ‘object-specific’ perspective. 

•  Many objects have survived over centuries in a very good state of 
preservation under climatic conditions which are contrary to the 
existing ‘rules for museums’. 

•  a material’s moisture content will not only have become 
acclimatised to ‘historic’ climate conditions, many (or most) 
historic objects will also have been created under and specifically 
for such conditions. Very often the artistic and technological 
details of an artefact will have been optimised for the climatic 
conditions that existed when it was originally produced.
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•  technical interventions in the indoor climates of historic buildings 
with the aim of achieving the usual standards for museum 
climates will induce significant changes of the equilibrium 
moisture content, which will cause serious dimensional change. 

One of the frequent arguments concerning the ‘harmful original 
climate’ and the ‘safe museum climate’ is the assertion that values 
of rH higher than 60 % would be connected inevitably with the 
growth of mould on the objects. during my professional life i have 
seen many historic buildings with cold and humid indoor climate 
conditions without any signs of mould.  if the ‘original climate’ 
dominating in these buildings over centuries had provoked the 
growth of mould more or less automatically, most objects would 
have not survived until today! Nevertheless, mould is also found 
sometimes in historic buildings which have never previously 
presented such problems. in these cases it is very important to 
search carefully for the real causes of the mould infestation. in 
reality there are many factors besides the relative air humidity 
which influence the development of mould, for instance the type of 
substrate (‘food availability’), the temperature, the air circulation 
rate and other sources of humidity, but also the pH-value or the 
water vapour permeability of the surface [7]. Generally we can 
presume that the risk of mould is low when high rH-values are 
combined with low temperatures as in unheated historic buildings 
during the cold season [8]. 

there are much higher risks of mould in traditional buildings 
where the indoor climate is conditioned according to the usual 
‘museum climate recommendations’, and where the water vapour 
becomes condensed on the walls and on other cold surfaces during 
the winter. if an exhaustive search is carried out into the causes 
of mould in historic buildings maintained with their ‘original 
climatic conditions’, in many cases there will be other reasons 
identified rather than simply high RH levels: for instance, the 
installation of tight-closing windows with reduced air exchange, or 
the use of synthetic paints or consolidants, which lower the water 
vapour permeability or the pH-value of the surfaces. For example, 
mould was identified on the wall surfaces in a room of the 
‘Fasanenschlösschen’ near Moritzburg, which had been renovated 
years ago with ‘modern’ dispersion paints. Under exactly the same 
climatic conditions, there is no mould on the walls painted in the 

Figures 3–6. 
the retable in 

figure 2 shows 
signs of serious 

dimensional loss in 
all structural parts, 

which indicates 
the lowering of 

the wood moisture 
content because of 

changed climatic 
conditions
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traditional way with paints bound with protein (!) glue. after the 
removal of these dispersion paint layers in the infested room, the 
problem of the mould was remediated without changing anything 
in respect of the climatic conditions.  

another essential factor from a conservation perspective is the 
indoor temperature in museums, which is usually set in the range 
of human comfort. this practice neglects the recent insights 
into the significant influence of temperature on the speed of 
degradation processes in organic materials, as pointed out initially 
by Stefan Michalski in 2002 [1]. during my investigations into the 
gilt leather hangings of Moritzburg castle, it was possible to attest 
to these insights [9]. the ‘remaining lifetime’ of the hangings 
would be shortened by 75 % if the yearly average of temperature 
in the castle were increased from its current 11 °C to the 21 °C 
of the usual ‘museum climate’. in my opinion, the recommended 
indoor temperature for museums is a very weak concession to the 
comfort of visitors and staff, not a scientifically proven conservation 
argument. if we want to take into account the necessity of 
sustainability and energy saving we have to reduce the energy input 
into buildings generally. We also have to question whether it would 
be better to use historic buildings in ways which are more suited 
to their existing conditions rather than to adapt a historic building 
to the exaggerated interests of other beneficiaries. The interests 
of the preservation of cultural heritage are becoming unified with 
the requirements of environmental protection, and the principles of 
sustainable tourism become more and more relevant.

What are the consequences of these observations?

•  the existing recommendations for museum climates are not 
applicable to historic buildings and their furnishings and can 
cause damage in these objects.  

•  even for museum collections these recommendations are only a 
poor compromise of opposed interests, which disadvantage the 
objects.

•  there are no general climatic target ranges which would be really 
safe for all items within a certain group of objects or materials.

•  It is necessary to understand the specific climatic conditions 
under which an artefact was made and under which it has stood 
the test of time.

•  More care has to be taken about the moisture content and 
temperature of the materials which make up objects rather than 
considering only the rH and temperature of the ambient air.    

Figures 7 and 8. 
typical damage 
to polychrome 
carvings (finial of a 
rococo confessional 
box), caused by 
shrinking reactions 
of the lime wood 
after shipping the 
object from its 
original place in an 
unheated church 
to a conservation 
atelier, which was 
conditioned to the 
‘standard museum 
climate’ of 55 % rH 
and 21 °C
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•  Changes of the ambient climatic conditions should be considered 
only in cases where existing conditions have caused verifiable 
damage to objects. all other possible causes of damage should 
be ruled out before technical interventions are made.  

•  any intervention should be made with substance- and resource-
saving technologies or with ‘passive’ methods. it would be better 
to reduce high peaks of air humidity with controlled ventilation 
rather than by installing a heating system. the targeted use of 
the climate buffering effect of historic construction methods and 
materials should be considered. 

•  Finally, the real needs of the objects should be the decisive factor 
for the intensity of their use.

Examples for alternative strategies

these principles have been applied very successfully in many 
historic buildings and interiors all over Saxony. Besides the 
baroque hunting castle in Moritzburg, other examples are 
the altarpiece by Lucas Cranach the Younger in the chapel of 
Augustusburg castle [10], the fortified church in Lauterbach near 
Marienberg, the so-called ‘Fasanenschlösschen’ near Moritzburg 
with many precious interiors or the ‘Blaue Salon’ in Wildenfels 
castle with a unique wall covering of Ottoman embroidery [11] and 
many others.  automatically controlled ventilation was used to 
stabilise the indoor climate of the chapel in augustusburg and the 
church in Lauterbach. in the case of the Cranach-altarpiece it was 
also possible to stabilise the huge and very sensitive panel painting 
with a wooden construction mounted on the back of the panel, 
which buffers the alterations of RH very efficiently. The buffering 
effect of wooden panels was also used for the construction of a 
new mounting system for the gilt leather wall hangings in the 
‘damenbildniszimmer’ in Moritzburg castle, with the goal of 
minimising the dimensional reactions of the leather to climatic 
changes [12]. in the ‘Fasanenschlösschen’, the eighteenth-century 
building climate was re-established and the intensity of its use as 
a museum was limited in response to these specific conditions. 
the castle is open to visitors from the beginning of May until the 
end of October, but closed during the cold season. additionally, 
the number of visitors is limited to 10 people per group and two 
groups per hour. the recreation of the original climate has proved 
successful for the preservation of the very complex interiors 
and their many delicate materials. the same success has been 
achieved in the ‘Blauen Salon’ at Wildenfels, where the existing 
heating system and the double-glazed windows of the 1960s have 
been removed in order to reinstate the original environment. 
Of course, these interventions were proposed on the basis of 
extensive monitoring programmes and their success has been 
demonstrated by similarly comprehensive monitoring. 

Conclusion

replacing the traditional climatic standards for museums with 
object-specific requirements and specifications makes the work 
of the conservator-restorers and all other partners involved in the 
preservation of cultural heritages more difficult. The determination 
of the correct environmental conditions for conservation must 
be based on sound scientific principles and this increases the 
professional burden of our responsibility. However, there are 
no alternatives if we want to take the objectives and the ethical 
standards of our profession seriously. 
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Abstract

the image Permanence institute (iPi) has had an active research 
program concerning sustainable climate management in 
museums, libraries and archives for more than 15 years. during 
this time iPi has done materials response research in the 
laboratory, applied field research in numerous institutions, and 
undertaken efforts to create climate assessment algorithms, 
software and hardware. this paper describes a methodology for 
attaining optimal climate management in existing institutional 
circumstances. Optimal climate management is defined as the best 
balance between collections preservation, sustainable practices 
and energy costs. elements of this methodology can also be useful 
in design and specification of new buildings.

the current debate over proper standards and guidelines for 
environmental conditions, though driven in part by increased 
knowledge of object behavior, is also propelled by the need 
to reduce operating costs and output of greenhouse gases. 
Optimal climate management is a complex matrix of decisions 
influenced not only by standards and guidelines, but by a host 
of locally specific circumstances including the needs of the 
collection, local weather conditions, building construction 
and architectural significance, mechanical systems (or lack of 
them), staff knowledge and attention and many other factors. 
it is a group activity that, to succeed, must involve various 
specialists (principally those representing the collections’ well 
being, the operations and costs of building maintenance climate 
creation, the comfort of staff and visitors and those concerned 
with sustainability). the decisions and actions from such a 
climate management team are best taken when the group has a 
quantitative basis for: 

1.  the facts of the prevailing environmental conditions and their 
meaning for the health of collections, and 

2.  the amount and costs of energy consumed to create such 
conditions.

Introduction

For the past several decades, advancement in the creation and 
management of preservation environments has largely revolved 
around the improvement or control of temperature and relative 
humidity (rH) conditions according to prevailing standards and 
guidelines. Ranging from flat-line control with ultra-modern 
mechanical systems to simply managing the extremes of 
temperature and rH with little to no mechanical intervention, 
these practices have evolved with preservation as their core 
concern. energy consumption resulting from those practices was 
either defended and justified by the preservation need or, in some 
cases, simply not considered. today, institutions are faced with 

Field-tested methodology for optimizing climate 
management

Jeremy Linden, James M. Reilly and Peter Herzog 
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declining budgets and increasing energy costs that, in combination 
with the public and professional demands of sustainability and 
environmental responsibility, often lead to institutional mandates 
regarding energy efficiency and reduction of carbon footprint. 
the former practice of unexamined energy usage in the name of 
collections preservation is no longer viable, but neither are energy 
savings sufficiently desirable to justify allowing cultural heritage to 
suffer unwarranted damage. The challenge is to find the optimal 
blend of energy consumption without sacrificing the quality of the 
preservation environment.

Viewed in these terms, the creation of the optimal preservation 
environment, which is the environment that achieves the best 
possible preservation of collections, with the least possible 
consumption of energy, and is sustainable over time, becomes 
an objective goal for new strategies. Collections preservation 
no longer stands as an independent goal; it both influences and 
is influenced by numerous surrounding factors that must be 
taken into account. the goal is now a holistic understanding of 
the needs and characteristics of the collection, the mechanical 
system that creates the environment (if applicable), the building, 
the outdoor climate, and the infrastructure and capabilities of the 
institution and its staff, among other factors. the incorporation 
of this mentality into institutional practice and workflow has 
the potential not only to save energy, but also to improve the 
preservation environment, as key inefficiencies and self-imposed 
limitations, often based on outdated practices, are discovered. 
to this end, the image Permanence institute (iPi) has developed 
a practical methodology through our fieldwork that can be 
outlined in five steps, and that covers the necessary procedures, 
staff, and resources necessary to document and analyze the 
environment and the energy used to create it, with optimization 
as the end goal. this is a process, not a one-time project, which 
provides cultural institutions with the best opportunity to turn the 
apparently competing demands of preservation environments and 
energy savings into a forward-thinking strategy for sustainable 
preservation environments.

Changing preservation environment standards

achieving the ‘best possible preservation’ of collections presents 
the immediate challenge of defining the best possible preservation 
environment when, by nature, those very environments are a 
unique set of circumstances based on individual collections, 
mechanical systems, buildings, policies and outdoor climates, 
just to name a few factors. For years, a default recommendation 
of 21 °C and 50 % RH with minimal fluctuation was entrenched 
in both our minds and in the literature; the past 15 years have 
been spent in slow, though now rapidly accelerating, adjustment. 
thanks to donald Sebera’s research on isoperms [1] and iPi’s 
application of that knowledge to develop the Preservation index 
and time-Weighted Preservation index Preservation Metrics™ 
[2], we recognize that cooler temperatures and lower rH slow the 
rate of chemical decay of organic materials and that the rates of 
such decay are quantifiable. Research by Marion Mecklenburg 
and david erhardt has shown that maintaining tight rH control 
is often unnecessary due to many materials’ ability to experience 
elastic shape-change in RHs fluctuating between roughly 30 to 60 
% without suffering any permanent damage [3]. the traditional 21 
°C and 50 % rH guideline, far from a universally ideal environment, 
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is giving way to our understanding that cooler temperatures and 
moderate rHs, when possible, are better for our collections.

this understanding also allows us to take the initial steps toward 
the ‘least possible consumption of energy’ portion of the optimal 
environment. Flat-line control of indoor environments, if held in 
opposition to the outdoor climate, creates a significant energy 
demand. Many climates have seasonal periods where cooler 
conditions and moderate rHs are far more economical and 
sustainable to produce. Current research into the equilibration 
rates of materials shows that while temperature equilibration at 
an object’s core often occurs within a matter of hours, moisture 
equilibration at the core can take weeks or longer [4]. improved 
understanding of moisture equilibration allows the potential for 
more creativity in designing sustainable solutions for preservation 
environments. a deliberate, risk-managed approach, as outlined 
in this paper, can benefit both collections preservation and energy 
usage.

Methodology
Step one: documentation

the process begins with identifying and gathering the resources 
and information available to the institution about the collections 
environment and the building. Our experience has taught us 
that an institutional champion, often from the collections staff, 
should shepherd the process and convene a process team from 
among collections, facilities, and administrative staff. this cross-
disciplinary approach (Figure 1) brings together both the expertise 
and the resources of the major stakeholders in the process, and 
allows for direct addition of relevant knowledge into a single, 
shared repository of information.

the goal in documentation is two-fold: to gather information 
regarding the collections environment, systems, building and 
energy use, and to raise the shared level of knowledge among 
all the participants. Guided walkthroughs of collections spaces 
and mechanical rooms increase staff familiarity with spaces they 
may not have previous experience with; that familiarity improves 
communication and clarity as the team moves forward. Using a 
building floor plan as a starting document, the collections staff 
can annotate the location, type, significance and environmental 
needs or vulnerabilities of collections. a portion of the building 
and mechanical system documentation can be provided by 
facilities staff, especially as it relates to the system and structure’s 
interaction with the outdoor climate. tracing the location of 
any mechanical systems, the physical areas or zones that they 
serve, and noting the environment that they are designed or 
set to create provides a base set of information on the creation 
of the environment. details of the building and roof, amounts 
of insulation or vapor barrier or types of windows help define 
what the mechanical systems can achieve when confronted 
with the outdoor climatic conditions. in the case of historic or 
architecturally significant structures that are themselves part of 
the collection, collections and administrative staff will be able to 
provide guidelines regarding what changes, interior or exterior, 
may be explored without harming the building’s cultural integrity.

thoroughness in documentation is key; a missed detail, for 
example, the temperature of available chilled water, or the 
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presence of sensitive acetate film in a storage area, can not 
only cost the process team valuable time in discussion and 
deliberation, but, if not caught, can increase the risk posed to the 
collections by proposed solutions. Where available, information 
from preservation surveys, collections policies and condition 
assessments should be included in the team’s repository. Where 
mechanical systems are present, an understanding of their 
components and capabilities, the exact zones they serve, and the 
environment they currently create is critical. design drawings 
provide an excellent start, but often do not document changes 
made over time and current operation. the aim should be to 
document, either on the drawings or by cartooning or freehand 
sketching (Figure 2), the current system components, their layout, 
and the spaces that they serve. 

The final aspect of documentation is recording the current state of 
energy usage and sustainability practices and improvements in the 
institution, and stating any specific goals, mandates, or guidelines 
that may exist. administrative staff can provide the past several 
years of utility bills for the institution, which should be analyzed 
for changing trends, such as increases in commodity costs, or 
changes in billing, such as the introduction of a peak demand charge 
in electric usage. Changes to practice or infrastructure, such as 
adjustments to lighting schedules or a switch to light-emitting 
diodes, installation of more efficient equipment or insulation, should 
be noted and their impact, if quantified, should be taken into account. 
Any existing institutional goals or mandates, whether specific, such 
as a 30 % reduction in carbon footprint in five years, or broad, such 
as a commitment to sustainable practices, should be documented. 
These frame the process, defining a minimum institutional goal that 
the team is looking to support, and provide a benchmark that the 
team’s efforts and accomplishments can be measured against.

as mentioned above, the underlying goal in the extensive 
documentation process is to use the data gathered to determine 
the level of risk posed to collections or to the building through 
changes to indoor environments and patterns of systems 
operation. risk factors such as particularly sensitive collections, 
extreme outdoor climates, poorly maintained or unreliable systems 
and problematic building envelopes can all increase the likelihood 
that changes in operation may cause more harm than benefit. 
though not all potential risks can be mitigated, awareness allows 
the process team to account for them in the experimentation and 
implementation phase.

Figure 1. 
Communication 
among the process 
team, which should 
include relevant 
parties from the 
collections, facilities 
and administrative 
staff, and may 
include contractors 
or consultants, 
is crucial when 
working toward 
an optimal 
preservation 
environment
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Step two: data gathering 

The second step is to ensure that sufficient temperature and RH 
data exist to evaluate the conditions experienced by the collections 
and created by the mechanical systems; it consists of two parts: 
the gathering of the raw data from the collections environment 
and the analysis of that data. While there are several methods 
and sources for gathering raw data, iPi’s practice has shown 
that the use of stand-alone, purpose-built temperature and rH 
dataloggers, as opposed to data from building management 
systems or spot-checking instruments, provides the greatest 
degree of control, accuracy, access to the data, and analysis 
potential. 

When placing dataloggers in the collections environment for 
optimization analysis, the key is to monitor locations where the 
data will document the overall behavior of the environment and/
or the effect of any mechanical system on that environment. in 
various cases the condition of a microclimate within the space, 
such as suspected cold temperatures along an exterior wall or 
a damp corner, may be monitored as part of the process. When 
dataloggers are limited, the priority should be to choose a logging 
location that will record how space conditions respond to strategic 
adjustments. data should be retrieved for analysis regularly, both 
to observe the effects of seasonal changes on the environment 
as well as to monitor and confirm any operational changes to the 
mechanical system or environmental control that are made for 
energy purposes during the experimentation phase. 

though datalogging in collections spaces is a common practice, a 
key feature of iPi’s approach, and critical to the analysis of energy 
usage and savings, is the instrumentation of multiple locations 
within the mechanical system and air loop. Most systems consist of 

Figure 2. a 
sketched cartoon 

of a mechanical 
system can quickly 

communicate to 
the entire process 

team both the 
components 

contained within the 
mechanical system 

as well as their 
location.  Noting 
the locations of 

dataloggers within 
the system helps 
the data retrieval 

process and creates 
a shared knowledge 

of what the data is 
and where it came 

from
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one or more components that expend energy to either condition the 
air or move it to and from the physical zone that the system serves. 
By recording the air conditions at each of these components, 
common monitoring locations include the return, outside, mixed, 
cooled, and supply (heated) air streams, we can measure the 
change in condition, in degrees Celsius, imparted either by the 
energy-using component or by the blending of two air sources. 
When caused by a component, that temperature change can be 
converted to energy in British thermal units (Btus); once converted 
to the billing unit used, whether for tons of chilled water or 
kilograms of steam, the monetary expenditure for that energy can 
be calculated. Logging the amperes used by electrical components 
such as supply and return fans and electrical heating coils provides 
the energy consumption of the component, which, in combination 
with the component’s time of operation, can either be converted 
into kilowatts or kilowatt/hours, typical billing units for electrical 
supply. Calculating the energy usage in the system over the course 
of a year provides a baseline marker that serves as the comparison 
for modeling and assessing new operations. 

Step three: data analysis

analysis of the space data is performed at two levels, an 
initial troubleshooting analysis of the graphed data each time 
it is retrieved, and a more in-depth preservation analysis for 
assessment of the baseline and adjusted environments. analysis 
at the graph level yields quick information regarding both space 
conditions in relation to programmed control set points, as well 
as the physical operation of the mechanical systems. Seasonal 
changes in temperature or RH that are influenced by the outdoor 
climate are often noticeable at the graph level, while changes that 
are due to a change in the system-controlled set point appear 
as more immediate variations. Periodic temperature variations 
may indicate the presence of a mechanical system setback or 
shutdown, or a schedule for overhead lights. Comparing a dew 
point plot from the space data to the outdoor dew point can indicate 
the ability of a mechanical system or the building envelope to 
control moisture compared with the outside environment. the 
tendency of systems to have a dew point signature comparison 
creates a useful method of determining which spaces are served by 
which systems when comparing a series of indoor dew point plots. 
rH data that spans several years can indicate the presence or lack 
of humidification equipment, but also the level of operation from 
year to year if the humidifier is present. This initial analysis allows 
the process team to rapidly assess the preservation environment in 
a space without immediately moving to preservation analysis.

iPi’s methodology then relies on applying the raw data to our 
series of algorithms, referred to as the iPi Preservation Metrics™. 
these yield quantitative estimates of how the observed conditions 
in the space promote or retard such general mechanisms as the 
kinetics of spontaneous chemical change in organic materials, 
mold growth, mechanical damage in hygroscopic materials 
and metal corrosion. Such estimates allow for the comparison 
of the preservation quality of different environments, whether 
from one storage area or mechanical zone to another, or from 
one set of temperature and relative humidity conditions in a 
space to other possible choices for the same space. One of the 
most important keys to good climate management is to know 
when to emphasize the needs of specific objects or object types 
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rather than concentrate on the general preservation quality of 
the environment. Our experience has been that a balance of 
the relative needs and metrics is the best choice when making 
climate management decisions for mixed collections. Specific 
decay categories, such as chemical or mechanical change, may be 
concentrated on when a collection type is relatively homogenous. 

in addition to using the data logged from the mechanical system 
for initial energy analysis, the process team can also use that 
data to analyze and inspect the behavior of each component in the 
system. each component and process should be examined with 
three overarching questions at stake: 

•  what preservation climate is the existing system actually 
delivering on an annual basis;

•  what preservation climate is the existing system capable of 
delivering on an annual basis;

•  and is the system using more energy than necessary to deliver 
the actual climate?

Inefficient operation in the mechanical system is typically not self-
announcing; conditions in the preservation environment may be 
perfectly satisfactory. Common energy-wasting practices that do 
not self-announce can include unnecessary sub-cool and re-heat 
operation (meant for dehumidification) during dry winter months 
(Figure 3), running variable frequency drives on fan motors at a 
constant speed and incorrect usage of face and bypass dampers 

Figure 3. temperature data from within a mechanical system can reveal 
sub-optimal operation.  in this graph, the data shows incorrect sub-cool 
and reheat behavior during winter months when no dehumidification is 
necessary.  While the space does require some cooling year round, in this 
case the mixed air enters the unit, is sub-cooled below the necessary 
supply air temperature, and then reheated to achieve that supply 
temperature when a small amount of cooling was all that was needed.  
Visible spikes in the cooled and supply air conditions are due to the 
heating coil valve failing to close during system shutdowns
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in a system. Cumulatively, such practices can lead to energy 
waste of up to 30 % or more over the course of a year; the same 
environmental conditions could have been produced for a fraction 
of the energy.

By trending and analyzing data from the collections spaces 
before making any experimental adjustments to the storage 
environment or system operation, the team has a baseline of the 
normal preservation environment and system operation to serve 
as a point of comparison and can debate the merits of various 
improvement strategies. Graphs and the Preservation Metrics™ 
allow for both visual and quantitative comparisons of conditions, 
and the assessment of what improvements might be desirable 
in the preservation environment in both preservation quality and 
seasonal conditions.

Step four: experimentation and implementation

With documentation of the collections spaces, systems, and 
building complete, and baseline data and analysis in hand, the 
process team can begin to explore the fourth step: experimentation 
with and implementation of various strategies to improve the 
preservation quality of the collections environment, reduce energy 
consumption, or shift energy usage patterns to achieve a reduction 
in energy costs. Some strategies will become apparent simply 
through analysis of the data. Heating an unoccupied collections 
storage area to 21 °C throughout cool winter months not only 
harms the overall preservation environment, but is also likely to be 
quite energy intensive. allowing that space to drift to a seasonal set 
point of 10 °C would both improve the quality of the preservation 
environment as well as save energy. Flat-line control of rH at 50 % 
plus or minus 5 % is energy intensive year-round; if the collections 
in question can withstand fluctuation between 30 % and 60 % 
rH, energy savings could be achieved with a minimal effect, and 
perhaps an improvement, on some rates of collections decay.

Other options for altering preservation environments and 
mechanical operation often depend on having experience with 
energy-saving methods and a detailed knowledge of control 
systems and their programming. Methods such as shutdowns, 
setbacks, adjustment of operating modes, the reduction of outside 

Figure 4. this 
excerpt shows 
an example of 

the possibilities 
from optimization.  

Based on careful 
documentation, 

analysis and 
experimentation, 

it is often possible 
to improve the 

preservation 
environment 
while saving 

energy through 
adjustments 

in system 
operation; capital 

improvements are 
unnecessary
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air and/or the use of economizers often require both the flexibility 
and the accountability of modern control systems as well as a 
knowledgeable controls operator who understands how best to apply 
the logic to the system, making their involvement in the process, 
particularly in larger institutions, ideal. in some cases, such as 
incorrect sub-cool and reheat operation, energy-saving adjustments 
can be made with little to no risk to the preservation environment. 
Others, such as shutdowns, require detailed assessment of the 
potential risks involved. if those risks are acceptable or manageable, 
the process team can move forward with careful experimentation, 
reviewing and assessing the impact on the preservation environment 
and energy consumption before continuing.

Before any permanent changes are implemented, one significant 
role of the process team is to gauge the potential consequences of 
that action and determine whether they are in the best interests 
of the institution, for both preservation and energy considerations 
(Figure 4). the team’s experience with documentation and data 
gathering allows for open discussion of the positives and negatives 
of each strategy; energy savings at the expense of preservation 
is not the goal, nor is it improved preservation by increasing 
energy consumption. Changes should be experimented with 
and implemented one at a time in order to accurately assess 
the consequences of each adjustment, not only in terms of the 
preservation environment and energy, but also any impacts on 
the building or human comfort. if the change is satisfactory to the 
entire team, the next adjustment can be addressed. 

Step five: assessment and maintenance

Once changes to the environment and system operation have been 
implemented, two stages of assessment follow: assessment of 
each individual change after several weeks’ to a month’s operation, 
and continuing assessment of the total impact of all changes 
over time. In both cases, strict comparison can be difficult; the 
baseline data for the preservation environment and energy usage 
are dependent upon a series of variables, ranging from system 
operation to changing outdoor climate conditions to potentially 
undocumented or uncontrollable changes in practice or utilities. 
Nonetheless, the impact should still be roughly quantifiable. 
energy usage of the implemented changes can be weighed 
against what was measured as a baseline, and the documentation 
inspected for any additional factors beyond the change that 
could have influenced the outcome. Assessment of preservation 
quality can be more difficult, and often requires a longer period 
of review, particularly when the modeled impact is minimal. 
Changes in seasonal operation, for example drastic improvements 
in preservation environments during cooler months, may show 
immediate change when first assessed, with that impact evening 
out as time passes into other seasons and operational set points. 
the actual preservation impact of a shutdown or setback may be 
much harder to quantify if it only results in a minor fluctuation in 
the space. If the change results in significant documented energy 
savings, the difficulty in gauging the impact of the change may 
imply that the change was worthwhile.

Maintenance of optimal practice is the final significant piece of 
the process. Monitoring the environment and the systems should 
continue, with periodic evaluation of both the raw data and the 
quantitative assessment of preservation and energy to gauge 
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whether the practices are continuing appropriately. System 
operations and controls have a tendency to change unexpectedly, 
whether due to mechanical failure, planned maintenance, 
miscommunication, or any number of other factors that may 
change behavior. Systematic review, and the continuation of both 
documentation and communication among the process team are 
necessary to ensure that optimal operation continues.

Conclusion

achieving an optimal preservation environment has the potential 
to both improve collections preservation as well as reduce energy 
consumption. the process of working toward that goal may also 
yield improvements in communication among stakeholders. 
Establishing efficient operations can lead to new, simple targets 
for the environment and systems that result in greater staff 
efficiency, and the institution can take pride in the accomplishment 
and improve their public and professional image. Our experience 
has shown that, while there is no specific condition or operation 
that is optimal for every institution, every institution has the 
opportunity and need to make appropriate changes that will bring 
it closer to optimal. this methodology, tested by iPi in various 
iterations among several research and fieldwork partners, is still 
in development, but the modeled and measured results of the 
process give every indication that the optimization of preservation 
and energy consumption is not only desirable, but also obtainable.
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Abstract

the objective of this paper is to evaluate different approaches 
to microclimate control in historic buildings in relation to the 
requirements for indoor climate and energy consumption. the 
conventional methods are examined: passive microclimate control, 
humidity control and humidistatic heating; and compared with 
two novel control strategies: equal-sorption humidity control 
and natural climate fluctuations control. Starting from a general 
overview of the methods based on the state of the art and 
experience from selected case studies, the methods are evaluated 
using building simulation software.

Introduction

the issue of sustainable management of the indoor climate in 
historic buildings has received considerable attention in the 
last decade. the main motivations for this are the increase in 
energy costs and the demand for improving conditions in historic 
buildings where cultural heritage is stored. an important factor 
to be considered in indoor-climate management is the increasing 
number of visitors to historic buildings. When seeking to define 
suitable microclimate conditions, the american Society of Heating, 
refrigerating and air-Conditioning engineers (aSHrae) and the 
european eN15757 standards can be considered. in aSHrae, the 
microclimate conditions for various types of historic buildings are 
defined by taking into consideration the material characteristics of 
the stored objects [1]. the european Standard eN15757 determines 
the target ranges and variability of microclimate conditions 
(temperature and relative humidity) for organic hygroscopic 
materials [2]. 

the results presented in this paper have been achieved in the 
project Climate for Culture, particularly in work-package 7, which 
focuses on mitigation, adaptation and preservation strategies in 
historic interiors. the main objective of this paper is to evaluate 
different approaches to microclimate control with respect to 
their applicability in historic buildings and their energy demands. 
the methodology used will provide inputs to a decision support 
system being developed in the project Climate for Culture. in the 
investigation, the conventional methods of passive microclimate 
control, humidity control and humidistatic heating are outlined, 
and compared with two novel control strategies, equal-sorption 
humidity control and natural climate fluctuations control. The 
evaluation is based on a compilation of the scientific literature, 
experiences from selected case studies in the Climate for Culture 
project and simulation-based tests. the methods are then 
evaluated and compared using building simulations applied to a 
model of the Holy Cross Chapel at Karlstejn Castle.
 

Evaluation of different approaches of microclimate 
control in cultural heritage buildings

Tor Broström, Tomas Vyhlídal, Goran Simeunovic,  
Poul Klenz Larsen and Pavel Zítek
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Passive microclimate control

Many historic houses and their interiors have survived for 
centuries without any active climate control. examples of such 
buildings are the seventeenth-century castle at Skokloster near 
Stockholm [3] and Linderhof Palace near Munich, a nineteenth-
century royal summer residence [4]. these buildings rely entirely 
on the natural stability provided by their structure and geometry. 
the hygrothermal inertia depends mainly on the thickness of the 
walls and their composition, the interiors and the air exchange 
rate. The building will ameliorate the diurnal fluctuations in 
temperature and relative humidity (rH). the indoor climate in a 
building with only passive control is thus decided by the building 
itself and the outdoor climate. in practice, the passive controls can 
be enhanced by regulating the air exchange by opening chimneys 
and ventilation ducts or by sealing the windows and doors. any 
active solution for climate control in historic buildings should be 
based on an understanding and utilisation of the passive function 
of the building.

Humidity control

Humidity control is performed by releasing water vapour to the air 
if the RH is too low (humidification), or by removing water vapour 
from the air if the RH is too high (dehumidification). There are 
two methods of humidification, injection of steam into the air, or 
evaporation of water or water mist. evaporation cools the air, so 
supplementary heating is required to keep temperatures constant. 
Humidifiers can either be permanent installations with ducts and 
water pipes, or moveable devices with a water reservoir. 

Dehumidification is a commonly used method for decreasing high 
values of relative humidity in historical buildings. Within recent 
years dehumidification has been adapted for energy efficient 
climate control in cultural heritage buildings in denmark [5]. 
There are two methods for dehumidification, condensation and 
adsorption. An adsorption dehumidifier requires an air duct to 
remove moist air from the building to the outside. the adsorption 
dehumidifier can operate at low temperatures, even below zero 
degrees. The condensing dehumidifier requires a bucket or a drain 
to collect and remove condensate. The condensing dehumidifier is 
not efficient below 8 ˚C, because ice is generated on the cooling 
unit, so intermittent defrosting is required. 

The applicability of dehumidification in historic buildings depends 
on whether the technical installations are acceptable with respect 
to both visual and physical impact. Portable dehumidifiers allow 
for flexible and cost-effective solutions but often the machinery 
is not well suited to a historic environment. a system of central 
dehumidification can be better integrated but it requires air ducts. 
Unless the building already has air ducts, the installation tends to 
be expensive and intrusive.

Humidistatic heating

Humidistatic heating, or conservation heating, is the concept 
of heating a building in order to keep the relative humidity 
below given limits. the temperature is continuously adjusted 
and not controlled to a constant set point. Humidistatic heating 
has been used for many years to maintain a moderate relative 
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humidity in historic houses in winter [6]. it is a simple and robust 
climate control strategy. the functionality depends on building 
characteristics, hygrothermal inertia, insulation, air tightness, the 
air infiltration rate and the temperature control. A peculiar aspect 
of humidistatic heating is that heating may sometimes be required 
in summer in order to keep the rH at an acceptable medium 
level. this may cause uncomfortably high temperatures and high 
energy consumption [7]. Generally an increased temperature 
will increase the absolute humidity in the building [7] causing an 
unwanted positive feedback. degradation of organic materials due 
to hydrolysis will increase with temperature and rH growth. 

Humidistatic heating can be implemented in any building with 
permanent or temporary heating installations at moderate costs. 
the energy consumption for humidistatic heating is relatively high, 
due to poor thermal insulation and a high infiltration rate. In a 
case study on three historic buildings owned by the National trust, 
the annual energy consumption for heating was 39 – 53 kWh/m3 
[8]. A comparison of conservation heating and dehumidification in 
Denmark [5] shows that the most energy-efficient control strategy 
is determined by the U-value of the building, the air exchange rate 
(AER) and the volume of the building. Generally, dehumidification 
is more energy efficient, unless heat pumps are used. An air-to-air 
heat pump will typically reduce energy demand by two thirds. For 
large buildings, humidistatic heating with heat pump technology 
seems to be the most energy efficient approach unless the thermal 
insulation is very poor. For small buildings, dehumidification is 
more efficient unless the building is very leaky.

Equal-sorption humidity control

One of the main tasks of preventive conservation is to prevent 
moisture sensitive materials from anisotropic swelling or 
shrinking caused by changes in the absorbed moisture content. 
this objective is targeted in the equal-sorption humidity control 
method proposed by Zítek and Vyhlídal [9]. the method takes into 
account the influence of temperature on the sorption isotherms, 
which is usually neglected in common climate control. For most 
materials the moisture content is slightly reduced at rising 
temperatures, even if the rH is kept constant. it is therefore 
acceptable to have a higher rH in summer than in winter. although 
the moisture content compensation is dependent on particular 
material properties, it has been shown that the difference can be 
neglected for most types of organic hygroscopic materials [9]. the 
stabilisation of moisture content in the objects is implemented by 
humidity control. in order to determine the nominal set point value 
of relative humidity based on current temperature, the logarithmic 
Henderson model describing the equilibrium moisture content [10] 
is used. 

as demonstrated by Zítek et al. for wooden materials, the 
relationship between moisture content and material strain can be 
utilised to determine the allowable variations of relative humidity 
from its nominal set point value [11]. Based on moisture content 
and material strain characteristics reported in the literature, 1.25 
% are the safe variations of moisture content from the quasi-
equilibrium value, which transfers approximately to variation of 7 % 
of rH [12 to 14]. Under these variations, only elastic deformations 
should take place in the layers of wooden material. 
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in practice, the implementation of the equal-sorption humidity 
control method requires modification of the humidity control 
system; the RH set points for humidifier and dehumidifier depend 
on the current temperature (more details are provided in the 
appendix). The first implementation of the equal-sorption control 
principle has been in operation in the microclimate control system 
of the Holy Cross Chapel in Karlstejn Castle since 2000. the 
method was then implemented in the low-cost humidity control 
system in the Historica collection of archives in trebon Castle [9]. 
 
Natural climate fluctuations control

the last microclimate control method to be discussed is a concept 
motivated by the specifications defined in the European Standard 
eN 15757 [2]. the standard proposes algorithms for controlling 
relative humidity, which take into consideration characteristics 
of both the historic and actual natural climate oscillations. thus, 
there is no fixed set point or range for RH values for dehumidifiers 
(and humidifiers if they are available). The set points are 
automatically adapted to meet the control requirements in relation 
to seasonal averages rather than an absolute range. according 
to the Standard eN 15757 [2], see also [13], the target range of 
relative humidity is determined based on the fluctuation from the 
30-day central moving average. Consequently, the acceptable 
range of relative humidity fluctuations from the moving RH 
average value is determined as the 7th and 93rd percentiles of the 
fluctuations recorded in the monitoring period, which is at least 
one year. if the relative humidity records are not available, the 
allowable fluctuations are considered as 10 % RH. 

Based on the specifications described above, a natural climate 
fluctuations control (NCfC) method has been proposed and studied 
[15]. In particular, the filtering and other necessary algorithms for 
the set point adjustment for (de)humidifiers have been designed 
and analysed using simulation software. For example, the central 
moving average filter, which is non-causal and cannot be used in 
real-time applications, is substituted by a simple moving average 
filter. For the practical implementation of the method, existing 
climate control systems, heating or humidity control, can be used 
with some modification of the control system. 

However, it is extremely important to stress that as a preliminary 
step to the application of this control approach, the historic climate 
should first be verified as safe for the collection or the moisture-
sensitive furnishings. if this is not the case, the relative humidity 
ranges should be adjusted accordingly, based on recommendations 
by an expert. For example, the method can be supplemented by the 
strict upper and lower limits on the rH set points. 

Evaluation and comparison of the control methods using Building 
Simulation software

the evaluation and comparison of the microclimate control 
methods was performed with a simulation model of the Great 
tower of Karlstejn Castle, which is one of the case studies in the 
Climate for Culture project. Karlstejn (Figure 1) is a large Gothic 
castle, about 30 km southwest of Prague, founded in 1348 by 
Charles iV, the Holy roman emperor and the most famous King of 
Bohemia. it was built to house the imperial and Bohemian crown 
jewels and a precious collection of holy reliquaries. Karlstejn is 
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one of the most famous and most frequently visited castles in the 
Czech republic. 

One of the most valuable parts of the castle is the Holy Cross 
Chapel in the Great tower (Figure 2). On the Chapel’s walls, there 
is a precious collection of outstanding wood panel paintings by 
Master theodoricus from the period of 1360 to 1365. the set of 
paintings is one of the most notable collections of medieval art and 
also the largest collection of a single artist from the fourteenth 
century in the whole of europe. Since 2000, the chapel has been 
equipped with a special local air-handling system adjusting the 
internal microclimate to prevent the paintings and other exhibits 
from deterioration by moisture impact [11, 16]. 

The Great Tower has six floors and the Holy Cross Chapel is located 
on the third floor. All outer walls have a similar structure but vary 
in thickness, from 1.1 metres to 6.3 metres. the parameter model 
of the Great tower of Karlstejn Castle was constructed in Matlab 
- Simulink using the HaMBaSe tools [17]. the model consists 
of seven zones, each room of the Great tower is represented by 
one zone. In the simulation model, the influence of visitors on 
the indoor microclimate is also considered. the model has been 
tuned and validated to the existing indoor and outdoor climate 
measurements. 

Coupled with the HaMBaSe model of the Great tower, the 
following climate control strategies have been implemented in 
Matlab-Simulink for a model of the Holy Cross Chapel: 

•  Humidity control (HC), target range 40 to 65  %
•  Humidistatic heating (HH), set point: 65 % rH. Maximum 

temperature: 25 °C
•  equal-sorption control (eSC) 
•  Natural climate fluctuations control (NCfC)
•  Passive climate control (no active climate control).

With the exception of passive climate control, a minimum 
temperature of 10 °C is maintained in the winter season. this is 
motivated by specific conditions in the castle.

Simulation results

the results of the simulations are shown in figure 3 for interior 
temperature, and figure 4 for interior relative humidity. the results 
from using passive controls only will serve as a reference. With no 
active climate control, rH levels approach 100 % in the summer 
which is also due to the influence of visitors. Thus, RH control is a 

Figure 1. View of 
Karlstejn Castle 

dominated by the 
Great tower

Figure 2. interior 
of the Holy Cross 
Chapel at the Great 
tower of Karlstejn 
Castle
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critical issue for the chapel. the temperature follows the seasonal 
variation of the outdoor climate. Humidistatic heating keeps rH 
below the specified level of 65 % but at the cost of a high interior 
temperature well above normal comfort levels, particularly in 
spring and autumn. When temperatures increase above 25 °C, the 
heat is turned off causing a few shorter time periods above the 
target range. As there is no humidification in the winter season, 
rH drops to levels near 30 %. Humidity control (HC) keeps rH in 
the given range (here from 40 to 65 %) with no significant effect on 
temperature.

the equal-sorption humidity control (eSC) method keeps the rH 
within the 14 % band centred at the rH value determined from the 

Figure 4. Simulated 
indoor relative 
humidity in the 
Holy Cross Chapel 
located in the Great 
tower of Karlstejn 
Castle (HC - 
humidity control, 
HH - humidistatic 
heating, eSC - 
equal-sorption 
humidity control, 
NCfC - natural 
climate fluctuation 
control, 30dCMa 
– 30 day central 
moving average, 
30dSMa – 30 day 
simple moving 
average)

Figure 3. Simulated 
indoor temperature 
in the Holy Cross 
Chapel located in 
the Great tower of  
Karlstejn Castle (HC 
- humidity control, 
HH - humidistatic 
heating, eSC - 
equal-sorption 
humidity control, 
NCfC - natural 
climate fluctuations 
control)
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Henderson model based on actual temperature in the interior. the 
influence on temperature, as compared to passive control, is small.

Natural climate fluctuation control reduces short-term variations 
of relative humidity in relation to the moving average of rH, as 
shown in figure 4. However, it needs to be considered that the 
rH controlled by this method results in quite high values in the 
summer season (from 70 to 80 %), which can be considered as 
unsafe by other standards (e.g., aSHrae [1]). as demonstrated, 
the results of the simple moving average are shifted by 15 days 
from the results of the central moving average, which should be 
considered in control implementation. the considered algorithms 
of the rH control methods are outlined in more detail in the 
appendix. 

as one of the main results, we provide a comparison of energy 
consumption between the rH control methods, shown in figure 5. 
the energy consumption of background heating to 10 °C is 1346 
kWh. in figure 5, this value is subtracted from the overall energy 
consumption so that only the energy needed for humidity control 
is shown. as is evident, humidistatic heating is by far the least 
effective method for controlling rH, this would be true even if 
a heat pump were used. On the other hand, the natural climate 
fluctuation control would have the lowest energy consumption 
results. the energy demands for humidity control and equal-
sorption humidity control are at about the same level.   

Conclusions

the results presented here can provide guidance for adjusting 
the climate control strategy in a particular historic building. the 
methods presented are generally applicable and could be used for 
any building in any region. in the simulated example of controlling 
the microclimate in the Holy Cross Chapel of Karlstejn Castle, 
the overall objective was to achieve a moderate relative humidity 
all year. Passive climate control would not be acceptable by any 
standard. the variations in rH are too large, both in the short 
and long term, and there are long periods of excessively high rH. 
Humidistatic heating should only be implemented if there is a 
need for human comfort. a heat pump should be used to achieve 
a reasonably energy-efficient solution. Auxiliary dehumidification 
would be needed in the summer to avoid uncomfortably high 

Figure 5. 
Comparison 
of simulated 
yearly energy 
consumption Q 
(kWhour) of indoor-
climate in the Holy 
Cross Chapel for 
different relative 
humidity control 
methods (HC - 
humidity control, 
HH - humidistatic 
heating (heating 
needed to keep 
temperature above 
10 C° is exluded),  
eSC - equal-
sorption humidity 
control, NCfC - 
natural climate 
fluctuations control)
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temperatures and to keep rH at safe levels. equal-sorption 
control with dehumidification and humidification gives the most 
stable conditions for the moisture-sensitive objects (wooden panel 
paintings). However, the difference when compared to conventional 
humidity control is relatively small. the energy consumption for 
both cases is comparable. Natural climate fluctuation control 
provides rH stability in the short term, but seasonal variations 
and high levels of rH are problematic. in this case, the control 
algorithm needs additional conditions to address long-term 
variations and high levels of rH. this would reduce or eliminate the 
advantage in terms of energy consumption, shown in figure 5. as 
the different approaches have different control targets, there are 
no optimal solutions based on quantitative data. For the example 
given, the primary options would be equal-sorption control, 
humidity control and an augmented natural climate fluctuation 
control. this kind of methodology will be used in the Climate for 
Culture project, applied to generic buildings in order to provide 
decision support in all regions of europe.

Appendix – Algorithm specifications of the control methods  
used in the simulation example 

in all the methods, a heating system which keeps the temperature 
above 10 °C was considered. the relay based on-off control 
is applied with hysteresis plus/minus 0.5 °C. Next, except for 
the humidistatic heating, both the humidifier and dehumidifier 
are available for controlling relative humidity according to the 
generated set points using relay based on/off algorithm with 
hysteresis plus/minus 2 %. 

Humidity control

The set point for the humidifier is φH = 40 % and the set point for 
the dehumidifier is φd = 65 %. 

Humidistatic heating 

if the rH is above 65 %, the heater is on and it operates in order 
to decrease rH levels until the temperature is below the upper 
temperature limit 25 °C. if the temperature is outside of this limit 
the heater is turned off regardless of the rH level. 

Equal sorption humidity control

The set points of relative humidity for the humidifier is given by

and the set point for dehumidifier is 

Where φ0 [%], t0 [°C] is a selected reference air state given as 
a combination of relative humidity and temperature satisfying 
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the preventive conservation regulations, tf [°C] is the actual 
(measured) interior temperature filtered with a second order 
Buterworth filter (with the aim to filter out fast changes of 
temperature) and the parameter B [°C] is a parameter of 
Henderson model (for wood Bϵ [60, 100] °C). Here we consider φ0 = 
52 %, t0 = 16 °C and B = 70 °C.

Natural climate fluctuation control

the simple moving average is used instead of the central moving 
average filter. The reason for this adaptation is that the central 
moving average cannot be used in real time applications as the 
15-day future data are needed for evaluating the current value of 
filtered RH. The different form of the simple moving average 

is applied, where ɸ-30 [%] is the output of the filter, i.e., the filtered 
value of rH, φ [%] is the measured rH, N = 360/Δt is the number of 
samples covering 15 days with the sampling period Δt [hour]. the 
set point values are determined as
φd, Set (k) = φ-30 (k) + Bd for dehumidifier and
φH, Set (k) = φ-30 (k) – BH for humidifier,  
where BH, Bd [%] determine the desired allowable fluctuations 
of relative humidity from the actual moving average ɸ -30. Based 
on the evaluation of the yearly fluctuations from central moving 
average, both the values are determined as BH = Bd = 8 %. the 
final set point values are further adjusted by an active feedback 
to control the growth rates of the rH set points (more details are 
provided in [15]). 
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Abstract

Complex heating, ventilation and air conditioning (HVaC) systems 
are often used in museums to optimise the indoor climate for 
preservation and visitors’ comfort. in practice these systems 
regularly do not function according to their design specifications. 
as a result the indoor climate for preservation can be even worse 
than if the system were not used. For example, high daily relative 
humidity fluctuations can occur due to malfunctioning equipment 
or faulty control strategies; furthermore unexpectedly high energy 
use can occur due to too strict climate boundaries being pursued 
and mistakes made during the design phase. the functioning of a 
HVaC system should therefore not be trusted blindly but some level 
of caution should be taken. Monitoring indoor climate conditions 
independently from the HVaC system is essential.

illustrated by various cases taken from dutch practice, this paper 
tries to raise awareness among collection managers, curators, 
restorers and other museum professionals. the most frequently 
encountered problems with HVaC systems in the museum 
environment are described and general recommendations are 
given to avoid, detect and resolve these problems. this paper is 
not intended to discourage the use of complex HVaC systems since 
when designed, controlled and maintained properly, these systems 
can offer a great contribution to the preservation of cultural 
heritage. 

Introduction

Preventive conservation can be described as a process that seeks 
to prevent, reduce or mitigate the effects of factors that threaten 
the continued survival of collections. an incorrect relative humidity 
(rH) or temperature, high levels of dust and gaseous pollution are 
some of these threatening factors that can be reduced by using 
mechanical systems. inappropriate values of temperature and 
RH are often less dramatic than, for example, the risk of fire or 
theft, but nonetheless pose a serious problem for the conservation 
of heritage. the approximately 800 registered museums in the 
Netherlands, of which around 90 % are housed in historic buildings, 
are therefore often equipped with air-handling units (aHUs). 

in cases with high visitor numbers, often vast HVaC systems are 
needed primarily to bring in enough fresh air for visitors’ health 
and comfort. these are typically museums with a highly-prized 
collection or historic house museums with a small air volume. due 
to financial reasons, often a maximum annual amount of visitors is 
desirable, so large HVaC-systems are installed to provide enough 
ventilation rather than limiting the amount of visitors.

Besides providing fresh air and thermal comfort for visitors and 
staff, these machines are intended to control environmental 

A critical look at the use of HVAC systems  
in the museum environment

Edgar Neuhaus
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influences for preventive conservation. Figure 1 shows a simplified 
representation of how a typical aHU in a museum works. the 
building management system (BMS), a computer-based control 
system, controls the mechanical components of the aHU and is 
connected to sensors in the exhibition space and sensors in the 
aHU. depending on the conditions of the outside air and return 
air and what the desired inlet condition is, the BMS decides 
whether the supply air should be cooled, heated, humidified or 
dehumidified. Additionally the air is filtered in the AHU. It has to 
be noted that more and finer filter packages lead to a substantially 
higher energy use because of a greater pressure loss which has to 
be compensated by the supply fan.

From the 1980s onwards confidence in mechanical system began 
to grow and the feeling prevailed that all climate risks could be 
excluded. Controlling the rH as tightly as possible was considered 
the best course. Guidelines with a strict allowable bandwidth 
for rH were based on the mechanical limitations of the HVaC 
system rather than on collection needs. these tight boundaries 
for temperature and rH often resulted in the assembly of vast and 
energy-guzzling equipment.

It is only relatively recently that scientific research has provided a 
basis for determining appropriate values for the museum climate, 
particularly the range in which temperature and rH can be safely 
allowed to vary [1, 2, 3]. this more object-oriented approach, based 
on chemical, physical and mechanical properties of materials, 
is now becoming more widely acknowledged and more rational 
environmental standards or guidelines are beginning to emerge. 
The decline of the financial climate, more scientific information 
becoming accessible and the reduction of reliance on fossil fuels 
(‘going green’), have certainly played a role in this transition.

However, countries in western europe still tend to focus on 
optimising the indoor climate primarily by active means, meaning 
mechanical systems are favoured over, for example, architectural 
features. Passive means to optimise the indoor climate, for 
example, building physical measures, can be considered as more 
durable and reliable but are often disregarded. there may be 
various reasons for this situation, for example, it may be illegal 
to change the aesthetics of the protected historical building, or 
because the proposed measures do not comply with the architect’s 
vision. Mechanical systems are then needed to compensate for the 
lack of proper sun shading or insulation, or to remove the great 

Figure 1. a 
simplified 

representation of 
how an air-handling 

unit in a museum 
works. the picture 

on the left shows 
a schematic 

view of the main 
components. the 

picture on the 
right shows a 

museum with an 
aHU and connected 

ducts. the aHU 
is controlled by 
the computer-
based building 

management 
system 
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heat load due to large glass facades in newly built architecturally-
sound museums.

in practice, installed HVaC systems often do not function 
properly, leading to unnecessarily high energy consumption and 
maintenance costs. in some museums the climate can even be 
more disrupted and unstable than without having a climate system, 
posing a threat to the conservation of artefacts on display and the 
historic building structure itself. 

Methods

in various museums equipped with an aHU and facing climatic 
problems, research is performed in order to optimise climate 
conditions for preventive conservation. this research typically 
consists of three steps. The first step is collecting climate data 
(temperature and rH) of indoor air, outdoor air and supply air for a 
minimum of a several weeks. the shortcomings of the equipment 
can often be made visible with this data by simply calculating and 
comparing the specific humidity of outdoor air, indoor air and 
supply air. 

the next step is to analyse the building and HVaC characteristics. 
during a global inspection, information is gained about, for 
example, the level of insulation, level of airtightness, orientation 
of the exhibition spaces, type of air distribution, type of cooling 
system and level of air recirculation. the collected climate data can 
be better interpreted with this additional information. in addition, 
the functioning and configuration of hardware and control systems 
are inspected, including important field sensors. The last step 
consists of analysing the collected data and trying to attribute the 
shortcomings detected to specific components of the system.

Common problems 

Based on experiences from dutch practice collected over the past 
five years, the three most common problems are described and 
analysed here.

Figure 2. these 
graphs show 

the effect of a 
malfunctioning 

humidifying system 
during the heating 
season: rH in the 

conditioned exhibition 
space drops about 30 

% within 24 hours. 
Note: if the HVaC’s 

temperature and rH 
set-point were to be 
seasonally adjusted, 

e.g. 22 °C/55 % rH 
during summer 

and 18 °C/45 % rH 
during winter, the 

drop would be about 
17 % 
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HVAC-system malfunctions, causing a large disruption in RH

if one of the components of a climate system malfunctions, 
temperature and rH control can easily be disrupted. For this 
observation we need to distinguish two types of malfunctions.

The first type can be described as an acute but usually short-term 
malfunction, for example, the malfunctioning of a steam humidifier 
in an aHU that conditions 100 % outside air. during periods of frost 
outside, air can contain very little moisture. RH fluctuations of 25 
% or more within a few hours can occur when outside air is only 
heated, filtered and then supplied to a room (Figure 2).

the malfunction shown in figure 2 was relatively quickly remedied. 
in this case the failure was instantly detected due to built-in 
alarm functions in the building management system and the 
adequate response of the people responsible. However, this 
situation could have had less climatic impact if two humidifiers 
had been installed which could be switched over automatically by 
the building management system for runtime balance and during 
failure mode. redundancy, the duplication of critical components 
for increased reliability, is therefore essential for HVaC-systems 
in museums with climate-sensitive collection. this concept also 
includes keeping spare parts of failure-prone components on site. 
examples of such components are fan belts and steam cylinders 
for humidifiers. Furthermore it should be noted that if the set-
point for temperature and rH had been seasonally adjusted, the 
difference between specific humidity of indoor air and outdoor air 
in this particular case would have been less, resulting in a smaller 
RH fluctuation in the event of a malfunction.

Large disruptions of the museum climate can also occur during 
maintenance. annual periodic maintenance should therefore 
preferably be scheduled during the intermediate seasons, in which 
the difference between the specific humidity of the inside and 
outside air is relatively small. During these seasons the specific 
humidity of the outside air in the Netherlands ranges between 5 to 
10 g/kg in general. 

Figure 3. an 
example of a long-
term rH drop due 
to malfunction of 
the humidification 
system which 
was not detected 
instantly, recorded 
in a dutch museum. 
rH in the gallery 
drops from 50 % 
down to values 
as low as 17 %. it 
took 39 days before 
the system was 
eventually fully 
operational and 
the room rH was 
restored
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the second type of malfunction can be described as a long-
term erroneous functioning of the system. this can mostly be 
attributed to ineffective monitoring of the functioning of the system 
or ineffective monitoring of the indoor climate conditions by 
incompetent staff or maintenance firms. Long-term malfunctioning 
is best illustrated by the unfortunate event that happened in the 
storage facility of the ancient art Museum in Brussels in 2009. 
During the winter season, the humidification system for the 
museum storage area malfunctioned, resulting in a rH drop which 
was only discovered after 55 days. By that time hundreds of the 842 
stored paintings were damaged, mostly suffering from problems 
with the paint layer, with estimated restoration costs of 1 million 
euros [4]. Figure 3 shows the indoor climate conditions in an 
exhibition space for a similar situation, recorded in 2009 in a dutch 
museum. apart from a relatively long period in which hygroscopic 
collections will desorb moisture, two critical RH fluctuations 
occur; once when the humidifier stops working and once when 
the humidifier is repaired. In this case it might be better to slowly 
rebuild the moisture level to the set rH, instead of 100 % capacity 
in a very short time. 

another issue that can lead to long-term incorrect functioning of 
an aHU is the result of defective room sensors or control sensors. 
these sensors usually do not automatically generate an alarm in 
case of breakdown or faulty behaviour, and in the best case are 
inspected and calibrated once a year. Figure 4 shows data sent to 
the BMS by a faulty control sensor, compared with data collected 
with a calibrated stand-alone sensor. the faulty data led directly 
to an incorrect functioning of the aHU. important system sensors 
therefore should be checked regularly. it is highly recommended 
that data are collected with an independent monitoring system 
where sensors are also placed near to the system’s control 
sensors.

Figure 5 shows a disrupted museum climate caused by errors in 
the BMS. in this particular case, erroneous and unstable control 
signals led to an incorrect functioning of aHU components and an 
unstable room temperature and rH. due to errors, the set-point 
of inlet temperature was locked and the control of the cooler was 
unstable. the situation was restored by replacing a defective circuit 
board in the BMS. these problems can often only be discovered 
and resolved by in-depth inspection of the system, analysing 
control systems and configuration of the BMS.

Figure 4. example 
of data that are 
registered by a 

faulty control 
sensor (red line) 

and sent to the 
BMS. data obtained 

with a calibrated 
stand-alone sensor, 

which was placed 
near the control 

sensor, are plotted 
in green
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Incorrect system selection or design

an incorrect system selection can be observed in various 
museums. Systems unsuitable for the museum environment can 
create stable climate conditions close to the room sensor, but with 
very unstable conditions in the vicinity of collection objects, or they 
can cause large hygrothermal stratification [5, 6, 7]. Examples of 
this are systems where supply air is not being fully mixed in the 
room or inlet grilles are inconveniently positioned. Figure 6 left
shows a thermal image of a gallery where the supply of conditioned 
air takes place at floor level, causing warming up and drying of 
paintings which are hung directly above the floor grilles. Figure 6 
right shows an exhibition space with a radiant floor heating system. 
During the heating season the floor temperature can be 5 °C 
warmer than the average room air temperature. this means that 
if the space is conditioned to e.g. 20 °C/50 % rH, objects placed on 
the floor will experience a RH of about 37 % or even lower near the 
contact area and could possibly suffer damage due to desiccation.

the position of the control sensors in the exhibition room is of 
great importance as this will determine the condition of the supply 
air. the best position of the control sensors is close to climate-
sensitive collection objects. it is regularly observed that control 
sensors are positioned in the return air duct, sometimes far away 
from the exhibition room and very near to the aHU. temperature 
and rH in a duct 20 or 30 metres away from the exhibition room, 
however, can differ from room conditions, thus a deviation is 
created, particularly in systems with a variable air-flow.

Unrealistic and unnecessarily strict demands

the third problem encountered with HVaC-systems in the museum 
environment is the result of an overly strict set bandwidth for 
temperature and rH. Historic buildings are often poorly insulated 

Figure 5. in this 
particular case 
erroneous control 
signals were sent to 
the aHU by the BMS 
due to a defective 
circuit board
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and quite leaky. When applying tight rH control in such buildings 
problems occur mostly during the winter. it can be commonly 
observed that there is heavy condensation on single glass panes, 
leading to leakage in the exhibition room, mould growth and rotting 
of wooden window frames. While spatial rH can be perfectly level 
at 50 %, rH near cold walls can be much higher. Figure 7 shows 
a thermal image of a painting against an uninsulated wall during 
winter. Whilst rH in the room is about 50 %, rH behind the painting 
is well over 75 %. in this case, the collection could be at risk due to 
possible long-term very high rH in winter [8]. during periods with 
very low external temperatures, in some cases condensed water 
can be observed running down the interior face of exterior walls 
from behind paintings. This problem can be significantly reduced 
or even avoided by just slightly lowering the set value for the room 
temperature and the set rH. Whereas a set point of 20 °C/50 % 
rH has a dew point of 9.3 °C, a set point of 18 °C/45 % rH has a 
dew point of 5.9 °C. therefore, in air-conditioned poorly-insulated 
buildings collection should not be placed against outside walls, or 
spacers should be used to keep an air space between walls and 
paintings.

How these problems occur and can be avoided

HVaC-systems in the museum environment are different from 
systems in office buildings. Here 24-hour operation is required 
and systems therefore need to be robust and reliable. Spare vital 
components, such as humidifiers, should be kept in reserve, 
so that in case of malfunctioning or maintenance disruption 
of climate conditions will be limited. air distribution should be 
well mixed, to avoid stratification and to promote homogeneous 
climate conditions. depending on possible sources of pollution 
in the building, as much air as possible should be recirculated 
and outside air should be the minimum amount required to 
provide fresh air for visitors. the american Society of Heating, 
refrigerating and air-Conditioning engineers (aSHrae) handbook 
[7] describes the various systems that are applicable for controlling 
temperature, rH and airborne pollutants in the museum 
environment in more detail.

Control of the system should be incorporated in a building 
management system which is, to some level, accessible by the 
user. data from (room) sensors and control signals to the systems 
components should be logged by the BMS. data that should be 
visible to the user at any time are: rH in the exhibition spaces and 
the temperature and specific humidity of outdoor air, supply air 

Figure 6. the left 
thermal image 

shows an exhibition 
space where 

conditioned air 
is being supplied 

through floor 
grilles which are 
located about 0.8 
metres under the 
paintings. Supply 

air is therefore 
not able to fully 

mix and paintings 
can be exposed to 
detrimentally high 

or low temperature 
and rH and 

large climatic 
fluctuations. The 

right thermal image 
shows a museum 

with a radiant floor 
heating system. 

Whilst rH near the 
control sensor can 

be 50 %, RH at floor 
level can be as low 

as 37 %
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and room air. registered temperature and rH should be coupled to 
an automated alarm function, so that in the case of specific values 
exceeding or undershooting a set bandwidth, an alarm, via email 
or text message, is generated to the museum’s facility manager or 
directly to the maintenance company.

as well as monitoring via the BMS, it is essential to monitor indoor 
climate conditions with a stand-alone wireless monitoring system 
that is also capable of generating alarms if conditions fall beyond 
the desired boundaries.

the problems as described above are often also caused by the 
fact that HVaC designers primarily focus on thermal comfort 
(temperature-control) and often have limited knowledge or 
experience with controlling rH. Collection managers, conservators 
and facility managers often lack a (basic) knowledge of building 
physics and HVaC systems and are therefore not always adequately 
able to adjust proposed HVaC plans. an interdisciplinary 
collaboration with the appropriate specialists from the early stages 
of a renovation project or the new build of a museum is essential.

Conclusion

this paper highlights common problems when using HVaC-
systems in the museum environment. the dutch experience 
indicates that expensive HVaC systems are no guarantee for 
having optimal climate conditions for preventive conservation. 
Malfunctioning equipment or faultily designed systems can cause 
heavily disrupted climate conditions near collections and can even 
decrease the lifetime for exposed or stored objects. 
Malfunctions can occur due to an erroneous control strategy 
or defects in hardware. in the museum environment critical 
HVaC-components should be kept in reserve, and the system 
should have a comprehensive self-check and alarm function for 
detecting malfunctioning components or sensors. indoor climate 
conditions should be monitored constantly, not only by the building 
management system but also by an independent monitoring 
system, which automatically generates alarms if conditions are 
out of range. Some types of HVaC-systems might successfully 
be applied in settings other than museums or storage facilities, 
but might not work when rH control and homogeneous indoor 
conditions have precedence over temperature control. 

A significant amount of attention should be given to optimising 
the physical structures before bringing in mechanical systems. 
Building physical measures to optimise the indoor climate can be 

Figure 7. example 
of a seventeenth-
century painting 
hung on an un-
insulated external 
wall in a museum 
that is conditioned 
to 20 °C and 50 % 
rH. the thermal 
image shown left, 
is taken during 
wintertime. Clearly 
visible is the cooler 
surface under the 
painting. the right 
image shows a 
hygrograph with the 
calculated surface 
rH of the same 
situation. it can 
be expected that 
the rH behind the 
painting is well over 
75 %
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considered as being more durable and reliable and preferable to 
mechanical systems. an example of this is effective sun shading 
or adequate thermal insulation. Mechanical systems should be 
regarded as a last resort. 

For new-build museums or storage facilities the design phase is 
critical to achieve an optimal indoor climate. an interdisciplinary 
design team consisting of an architect, engineers, conservators, 
collection managers and security staff should be carefully selected 
at the very start of the project so the right knowledge and expertise 
are brought together.

recent literature shows that the indoor climate in most museums 
is unnecessarily tightly controlled. When a museum or storage 
facility is newly built or being renovated the collection should 
be thoroughly assessed first. What climate boundaries and 
fluctuations are actually safe for this specific collection? For 
most objects RH fluctuations do not pose a large risk, as long as 
they are gradual, within certain boundaries, and at values where 
chemical and biological degradation are not imminent. Sensitive 
objects could possibly be placed in display cases in which the 
local environment can be more closely controlled, rather than 
conditioning the whole building’s air volume. 

Unfortunately, museums are still being built or renovated with a 
prescribed HVaC system designed to maintain rH in the exhibition 
space at 50 % plus or minus 1.5 % the whole year round, without 
taking account of the fact that standard measurement equipment 
has uncertainties greater than the specified range. HVAC systems 
can be designed on a smaller scale if temperature and rH are 
allowed to vary during the year, saving substantial costs in terms of 
equipment, energy, personnel and maintenance. 
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Abstract

This paper describes the rationale for the National Trust specification 
for environmental control and how conservation heating as a 
control strategy developed from an appreciation of historic heating 
methods. Current methods used by the National trust to assess 
environmental data from a large number of buildings are described, 
and an evaluation of damage functions as a new and improved 
approach to understanding environmental data is presented.

Introduction

in the early 1990s the National trust for england, Wales and 
Northern ireland developed conservation heating as its preferred 
climate control strategy for mixed collections on open display in 
historic interiors [1]. the aims of this strategy were to prevent 
high relative humidities (rH) that support biodeterioration and, 
conversely, to avoid low rH that causes desiccation, shrinkage and 
cracking of organic materials, as well as to reduce fluctuations to 
acceptable levels. 

this paper describes the National trust environmental control 
standard, its rationale and how we are using the latest research 
and data analysis tools to better understand the impact of the 
environment on collections. 

National Trust environmental control specification

the National trust standard for environmental control [2] is for rH 
to be maintained between 40 and 65 % for 90 % of the time over 
a calendar year. temperature is considered to be of secondary 
importance and is modified by conservation heating to control RH 
by the psychrometric relation of temperature and rH, resulting in a 
wide range of room temperatures, typically 5 to 25 °C.

the upper rH limit of 65 % was adopted primarily as a threshold 
for mould growth. Much of the scientific literature suggests that 
the threshold for most moulds is about 70 to 80 % rH [3], but 
the limit of 65 % was found to work well in historic houses as it 
allows for the difference between measurement of the bulk room 
environment and cooler microclimates close to external walls 
in showrooms, as well as providing for sensor inaccuracies. By 
maintaining room rH below 65 %, we aspire to keep the coolest 
parts of a room below the more widely recognised 70 to 80 % rH 
mould threshold.

the lower rH limit of 40 % recognises current thinking that the 
majority of collections can tolerate rH anywhere in the range of 
40 to 60 % [4]. the National trust standard does not specify the 
rate of change within the 40 to 65 % rH band; it is assumed that 
for most materials, fluctuations within this band will be tolerable. 

The role of historic house heating systems in  
collections climate control at the National Trust

Nigel Blades, Hazel Jessep and Katy Lithgow
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Moreover, National trust historic houses tend to be thermally 
massive structures that experience slow changes in environmental 
conditions. 

the 40 to 65 % control band is not expressed as an absolute, 
but rather statistically, with the aspiration that it should be met 
for 90 % of the time in a calendar year. random excursions are 
not considered dangerous, but any concerted periods of low 
or high rH could be damaging and are investigated. the 90 % 
performance target takes into account climatic limitations on 
conservation heating. in humid summer weather in the UK, it 
is difficult to reduce RH below 65 % with heating, because the 
temperatures required can be greater than 25 °C, which make 
showrooms uncomfortably hot for visitors. to avoid overheating, 
and to conserve energy, conservation heating is operated with a 
22 °C upper temperature limit in the summer and an 18 °C limit 
in the winter. this means conservation control can be lost for 
approximately three to six days a year in the warmest south-east 
corner of the UK, with other parts of the UK being less affected.

excursions below 40 % rH can occur naturally, for example, in 
warm dry spring weather, which can cause low rH (30 to 40 %) 
inside historic houses, even with the heating turned off.

the trust’s policy in re-servicing heating systems in properties 
with collections or significant historic interiors is to add 
conservation control to maintain conditions between 40 to 65 % rH. 

Role of heating systems in determining environmental conditions 
in National Trust houses

Understanding historic heating and its development and use 
informs our understanding of the historic environment of 
collections and interiors. the National trust has been studying 
historic heating installations as part of its Country House 
technology project [5]. the main theme of this research to date 
has been the study of technology through surviving installations in 
trust houses. in the present paper we combine this research with 
data from early heating manuals and textbooks [6] to establish 
the likely heat outputs from nineteenth-century systems; we also 
apply computer building simulation to estimate temperatures and 
relative humidities that might have pertained in a mansion house in 
the late nineteenth and early twentieth centuries.

Before the nineteenth century, rooms would have been unheated 
or heated only by open fires. Stoves were used relatively rarely 
in english houses, compared with elsewhere in europe. the 
nineteenth century saw the beginnings of central heating, first by 
ducted warm air and occasionally by high-pressure steam. Later 
in the nineteenth century these systems were superseded by piped 
hot water systems and, from the 1870s onwards, radiators [6]. 
Whilst the latest technologies and hot water heating systems were 
often embraced by householders and installed widely through the 
late nineteenth/ early twentieth centuries, a number of properties 
came to the Trust with heating by open fireplaces alone, or with no 
heating at all in some rooms.

thus, collections in a typical National trust house might have 
experienced a progression of heating regimes, from no heating 
in many rooms and open fires in occupied spaces, to increasingly 
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powerful central heating systems, initially with coal-fired boiler 
and gravity (thermosyphon) hot water circulation, and then, from 
the 1920s onwards, oil-fired boilers and pumped circulation.

It is difficult to generalise about the impact of radiant heat from an 
open fire on room RH. Our properties show that whilst a cooking 
range in a small kitchen can provide sufficient heat to significantly 
lower room RH, a fire in a great hall fireplace has little measurable 
effect on rH. Previous research using building simulation [7] has 
suggested that open fires have a much smaller effect on room RH 
than central heating.

in order to understand the impact of early central heating on room 
environments we have undertaken a building simulation exercise, 
based on dyrham Park House (Figure 1). Consulting engineers 
Buro Happold Ltd were commissioned to model the effect of the 
existing installed radiators working with a coal-fired boiler and 
gravity circulation (thermosyphon) system. an intensive heating 
schedule was modelled with the boiler running continuously 
from October to april, as would have been necessary to maintain 
thermosyphonic water flow. It was assumed that the boiler fire 
would be banked overnight, reducing output to 25 % and that 
during the daytime a flow temperature of 165 °F (74 °C) could be 
maintained (as specified by Victorian heating engineers [6,8]). Since 
the building fabric of dyrham has remained largely unchanged 
from the nineteenth century it is reasonable to assume that the 
thermal performance of the building captured in the simulation is 
a fair representation of its performance in Victorian times. Open 
chimneys were included in the model but fires were not simulated. 
Two ground floor rooms, the Great Hall (10.7 kW installed radiator 
power), Drawing Room (2.2 kW) and one first floor bedroom (1.1 
kW) were modelled in detail using the integrated environmental 

Figure 1. dyrham 
Park (large) and 
the ieS Building 

Simulation Model 
(small) constructed 

of the mansion 
property by Buro 

Happold.  Only the 
main mansion, 

shown in yellow, was 
simulated with the 

Victorian heating 
regime. the rooms 

simulated were 
the drawing room, 
located behind the 
three ground floor 

windows at far left; 
the Great Hall, set 
back in the middle 

of the building 
with south-facing 

window; and the 
Bedroom, behind the 
three windows at far 
right on the top floor. 
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Solutions (ieS) building simulation package. the remainder of 
the mansion was set to a background temperature of 16 °C. test 
reference year climate data for the nearby town of Swindon were 
used as the weather input. 

Historic heating systems and relative humidity

the results of the building simulation suggest that on all but the 
coldest days, the heating would be able to a maintain 18 °C in the 
Great Hall and drawing room and 13 °C in the Bedroom. this is 
in agreement with Victorian design criteria, which recommended 
design temperatures of 60 to 65 °F (16 to 18 °C) in living rooms 
when outside conditions were 30 °F (-1 °C) [8]. 

Figure 2 shows the rHs resulting from the modelled late 
nineteenth/ early twentieth century central heating on living room 
(4) and bedroom (5) environments, compared with unheated rooms 
(1 to 3). The heating effect is beneficial, with RH mostly in the 40 to 
65 % range. However, in (4) the heating is sufficiently powerful to 
give significant episodes of low RH (less than 40 %) in the winter 
months that could cause desiccation and cracking of hygroscopic 
materials such as furniture and panels. in (5) where the installed 
heating power is less, this effect is almost eliminated. Naturally 
occurring high summer rH is observed in both (4) and (5), when 
the heating is switched off. data from a conservation-heated room 
(6), the Long Gallery at Ham House illustrate the humidistatic 
control achieved by a system operating continuously through the 
year so that periods of high summer rH can be mitigated.

to summarise, high rH conditions would have been prevalent 
in the early history of houses, leading to biodeterioration but 
probably avoiding the mechanical damage associated with low 
rH. the introduction of central heating systems in the late 
nineteenth and early twentieth centuries would have significantly 

Figure 2. rHs 
likely to have been 

experienced by 
historic house 

collections under 
different heating 

regimes: (1) 
Knole, Brown 

Gallery, unheated, 
measured data 

2008; (2) dyrham 
Park drawing room 

and (3) dyrham 
Park Bedroom 

simulated without 
heating, and with 
heating in (4) and 

(5).  a conservation-
heated room, the 

Long Gallery at 
Ham, is included 

for comparison (6).  
data are shown 

in relation to the 
National trust 
environmental 

control standard: 
blue for values 

greater than 65 % 
rH, green for values 
between 40 to 65 % 

and red for values 
less than 40 %. 
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reduced room rH and may have caused desiccation and damage 
where heating was sufficiently powerful. If installed heating 
power was relatively small, or heating was turned off to save 
money, the effect was likely to be mainly beneficial in reducing 
biodeterioration. 

Over their lifetime, National trust collections might therefore have 
experienced relative humidities in the range 30 to 80 %. thus our 
current desired band of 40 to 65 % RH reflects average conditions 
that might have been experienced historically, whilst avoiding 
detrimental extremes.

Methods of assessing environmental performance in National 
Trust properties

the previous sections described the basis of the National trust’s 
environmental control standard. Currently, performance against 
this standard is measured through annual reporting of control 
statistics for each property. an annual environmental control 
performance indicator (Pi) score is established for each room with 
collections (calculated by the percentage of time that rH falls 
within 40 to 65 %), and an overall property Pi score is calculated 
as the 25th percentile of all room performances. For instance, if 
the property Pi score is 60, this would mean that three quarters of 
its rooms maintained rH 40 to 65 % for 60 % of the year or better, 
whilst one quarter of the rooms had rH 40 to 65 % less than 60 %
of the year. thus, the Pi score gives a measure of the quality of 
control achieved in the majority of rooms. 

the aim of this assessment is to highlight, in conjunction with 
collections condition monitoring, where resources for preventive 
conservation should be targeted. While giving a broad overview 
of conditions at each property, this method does not differentiate 
between potential risks to organic collections from different 
causes, nor does it take into account the magnitude or duration of 
excursions outside the 40 to 65 % rH band.

New tools for evaluating RH risk

New climate risk assessment tools are under development, 
utilising the latest research on damage functions for organic 
materials. these offer the possibility of more accurate analysis of 
climate risks to collections. the next part of our paper investigates 
the application of this approach to National trust collections. the 
climate risk assessment tools tested were developed by Marco 
Martens and a team at the University of technology eindhoven  
[9, 10].

Case study selection and data gathering

to assess the effectiveness of these tools in predicting risks within 
historic houses, we selected case study properties representative 
of both the environmental conditions and types of interior and 
collection found in the trust’s historic houses. recent data 
illustrative of the long-term environmental conditions within 
the rooms of each property were analysed. the risks predicted 
from the damage functions were then compared with existing 
National trust control metrics, as described above, and condition 
assessments from a random sample of organic objects from each 
room, to establish any correlation between the environmental 
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Figure 3. Knole House, environmental data for the Brown Gallery, January 
– december 2008. temperature is shown in red and rH in blue.  Over 
this 12-month period the rH was within the National trust 40 to 65 % rH 
control band for 33 % of the time.  the overall rH control performance 
indicator score (defined as the 25th percentile of all collections rooms 
annual time within 40 to 65% rH band) for Knole in 2008 was 30.

Figure 4. Ham House, environmental data for the Long Gallery (north), 
March 2010 – March 2011. temperature is shown in red and rH in blue.  
Over this 12-month period the rH was within the National trust 40 to 65 % 
rH control band for 97 % of the time.  the overall rH control performance 
indicator score (defined as the 25th percentile of all collections rooms 
annual time within 40 to 65 % rH band) for Ham in 2010-11 was 90.

Figure 5. ightham Mote, environmental data for the Old Chapel, January 
– december 2010. temperature is shown in red and rH in blue.  Over 
this 12-month period the rH was within the National trust 40 to 65 % rH 
control band for 72 % of the time.  the overall rH control performance 
indicator score (defined as the 25th percentile of all collections rooms 
annual time within 40 to 65 % rH band) for ightham Mote in 2010 was 60.
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conditions experienced and patterns of observed deterioration. 
three properties were selected to test the analytical tools, with 
similar mixed collections but different levels of environmental 
control.

Knole House, Kent is built around seven courtyards in Kentish 
ragstone, with timber-framed upper storeys, where most of the 
showrooms are located. environmental control is not installed 
apart from in the Great Hall, where the wet system radiators are 
humidistatically controlled to 58 to 60 % rH; the King’s room 
which has an electric radiator operated from a humidistat; and the 
Museum Room, which is dehumidified. Environmental conditions 
are generally considered to be unsatisfactory in most of the 
showrooms (Figure 3).

Ham House, Surrey was built of brick in 1610, on a Jacobean H-plan 
with two projecting wings to north and south. Later alterations 
added rooms to the centre section. an extensive conservation 
heating system with electric water-filled radiators is installed in 
most showrooms, controlled by a trend Building Management 
system (BMS) with wall-mounted sensors. Showrooms are 
controlled to 58% rH according to the standard National trust 
specification [2]. The system was installed in the early 1990s and 
continues to deliver good environmental control (Figure 4).

ightham Mote, Kent is a moated manor house built around 
a single courtyard in Kentish ragstone, with timber-framed 
upper storeys to the north, south and east ranges. Conservation 
heating is controlled by a trend BMS, operating zone valves for 
a wet heating system powered by an electric storage boiler and 
Hanwell humidistats operating on water-filled electric radiators. 
environmental control is considered moderately satisfactory, but 
not ideal, given the generally small installed heating power and the 
rapid heat loss characteristics of the building (Figure 5).

all three properties have collections and decorated wall and 
ceiling surfaces demonstrating a range of materials, from the 
organic (paintings, furniture, textiles and paper) to inorganic 
(stone and plaster). Knole has an important collection of Jacobean 
upholstered furniture, whilst the furniture at Ham House is 
decorated with lacquer and marquetry (Figure 6). Both collections 

Figure 6. Left: the 
Spangled Bedroom 

at Knole; right: 
Long Gallery 

at Ham House, 
showing the range 

of mixed organic 
collections at the 

two properties.
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are considered fragile. the furniture collection at ightham Mote 
is mainly carved, solid wood and more robust, but, like Knole, has 
fragile painted schemes on walls and ceilings. 

Object condition assessments 

in reviewing conservators’ condition assessments it was important 
to differentiate between historic and recent occurrences of 
environmental damage on the sample objects, and to minimise 
the impact of different data recording practices: the condition 
recording varied both over time and between properties, with each 
object being assessed within the context of its collection. the detail 
recorded was greatest where objects were considered to be more 
fragile or important.

Analysis of the survey results 
Biological deterioration 

table 1 presents the results from Knole and ightham Mote, which 
have rHs frequently above 65 %, placing them at high risk of mould 
growth from the current National trust metric. the isopleths tool 
developed by Sedlbauer considers the temperature, rH and time 
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Lady Betty‘s  
Bedroom

14 56 Germination? 2 of 3 Oriel room 15 25 safe 1 of 5

Spangled  
dressing room

12 77 23mm growth 4 of 7 drawing room 15 43 safe 0 of 10

reynolds room 14 48 Germination? 2 of 6 Great Hall 13 50 safe 0 of 6

King's Bedroom 15 32 Germination? 1 of 4 Sir James Bedroom 14 38 safe 0 of 6

Spangled  
Bedroom

12 72 14mm growth 1 of 6 Library 16 3 safe 0 of 6

Cartoon Gallery 13 55 Germination? 1 of 6 Old Chapel 15 28 safe 0 of 5

Great Hall 15 12 safe 1 of 6 Outer Hall 14 20 safe 0 of 5

Brown Gallery 13 67 10mm growth 1 of 7 Billiards room 15 9 safe 0 of 5

Ballroom 13 51 Germination? 0 of 7 South Corridor 16 6 safe 0 of 5

Great Stairs 13 63 16mm growth 0 of 5 Jacobean Staircase 15 23 safe 0 of 4

King's Closet 14 58 safe 0 of 4

table 1. environmental conditions at Knole and ightham Mote, mould damage function predictions and comparison with 
observed mould growth. the damage function gives three possible results; safe, germination and a growth length, based on 
analysis of the environmental data. Condition records viewed for ightham Mote date back to 2002/3, following the completion of 
major building conservation works, while the records viewed for Knole dated back to the late 1970s, however multiple instances 
of mould on objects have been recorded, including in the last decade. a single count of mould is recorded even if the object has 
been affected more than once within the period of time reviewed. Ham House has not been included on the table as the rH 
levels remain below 65 % and all rooms were predicted to be safe. Only two instances of mould were recorded across all rooms 
and these appear to be linked to water ingress or specific microclimates, similar to singular instances at Ightham Mote.
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required for germination and then growth of mycelium on organic 
materials or accumulated particles on the surface that act as 
nutrition for fungi [3]. 

The isopleths results confirm a high risk of both mould 
germination and growth at Knole, while at ightham Mote it 
suggested there is no risk of mould germination. these results 
correlated well with object condition surveys, with instances of 
mould growth in most rooms at Knole and the highest number 
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King's  
Bedroom

67 safe 4 of 4 Long Gallery 
North

97 safe 4 of 4 drawing room 58 safe 1 of 7

Spangled  
Bedroom

27 damage 
possible

3 of 3 Long Gallery 
South

96 safe as 
above

Library 97 safe 0 of 3

Cartoon  
Gallery

45 safe 2 of 2 duke's  
dressing room

96 safe 4 of 4 Oriel room 75 safe 0 of 3

Spangled 
dressing room

23 damage 
possible

2 of 2 duchess's  
bedchamber

87 safe 3 of 3 Sir James 
bedroom

62 safe 0 of 2

Brown  
Gallery

33 damage 
possible

1 of 1 Library Closet 80 safe 3 of 3 Outer Hall 79 safe 0 of 1

Ballroom 49 safe 3 of 4 North drawing 
room

98 safe 3 of 3 Jacobean 
Staircase

77 safe 0 of 1

King's Closet 42 safe 1 of 2 Withdrawing 
room

91 safe 3 of 3 Old Chapel 72 safe Na

reynolds  
room

52 safe 1 of 2 Library 95 safe 1 of 1 South  
Corridor

92 safe Na

Great Stairs 36 damage 
possible

Na Queen's  
Bedroom

95 safe 1 of 1 Great Hall 51 safe Na

Lady Betty's 
Bedroom

44 safe Na Great Hall 94 safe 1 of 1 Billiards room 60 safe Na

Great Hall 88 safe Na Great Stairs 95 safe Na

table 2.  environmental conditions at Ham, Knole and ightham Mote, mechanical damage function predictions and 
comparison with observed damage on decorated furniture. the damage function gives only three possible results; 
‘safe’, ‘damage possible’ and ‘damage likely’ based on analysis of the environmental data. the sample size includes 
only objects within similar characteristics to the object from which the damage function was developed, not the total 
number of objects surveyed within the room. Na means no objects with similar characteristics were found in that room 
for comparison. the recording of deterioration on objects was found to differ across the case studies in terms of level and 
type of detail included.  in most instances records comprised of qualitative descriptions and accompanying sketches or 
images, limited quantitative information about the deterioration is recorded.  
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of affected objects in the room seen as at greatest risk (Figure 
7). at ightham Mote there was also good correlation, with only 
a single instance of mould growth across all the rooms (which 
was within an item of furniture, indicating the existence of a 
microclimate. Ham House (not shown in table 1) was predicted to 
be safe from mould growth, which correlated with observation. 
Overall, the more sophisticated damage function assessment 
proved to be more accurate as a mould predictor than simply 
considering for what percentage of time the rH exceeded 65 %. 
the use of measured bulk room conditions, either to calculate 
the damage function, or time above 65 % rH has the limitation 
that it cannot account for room or surface airflow or the existence 
of microclimates within a room. So, whilst full correlation was 

Figure 8. three examples of the furniture mechanical damage charts produced by the University of technology eindhoven/
Martens analysis tool (http://www.monumenten.bwk.tue.nl/) for cases study rooms at Knole and Ham, with the 
corresponding predictions and percentage of sample objects with signs of damage, and National trust rH control metric 
shown below each chart. the prediction of possible damage appears to be due to the singular excursion, from the safe 
‘zone’. Whilst the fluctuations experienced in the Long Gallery at Ham House are less than those in the King’s Bedroom at 
Knole both are considered to be safe.

 Spangled  Dressing 
room

Reynolds Room King’s Closet

Prediction of mould growth: 23mm growth Germination? Safe

% of objects with mould growth: 57 % 33 % 0 %

Time > 65 % RH 77 % 48 % 58 %

Figure 7. Mould growth isopleth charts generated by the University of technology eindhoven/Martens analysis tool (http://
www.monumenten.bwk.tue.nl/) for the cases study rooms at Knole, with the corresponding mould predictions, percentage 
of affected sample objects and National trust rH metric, show below each chart. the mould predictions are given as ‘safe’.

 Spangled  Bedroom, 
Knole

King’s Bedroom, Knole Long Gallery, north, 
Ham House

Prediction of mechanical  
damage:

Possible damage Safe Safe

% of decorative furniture with 
mechanical damage:

100 % 100 % 100 %

% time rH 40-65 % 27 % 67 % 97 %

http://www.monumenten.bwk.tue.nl
http://www.monumenten.bwk.tue.nl
http://www.monumenten.bwk.tue.nl
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not observed in all instances, the predicted risks were broadly 
accurate. it is also worth noting that where the damage function 
predicted a high risk of germination there was also a higher 
prevalence of damage caused by woodboring insects. 

Mechanical deterioration 

table 2 presents the predicted risk of mechanical deterioration to 
decorative furniture, compared with the National trust rH metric 
and the analysis tool mechanical damage function (Figure 8). this 
is based on research by Bratasz et al. [10] on the environmental 
response of a Japanese lacquered box from 1640. the case study 
property condition surveys included similar multi-layered objects 
with lacquer, gilt and marquetry, whose dimensional responses 
to RH fluctuation are expected to be different from their base 
timber material, leading to stresses in the objects and potential 
mechanical damage. the Ham and Knole collections are seen 
as very fragile and include many such vulnerable objects. the 
correlations between damage function, National trust rH metric 
and observed damage were less clear than for mould growth. 
For instance, at Knole, eight of the showrooms had significant 
mechanical damage to objects. Whilst all of these rooms were 
unsatisfactory in terms of meeting the 40 to 65 % RH specification, 
five of the eight rooms were assessed ‘safe’ using the decorative 
furniture damage function, the other three being assessed 
‘damage possible’. at Ham the two data measures largely agreed, 
with nine of the 11 rooms meeting the 40 to 65 % rH control 
specification for 90 % of the time or better, the other two rooms 
scored in the 80s. the damage function gave all rooms as ‘safe’. 
However, the condition assessments recorded mechanical 
damage on objects in all rooms at Ham. at ightham Mote, of the 
six rooms with vulnerable furniture, only one met the 40 to 65 % 
specification for 90 % of the time, but all rooms were judged ‘safe’ 
by the damage function, which accords well with the observation of 
mechanical damage, found on only one object of 17 surveyed.

there may be a number of reasons for these discrepancies, 
such as the different approaches to condition assessment 
discussed above, and the great fragility of the Knole and Ham 
collections, making them vulnerable to degradation even in good 
environments. another factor, particularly for Knole, could be loss 
of animal glue adhesive strength at rH above 75 % [11], which 
is not considered in the damage function. Nor do any of the data 
assessment methods take into account long-term acclimatisation 
of objects to specific environments. 

Chemical deterioration

the damage function used in the analysis tool for chemical 
deterioration is the lifetime multiplier [12]. as chemical 
deterioration is rarely considered in National trust conditions 
surveys, it was not possible to obtain any evidence of this type of 
deterioration from the sample of objects reviewed. However, it is 
interesting to compare the lifetime multipliers from the properties 
to see how deterioration might be predicted to progress over time. 
a median has been taken of average annual lifetime multipliers 
for paper across the rooms in each property for comparison with 
the baseline lifetime expectancy score of 1 (museum environment 
averages of 50 % rH and 20 °C). the median in Ham House was 
1.41, Knole, 1.42 and ightham Mote, 1.29. this suggests that 
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conditions in National trust houses even where the rH is less 
than ideal, are better than expected in terms of rate of chemical 
deterioration. this is due to winter closing of properties resulting 
in low average annual temperatures. this damage function will 
be useful in comparing rates of chemical deterioration before and 
after making alterations to the environment of an object to ensure 
there are no unexpected consequences from moving an object or 
changing the heating regime, for instance.

Conclusions

the historical building simulation has shown the range of rH 
conditions that might have been experienced by collections in a 
historic house in england. Until the late nineteenth century, the 
characteristic conditions in unheated or lightly heated buildings 
would have been rather high rH, as is still apparent at Knole. 
in the late nineteenth century and early twentieth century, the 
introduction of central heating systems to buildings with high 
heat loss probably caused a modest reduction in room rH, which 
would have been largely beneficial. However, if heating systems 
were operated at maximum output, rooms with sufficient heating 
surface installed could experience low winter rH, leading to 
damage to vulnerable materials such as decorated furniture, 
panelling and paintings. as the twentieth century progressed, 
heating systems became more powerful and the potential for 
damage from low rH increased [13].

the climate risk assessment tools developed for mould growth 
prediction demonstrated good correlation between prediction 
and observation for the limited data set investigated. the tool 
was better than the current National trust rH metric because it 
combines the pattern of rH and temperature over time rather than 
simply calculating how often rH exceeds desired thresholds. three 
of the main factors required for mould growth (rH, t and time) are 
considered rather than rH alone. 

the lack of correlation between the observed mechanical damage 
and prediction requires further investigation, particularly of 
the response of complex objects. as condition reporting has 
evolved over the past 50 years, a form of condition assessment 
more specifically designed to reveal correlations between object 
response and environment is needed, as well as a larger dataset. 
Further development of the damage function may be helpful 
to account for the innate fragility of objects according to their 
methods and materials of construction, the impact of the historic 
environment and effects of high rH on adhesives. 

Nonetheless, both mould and mechanical damage functions 
demonstrated the collections at ightham Mote were at a lesser risk 
than at Knole, a finding that correlates well with condition surveys. 
the current National trust metric might lead someone unfamiliar 
with the properties to see ightham Mote as having almost as poor 
an environment as Knole.

the National trust has generally considered its collections to 
be at greater risk from biological and mechanical deterioration 
than chemical deterioration, which is borne out by our chemical 
deterioration rates being lower than in an ‘ideal’ museum due to 
low average temperatures, also beneficial for saving energy (and 
money). 
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in the near future we hope to continue our investigations into 
the application of climate risk analysis to build confidence in 
assessments and to trial their application more widely with 
National trust conservators and property staff. Work is also 
ongoing to investigate the energy consumption of conservation 
heating systems and ways to increase efficiency whilst still 
maintaining good conditions for collections. Climate risk analysis 
has the potential to support this work through the prediction of 
‘safe’ and ‘unsafe’ climate regimes.
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Abstract

We describe a museum storage building which controls its climate 
by solar heating. the temperature is moderated by heat storage in 
the ground below the floor while a highly insulated superstructure 
and good airtightness shield against variation in weather. the 
relative humidity is kept moderate by solar heating of the attic 
space through a roof window. the heat is slowly released through 
the ceiling to the storage space below. this will give a temperature 
which cycles annually between 10 °C and 25 °C. Fine humidity 
control can be achieved by use of moisture reactive wall surfaces, 
such as clay in the form of unfired brick.

Introduction

Museums are emerging from a long period when climate control 
by the best available technology was accepted as the only ethical 
way to run a museum. rising fuel prices and predictions of dire 
consequences from carbon dioxide emission from fossil fuel 
burning have forced a reappraisal of this comfortable model 
of the ideal museum. energy saving is most easily achieved in 
museum stores and archives. this has led to the building of low-
energy stores with surprisingly gentle climatic variation achieved 
by simple means. Stores without active temperature control 
have been built with mechanical dehumidification as the only 
active climate control device. We explore here the merits and 
disadvantages of a museum storage building which controls its 
climate by solar heating, without any active intervention at all – a 
store that requires no electricity and no sensors for its climate 
control.

The operating principle of the passive store

1.  the temperature cycle through the year is moderated by massive 
buffering by the floor, which is laid on the ground without 
insulation. This means that the floor area must be large and 
the store must be single-storey, though perforated mezzanine 
platforms are permissible.

2.  The influence of day-to-day weather is minimised by an airtight, 
well-insulated building envelope above ground. this may be 
lightweight, since thermal inertia is provided by the ground and 
to some extent by the collection objects.

3.  the relative humidity (rH) is buffered by extensive use of 
moisture-reactive wall surfaces, for example, unfired brick used 
as a veneer or as a wall construction material.

4.  the tendency towards high relative humidity is compensated 
by solar heating of the attic space, with slow release of heat 
through a massive ceiling. Solar heating is greatest during 
the summer, so both humidity and temperature buffering are 
essential to avoid a damaging high summer temperature.

A museum storage facility controlled by solar energy

Morten Ryhl-Svendsen, Lars Aasbjerg Jensen,  
Poul Klenz Larsen, Benny Bøhm and Tim Padfield
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The low-energy storage building

Some of these characteristics are already present in museum 
stores; some have been explored in small experimental 
constructions and some are only computer-generated predictions. 
in this article we base our argument on an existing storage 
building in ribe in south west denmark (Figure 1), extending its 
measured performance by computer simulation to move a step 
further towards low-energy, fully passive climate control.

Temperature control

in denmark a well-insulated but lightweight single storey building 
with an un-insulated, typically concrete, floor laid directly on the 
ground will provide an annual temperature cycle between about 
7 °C and 15 °C, averaging 12 °C (Figure 2). the building envelope 
shields against the rapid changes in weather, while the ground 
below the floor acts as a heat store, which allows the indoor air 
temperature to follow the annual temperature cycle outdoors with 
reduced amplitude.

Humidity control by mechanical dehumidification

the relatively low temperature indoors in summer will result in 
an excessively high RH, so mechanical dehumidification is used in 
the ribe building. due to a very low air exchange rate (less than 
1.0 per day), which minimises the infiltration of excess moisture, a 
stable rH at 50 % can be maintained throughout the year for about 
2 kWh per cubic metre of storage space. this is the measured 
energy consumption of the Ribe store [1,2]. A benefit of the low 
air exchange rate is that the infiltration of pollutants is very slow. 
However, internally-generated pollutants may then accumulate but 
can be removed by recirculating air through a sorbent filter, or by 
passive sorption on a reactive wall material [2 to 5].

Up to three-quarters of the energy consumed is used by 
the dehumidification process and the rest is used by the air 
recirculation fans. in the 6500 m3 storage building in ribe, a 2 
kW absorption dehumidifier runs almost constantly from July to 
September. However, during the winter it is inactive for weeks at a 
time. the building is currently connected to the energy grid, but it 

Figure 1. the 
storage building 

for the Museums 
of south west 

denmark, in ribe. 
architect: Bo 

Christensen apS, 
engineers: Birch 

and Krogboe a/S. 
Opened in 2005
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is tempting to imagine a set-up in which the building can be energy 
independent and operate totally off-grid.

Energy from solar panels

At present, mains electricity is used for dehumidification. The 
consumption is mainly during the summer, so solar energy is an 
obvious source. Figure 3 shows the energy used for air conditioning 
in the ribe building, based on measurements from 2009 to 2010.

The figure also shows a prediction of the energy which would be 
provided by a solar panel of 12 % conversion efficiency covering 
5 % of the roof area (60 m2) and tilted to the south. Such an 
arrangement would on average provide the right amount of energy. 
However, there will be times when the panels produce more 
energy than needed (spring-summer), and other times where the 
production is too small to cover the fan energy, though it is always 
sufficient to drive the dehumidifier.

a backup connection to the main energy grid may still be 
advantageous, so electricity shortage or surplus can be traded in 
and out of the building. recirculation for pollutant control can be 
intermittent, increasing when the sun shines.

Dehumidification compared with conservation heating

Dehumidification without moving parts is difficult but would provide 
a superior environment because the summer temperature is kept 
low, with consequent slowing of deterioration reactions. typically 
the rate of deterioration will be about halved in a cool storage 
building as compared to an exhibition gallery heated for people’s 
comfort. However, while this is a relevant issue particularly for 
modern collections, other collections of more robust objects will 
tolerate a higher storage temperature, even for long-term storage.
if one aims at a totally passive solution, without moving parts 

Figure 2. Cross section showing temperature buffering by the ground 
beneath a large building, 24 metres wide and very long. the store has well 
insulated roof and walls but the concrete floor is un-insulated. On the left is 
the danish winter situation with an inside temperature of 7 °C in February. 
to the right is the summer situation with 15 °C indoors in august. the 
ground acts as a heat source in winter and as a heat absorber in summer. as 
years go by, the ground under the building approaches the annual average 
temperature within the building, regardless of the natural climate outside. 
technical details of the computer simulation are given in the appendix
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and control electronics, an alternative is to heat the building to 
achieve a moderate rH. this process of controlling heating to 
maintain a constant rH rather than a constant temperature is 
called conservation heating. One way to achieve this is by direct 
solar heating, most conveniently provided by heating an attic above 
the storage room through a window in the roof. Heat then diffuses 
down into the storage room through a concrete ceiling.

the construction is sketched in figure 4. the thermal mass of the 
ceiling will minimise the daily temperature variations, while the 
thermal mass of the floor will reduce the annual variation. This, in 
combination with a low air exchange rate and humidity buffering 
(discussed below), will give an annual cycle of room climate with 
a moderate rH but with a higher summer temperature than in a 
dehumidified and unheated building.

Dehumidification by solar heating

to our knowledge, no museum store exists today with humidity 
control by solar heating. However, by computer simulation we 
demonstrate how a building similar to that in ribe could be 
designed to maintain an annual rH variation held within the band 
40 % to 60 % by heat gain through a roof window. the annual 
temperature profile is then predicted to cycle between 10 °C and 25 
°C. a south facing window covering 7 % of the roof area (80 m2) will 
achieve that (Figure 5).

Relative humidity buffering as a supplement to conservation 
heating

the relatively high temperature required to keep the rH down 
in summer accelerates degradation reactions. the temperature 
excess over ambient in summer can be minimised by relying 
on rH buffering to tide the store over the summer temperature 
theoretically required to keep the rH moderate. the store will be 
out of equilibrium with the water content of the outside air but 
will be buffered by the unfired clay wall cladding. In winter, the 
humidity buffering operates to increase the low rH which would 
theoretically result from the floor heating.

Figure 3. the 
monthly energy 
used for air 
conditioning in ribe 
(measured in 2009 
to 2010), compared 
with the predicted 
energy provided 
by a solar panel 
(12 % efficiency) 
covering 5 % of 
the roof area and 
facing south. Light 
blue: dehumidifier 
(measured). 
dark blue: fan 
(measured). 
red: Solar panel 
(measured)
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evidence for the effectiveness of humidity buffering in museum 
stores has been presented in several publications [3, 6 to 8]. 
Padfield and Jensen [9] have quantified the buffer performance 
of various materials and have proposed a method for predicting 
the buffer performance of buildings. their analytical method has 
been applied to an experimental buffered room, without stored 
materials, to demonstrate the effectiveness of buffering even in 
stores without moisture-reactive artifacts.

the room has concrete walls, gypsum plastered and painted. it has 
two outer walls with a west-facing window. the volume is 26 m3

and the surface area of wall is 56 m2. Only 7.5 m2 of an internal 
corner of this wall is covered with unfired brick, 110 mm thick. The 
measured air exchange rate is 0.125 per hour.

in figure 6 the predicted course of the rH is derived from the 
B-value for unfired clay brick as defined and measured by Padfield 
and Jensen [9]. Briefly, the B-value is the volume in cubic metres 
of air whose rH will change equally to the change in equilibrium 
rH at the surface of a square metre of the material when the same 
amount of water vapour is added to the air as to the material. this 
apparently complicated definition of buffer capacity allows a simple 
approximate calculation of the stabilising effect of various wall 
covering materials, as well as of stored materials.

the smoothness of the predicted rH is due to using the long term 
B-value appropriate to a nearly airtight enclosure. Over shorter 
periods of fluctuation the B-value is smaller, because only the 
surface layer of the buffer is involved. in this particular room 
the absorbent walls do not calm the daily spikes in rH caused 
by sunlight, because the temperature of the wall surface is also 
buffered and is therefore more constant than the air temperature 
where the rH is measured in the centre of the room.

the stability of this empty room, imposed by a relatively small 
portion of the wall surface, shows that humidity buffering will 
greatly reduce the effect of variation in solar gain with changing 
weather. 

Figure 4. 
Uncontrolled 

heating is provided 
by sunlight through 

the attic window. 
this heats the 
ceiling, which 
transfers heat 

slowly to the room 
below. this heat 

flow mingles with 
heat flow through 
the un-insulated 

floor into the 
massive heat sink 

provided by the 
ground. the above-

ground parts are 
highly-insulated, 

lightweight and 
airtight. dimensions 

and material 
properties are given 

in the appendix
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the simulation of the large store shown in figure 5 also includes 
humidity buffering, but through a more elaborate calculation.

Besides the excellent moisture-buffering capacity of clay, the 
material has a great potential for absorbing reactive compounds 
from the air, especially acid gases, and therefore acts as a 
pollution sink [5], compensating for the lack of air circulation 
machinery in a totally passive store.

Conclusion

We have shown, through a combination of climate-predicting 
simulation and experience from actual buildings, that museum 
stores can be air conditioned completely passively, if a period 
of relatively high summer temperature is acceptable, or with 
only locally collected solar energy used to supply a mechanical 
dehumidifier if there is a need to keep the temperature low. In 
both models it is essential to keep the air exchange rate low and 
it is essential to use the earth under the building as a heat sink. 
Pollution from outside air is excluded; pollutants generated within 
the building can be absorbed from recirculated air, if electrical 
power is available; for a truly passive store one must rely on a 
reactive wall lining.

Figure 5. the indoor 
climate inside a 
store with a roof 
window. the rH 
is kept within 40 
% to 60 % at all 
times. the rH is 
moderated not only 
by solar heating 
but by buffering 
by a lining of 
unfired clay brick. 
this computer 
simulation is based 
on the ribe storage 
building and the 
danish reference 
Year for weather 
(details in the 
appendix)Figure 6. the 

measured course of 
the climate within 

a room partly lined 
with clay bricks. 

the smoother, 
orange trace is the 

rH predicted for the 
room, assuming a 

B-value 100 for the 
unfired clay brick. 

See Padfield and 
Jensen [9] for an 

explanation of the 
calculation
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Appendix
Technical details of the simulations

Solar heating was simulated for a building similar in construction 
to that of the storage building for the Museums of south west 
denmark, in ribe. the simulation software was BSim, version 
6,11,1,14, by the danish Building research institute (SBi) at 
aalborg University, http://www.bsim.dk. For outdoor climate, the 
danish reference Year was applied to the model, and the building 
was given the same geographical orientation as the real building. 
the gables were facing east-west. the roof had a 20°pitch. Solar 
panels or window were tilted towards the south.
internal dimensions of the storage room: 41.73 m x 24.73 m x 6.48 
m high.

Model construction:

Walls (from the inside): Unfired clay brick 110 mm; PVC vapour 
barrier 0.2 mm; Mineral wool thermal insulation 250 mm; Board 
26 mm. total thickness 386 mm. U-value 0.13 W/m2K. Ceiling: 
Concrete 100 mm. U-value 2.5 W/m2K. Floor: Concrete 200 mm 
laid directly on the ground; Soil 7800 mm. total thickness of the 
ground element: 8000 mm. U-value (concrete floor) 1.3 W/m2K. 
U-value (concrete and soil element) 0.25 W/m2K. Window: 80 m2: 
Low-energy type glass in aluminium frame. U-value 0.56 W/m2K.
air exchange rate: 0.03 hour-1. the real building in ribe has an 
inside lining of fired Moclay brick instead of unfired brick.

the temperature gradients shown in figure 2 are based on a heat 
transfer simulation by computer, using the danish reference Year 
for outdoor conditions. the simulation was made with Comsol 
Multiphysics (version 3.5a), using the same construction as the 
actual building in ribe. in the real building in ribe temperatures 
have been monitored inside and outside since 2008, both in the 
air and underground to a depth of 2 metres. these data were 
published by ryhl-Svendsen et al. [2]. the measurements show 
a higher indoor air temperature in winter than is predicted by the 
model (about 9 °C), and also the measured soil temperature at 2 
metres was higher (about 12 °C). these elevated temperatures 
are due to unintended heating of the storage room by the fan, 
dehumidifier and lighting. Besides this there may be a variation in 
climatic influence from year to year, which differs from that of the 
standardised (artificial) reference year.
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Abstract

Many types of archival material and cultural heritage objects can 
only be preserved in an adequate store or archive. Most museums 
continue to collect but the space to store growing collections is 
rarely expanded, and in many cases it may even be reduced in 
favour of additional exhibition space. archives face a comparable 
situation. every archive has the duty to conserve historical 
documents, which results in hundreds of kilometres of new archival 
documents every year to be stored and preserved. the probability 
that during an archivist’s lifetime a new archive building will be 
built or the existing one will have to be extended is about 100 %. 

Museums designed in the last 40 years are characterised by a 
series of specific functions. However, as all architectural typologies 
are subject to a process of change and modernisation, museums 
have also evolved over time to become more complex. Museums 
have changed from spaces of permanent exhibition, storage and 
conservation to public places with various functions including 
permanent and temporary exhibitions, study and science, storage 
and conservation, restaurants, commercial and education facilities 
and other multi-use activities. during this development, provision 
of sufficient storage space for collections has occasionally been 
overlooked. 

Few museums are able to store their entire collections 
permanently inside their main buildings. Large parts of museum 
or archive collections may be located in off-site storage, where 
they can be exposed to significant risks of damage. Although 
storage is at the heart of a museum’s function, in some cases 
surprisingly little attention is paid to providing adequate storage 
conditions. international standards prescribe tight climate 
control values, which lead to energy- and cost- consuming air-
conditioning systems. However, these systems do not achieve 
the desired results for collections nor are they affordable in the 
long term. even in times of reduced cultural budgets and rising 
energy prices many museums and archives pour resources into 
unique and expensive buildings designed to meet those climate 
requirements and satisfy design aesthetics. extensive heating, 
ventilation and air-conditioning systems are installed to achieve 
stable environments and the high energy and maintenance costs 
are accepted.

this situation was the starting point for a study in 2011 at the 
Fraunhofer-institute for Building Physics (iBP). its main focus 
was on passively conditioned zero-energy storage and archive 
buildings. the objective was to develop an economical and 
sustainable solution for a zero-energy building, which achieved 
conservation requirements, neutral energy balance and modular 
design. the Fraunhofer-institute designed a new zero-energy 
storage system with the following research objectives:

Passively conditioned zero-energy storage for cultural 
properties and archival material

Lars Klemm 



152 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

1. easy and economical storage and archive solutions
2. Sustainable planning
3. Multipliable concepts by modular components
4. Cost-efficiency by applying prefabricated construction elements
5. Providing market-ready energy-efficient concepts.

Museums and archives are repositories of knowledge for a modern 
society; therefore, energy-efficient solutions for these buildings 
are necessary to maintain valued collections over generations. the 
results of the study demonstrate that zero-energy storage systems 
are possible and that technical solutions are partially ready for the 
market. 

Study for the development and examination of a modular  
zero-energy storage

Modern storage and archive buildings are often very expensive: 
the building costs are high and the technical equipment causes 
unreasonably high running costs. Overall the price for a storage 
or archive building is about 1850 € to 2000 € per square meter. 
Only very few outstanding projects cross this price threshold, such 
as the danish storage buildings in Vejle and randers, the KHM 
store in Vienna or the new store in Freiburg/Breisgau. in a context 
of rising energy prices and reduced cultural budgets it is vital to 
find solutions for new, economic and effective storage and archive 
buildings. 

One of the current tasks of preventive conservation is to find 
sustainable storage and archive solutions. that means buildings 
must save energy and have low maintenance costs as well as 
achieve conservation standards. it seems quite evident that 
the only way to achieve low-priced storage buildings will be to 
use modern industrial architecture. With a modern industrial 
construction concept it is possible to build a low-cost framed 
hall within four to six months. the challenge is to transform this 
building concept into an adequate standard for a store that accords 
with preventive conservation principles and, if possible, to optimise 
this concept by modular construction methods which would be 
suitable for most locations. 

this was the aim of the study at the Fraunhofer iBP in cooperation 
with Südhausbau and k3-artservives. The first step was to 
develop the concept of different module types for storage and 
archive building, such as a painting module, an archaeological 
collection module, a furniture module, an archive module etc. 
the next step was to simulate a virtual model of the prototype 
of a modular store to examine the indoor climate conditions and 
the zero-energy concepts. Finally, it was intended to build the 
first modular store as an example of best practice. First it was 
necessary to define the preventive conservation parameters for 
a modular prototype storage building, particularly in terms of 
optimal room size, storage management and collection handling, 
functional architecture, fire protection, safety, pest management, 
indoor climate (including air exchange rate and wall thickness), 
heat transfer coefficients of walls, floor and roof and so on. It is 
important to refer to industrial standards (e.g., on the size of the 
prefabricated wall and roof elements, which define the raster, size 
and volume, of the storage and functional module, the shelving 
system, doors and gates etc.) when determining the parameters 
for the modular and passively conditioned concept. this is the 
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reason why the study set its focus on prefabricated concrete double 
wall elements with core insulation. the aim was to develop a low 
price modular store type (about 1000 € per square metre including 
shelving system, a price achieved at the KHM store in Vienna), 
that complied with nearly all aspects of preventive conservation 
and operated as a zero-energy building. it was necessary to 
subordinate all other aspects to this overall goal. 

a simple, safe construction approach for a conservation store 
requires basic, low-maintenance and energy-efficient installation 
engineering. Floor heating combined with ventilation is therefore 
the best solution. If possible a humidification and dehumidification 
system should be avoided. Furthermore, the building should 
successfully operate without cooling, even if the predefined climate 
limits are moderately exceeded during some days a year. the 
energy consumption of the storage building should be as low as 
possible and at the same level as the regenerative energy gain 
of the building. taking into account their aspects of maintenance 
and use, stores or archives are the perfect building class for a 
passively-conditioned concept and a zero- or even plus-energy 
building. However, it is ineffective to achieve this standard by 
expensive construction materials and planning costs. the quality 
must be realised with a simple and low-cost construction method. 
For that reason all building components had to be produced by 
fast and efficient industrial processes. The fire prevention for the 
modular concept is also simple; no fire extinguishing system is 
required. Preventive fire precautions are strictly implemented: 
each module is a separate fire compartment equipped with a 
carbon monoxide early-detection sensor. The security and fire 
alarm system must be arranged at the specific location and with 
the input of the local emergency services. 

to achieve space optimisation and to take full advantage of 
industrial efficiency each module can only be obtained in two room 
heights, 350 cm and 700 cm, and the width of walls is limited 
to a raster of 275 cm. this permits the application of standard 
shelves and mezzanine systems and limits production, transport 
and construction costs. it is not the aim to achieve an individual 
solution for each collection in the museum but rather an all-
round solution that fits for a large part of every collection. The 
modular concept offers the possibility of future extension of the 
store or archive building if necessary and as far as the building site 
permits. For this reason, all storage and archive modules must 
be standardised: any extension or enlargement can be achieved 
simply by adding another module, no rearrangement of the 
collection would be necessary for future development. 

this approach offers the potential for sustainability in terms 
of both economic and energy resources and the prefabricated 
modules are suited to the specific needs of museums and 
archives. When museum professionals or archivists start to think 
about new storage and archive buildings, one of the first issues 
to be addressed is the climate conditions required. For optimal 
preservation of the stored artworks, storage buildings and archives 
require stable interior climate conditions, with minimal and slow 
variations in temperature and relative humidity. Stable climate 
values are important but there are also other significant risks to 
be considered seriously: fire, theft, high-operating expenses and 
the overall costs of the building during its full life cycle. However, 
for the study the interior climate conditions were balanced with 
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Module 
Type 

Temperature [°C] Relative Humidity [%]

archive Module 
(diN iSO 11799)

14 – 18 plus or minus 1 35 – 50 plus or minus 3

Painting Store 16 – 22 plus or minus 2 40 – 55 plus or minus 5

table 1. environmental conditions for the archive and painting modules

economic efficiency and low energy consumption. The aim was 
to create a suitable overall climate for 95 % of the collection, 
while special solutions had to be found for the remaining 5 %. the 
German Standard diN iSO 11799 describes the requirements for 
the environmental conditions of archive collections. these climate 
limits are similar to the current version of the British standard 
PAS BSI 198:2011 Specification for environmental conditions for 
cultural collections. Other comparable regulations do not exist 
in Germany. Within the study two modules with different indoor 
climate conditions were tested: an archive module mainly for paper 
and a storage module for paintings. To define the climate range for 
the painting store the loan contracts of several German museums 
were adapted. table 1 shows the condition range for the archive 
module and for the painting storage module. 

to examine a variety of construction materials and for the 
assessment of construction strategies for both module versions 
(the archive indoor climate and the painting storage indoor 
climate) the prototype architecture was built up in a hygrothermal 
building simulation programme (WUFi-Plus®). the prototype 
store is a basic building within two modules, a functional module 
with delivery, workshops and engineering room and a storage 
module (Figure 1). the simulation results supported the decisions 

Figure 1. Prototype 
of a modular 

storage building
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Variation Basic variation Optimised variation Foam glass variation

floor 10 cm XPS
30 cm Concrete 
Bitumen lane
6 cm Parquet
U-Value: 0.276 W/m2K

20 cm Foam glass
30 cm Concrete
Bitumen lane
6 cm hardwood construction
U-Value: 0.177 W/m2K

as basic variation

Outer Wall 6 cm Concrete
14 cm ePS
18 cm Concrete
U-Value: 0.214 W/m2K

6 cm Concrete
14 cm Phenol resin foam
10 cm Concrete
U-Value: 0.151 W/m2K

28 cm foam glass panels
U-Value: 0.132 W/m2K

roof Roofing membrane
16 cm mineral foam sheets
25 cm porous concrete
U-Value: 0.153 W/m2K

Roofing membrane
16 cm Phenol resin foam
U-Value: 0.098 W/ m2K

as basic variation

Inner Wall 10 cm Phenol resin foam
13 cm Concrete
U-Value: 0.274 W/m2K

as basic variation as basic variation

table 2. Specifications for the three variations 

about which type of wall insulation, which air exchange rate and 
other conditions met the requirements of a modular passively 
conditioned zero-energy storage and archive building. Calculations 
of the building’s energy modelling based on the German Standard 
DIN V 18599 (Energy Efficiency of Buildings) where used as the 
basis for the evaluation of optimisation measures. the primary 
aims of these optimisation measures were:

•  reducing the humidification, dehumidification, conservation 
heating and cooling necessary to achieve a passively-conditioned 
climate instead of active conditioning with heating, ventilation 
and air-conditioning (HVaC) systems; 

•  optimisation of prefabricated construction elements and the 
effects of additional insulation of walls, roof and floors;

•  examining the impact of user behaviour on air exchange rates;
•  achieving long-term indoor climate stability to protect the 

objects;
•  the use of thermal and hygric buffer materials for both types of 

storage modules;
•  maximum airtightness for the building allowing a minimum 

energy supply.

Hygrothermal building simulation

the WUFi-Plus® software was used for the hygrothermal 
building simulation to examine the annual climate conditions 
in the store and to examine the influence of construction and 
insulation materials. the calculations were performed for the 
storage room rather than for the whole building. table 1 shows the 
environmental conditions for temperature and relative humidity 
for the archive and for the painting module. the hygrothermal 
calculations for both types assume an operating time of five years 
and the representative outdoor climate conditions of Würzburg. 
The long-term behaviour is assessed by the evaluation of the fifth 
year to guarantee exact results. The influence of the construction 
moisture in a nearly air-tight store is demonstrated by evaluating 
the first year’s simulation results. The simulation includes the 
outside conditions, the building envelope (walls, roof and ground 
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floor), the conditions for heating and cooling, indoor climate, 
air exchange rates, lighting and CO2). The specific material 
parameters are provided from the WUFi®-Plus database or were 
determined experimentally (canvas, wooden painting frames, 
paper archive material and metal shelves). the conditions for the 
ground are defined as 9 °C plus or minus 4 °C, and 100 % RH; for 
the delivery zone as 18 °C plus or minus 9 °C, and 60 % rH plus or 
minus 10 %; and for the workshop as 18 °C and 50 % rH plus or 
minus 5 %. the simulation was based on three variations, two of 
different prefabricated double wall structures with core insulation: 
one with polystyrene foam insulation, which was the basic option, 
and the other with phenol resins foam insulation, the optimised 
option. a third variety of wall consisted only of foam glass so a 
type of construction without the negative effects of construction 
moisture could be evaluated. 

the basic variation reveals thermal and hygric behaviour as 
presented in the graphics of figure 2. in the simulation the 
following climatisation strategies were varied: 

1. No climate control
2. Heating only
3. Heating with cooling to achieve the climate marked in green. 

With no climate control in the archive storage the temperature 
in winter would drop to 5 °C and in summer exceed 20 °C, so the 
target of a maximum of 18 °C could not be met. to achieve the 
strict conditions of the climate limits for the archive storage (as 
fixed in DIN ISO 11799) heating and cooling would be necessary. 
Furthermore, the relative humidity in the storage is not acceptable 
without climate control. With a level of about 60 %, the relative 
humidity would be permanently too high. if the archive was heated 
in the winter, the limit of 14 °C could be achieved and the relative 
humidity could be reduced at least in the first four months of the 
year. in the summer, the same temperature curve arises and the 
relative humidity would be slightly over the limit. Only control 
of both heating and humidity would guarantee conditions within 
the required climate corridor. if the store were only heated, the 
daily fluctuations of temperature would be 0.3 K and 0.9 % RH. 
The acceptable maximum of daily fluctuations is 1 K and 3 % RH, 

Figure 2. air 
conditioning 

strategies for the 
simulation: no 

climate control, 
heating only, and 

heating with cooling
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which could be achieved with the heating strategy combined with 
the basic construction design option. With a wider climate range 
the situation for the painting storage is more favourable. With no 
climate control, there would be a similar environment to that of 
the archive module in terms of ambient temperature. indeed, the 
established maximum temperature would not be exceeded so 
cooling would not be necessary. However, over the annual and daily 
time-frames the relative humidity shows higher fluctuations. This 
is due to the weaker humidity-buffering capacities of a painting 
collection when compared to a paper archive of the same size. 
For a painting storage unit daily fluctuations of 3 K and 5 % RH 
(average value based on different loan contracts) are allowed. With 
heating, maximum daily fluctuations of 0.4 K and 1.1 % RH can be 
achieved with the basic construction design option.

Conclusion of the building simulation

the results of the simulation demonstrated that the basic and the 
optimised options would be more suited for painting stores (or 
other collections with the same climatic limits). the indoor climate 
range of 6 K and 15 % rH has a bigger potential for a passive 
conditioned status. Cooling is not necessary with a maximum 
temperature of 22 °C; heating would ensure the rH remains within 
the specified range (though there would be some occasions in 
spring when the rH would be too low, and some days autumn 
when the humidity would be too high). 

Should these conditions be considered satisfactory it is possible 
to achieve a very good conservation store by using the optimised 
construction option, which has a minimal energy requirement 
(except for during the first operational years when the moisture in 
the construction materials would need to be dried out). However, 
the more rigid conditions for the archival material would require 
HVaC in the archive module, with concurrent higher energy 
consumption for heating and cooling. the prescribed climate 
conditions for both collections can be achieved with the optimised 
module option. in the case of the archive module, heating and 
cooling would be necessary, but the daily fluctuations are limited to 
0.3 K and 0.9 % rH (with the heating only strategy) as an effect of 
the massive hygric buffer of the archive papers. Without this buffer, 
the daily fluctuation for the painting module (with a lower hygric 
mass of wood and canvas) is 0.4 K and 1.1 % rH with the same 
strategy of climate control (heating only). 

all variations of environmental control and building option were 
compared. all variations for the archive module achieved low daily 
fluctuations of 0.3 K and 0.9 % RH. The maximum daily fluctuations 
in the painting storage were 0.4 K and 1.1 % rH for the basic and 
optimised building options, and 0.8 K and 1.2 % rH for the foam 
glass variation. 

Furthermore, the influences of the construction moisture, the air 
exchange rate, the archive material (amount of paper) and the floor 
plate were examined for the archive module because of their likely 
hygrothermic impact. The construction moisture and its influence 
in the basic building option are shown in figure 3. it appears 
that the existing high construction moisture in the prefabricated 
concrete double wall (with or without core insulation) causes high 
moisture content in the store. due to the low air exchange rate of 
0.05 per hour, this influence was reduced very slowly and would 
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continue to affect the store even after five years. Because concrete 
dehumidifies slowly, a very long drying period would be necessary 
before the store would be ready for the installation of collections. 

Figure 4 shows that an increase of the air exchange rate causes 
lower summer temperatures and lower relative humidities in 
winter. With an air exchange rate of 0.2 per hour the maximum 
daily fluctuation is still within the limit values, but clearly higher 
than with an air exchange rate of 0.05 per hour. When increased to 
0.5 per hour, the daily fluctuations are considerable, at 5.7 K and 
5.5 % rH, thus clearly out of the acceptable range. the size of the 
archive collection in the store has a marked impact on the indoor 
climate. the summer temperatures are similar with a full or a 
half-filled archive module, but when empty there are noticeably 
higher temperatures. in terms of relative humidity, there is also 
only a small difference between a full and half-filled store though 
the short-term fluctuations are higher when the archive is half 
filled. Without any archive material at all the annual fluctuations 
in relative humidity are much more severe, ranging between 
approximately 38 % and 64 % rH. the size of the archive collection 
also has a big influence on daily relative humidity fluctuations: the 
maximum daily fluctuation is 4.1 % RH in an empty archive, which 
exceeds the acceptable values. The influence of the insulation of the 
ground floor is also significant. The absence of floor insulation (as 
observed in the danish store in Vejle) causes lower temperatures 
in summer but initiates high humidity, of up to 70 % rH, and so a 
longer heating period combined with dehumidification is necessary. 

With all variables considered, it became clear that the optimised 
building option could achieve very good conditions to store a 
collection without high costs. this result applies to both module 
types and both types of collection. a prefabricated double wall with 
optimised core insulation, concrete core cooling or under-floor 
heating (a smart and energy-efficient way of cooling and heating), 
floor insulation, a thick construction, low air exchange rate and 
user behaviour that supports passive conditioning can achieve a 
perfectly acceptable environment for a large component of every 
collection. 

Under these circumstances it is possible to build a new 
modern storage building quickly and easily. in order to enhance 
sustainability it is necessary to optimise the indoor climate 
conditions, lower the energy consumption for ventilation and 

Figure 3. Influence 
of concrete 
construction 
moisture on the low 
air exchange rate 
module
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dehumidification, reduce the maintenance cost and extend the 
effective life of the building. therefore, some more expensive, 
but in the long term more effective, materials for core insulation 
and ground insulation are indispensable. this means increased 
investment in energy-optimised windows and gates (for the 
delivery area, workshop etc.), quality management during the 
construction period, a two-year-monitoring of the building 
construction, energy-optimised HVaC systems as well as the use of 
renewable energy sources (geothermal heat pump, solar thermal 
energy and photovoltaic cells). this upgrade concept is key to 
achieving sustainability as it can deliver low maintenance, zero-
energy storage or archive buildings, which will last for a long time. 

Figure 5 shows the annual energy consumption (electricity in 
yellow and gas in grey) for a painting storage module (right) and 
an archive module (left) for all simulated variations. the red line 
shows the profit of solar energy for the basic module of 300 m2, 
which is an overall annual gain of 30000 kWh. the use of an archive 
wall construction reduces the energy consumption further because 
dehumidification is not necessary. 

Wall construction/ archive wall

Super-insulated buildings can create dangerous levels of 
entrapped moisture and cause a high risk of mould growth or other 
humidity-induced damage. to solve the problem of construction 
material moisture being retained in a thick building with very low 
air exchange rates, a building material with little moisture must 
be identified for any of the construction elements that affect the 
indoor climate conditions such as walls, roofs and floors. The 
material must be feasible to produce on an industrial scale without 
generating additional costs. the prefabricated, pre-stressed 
concrete roof elements can be pre-treated before construction with 
a coating that avoids construction moisture. the concrete elements 
of the roof are limited to 15 % of the whole concrete mass of the 
building, so other roof elements can be made of materials that do 
not contain construction moisture. The floor, which for reasons of 
construction and stability is made of concrete poured in situ, can be 
isolated with a layer of epoxy resin. Only the prefabricated double 
wall elements must be reconsidered. For this reason, a study at the 
Fraunhofer IBP was initiated to find a dry concrete which exhibits 

Figure 4. Influence 
of air exchange for 
the indoor climate 
variations
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the German Standard diN attributes but emits only a minimum of 
construction moisture because it contains only the water necessary 
for the hydration. a patent for this archive concrete has been 
applied for. it can be used with the optimised construction option 
(double wall element with core insulation of phenol resin foam). 
the main advantage of the core insulation double wall element, 
with a U-Value of 0.14, and a dry concrete layer on the interior, is 
that it can lower and rationalise the energy consumption of the 
store or archive significantly. 

Summary

the trend of current storage and archive projects is moving slowly 
in the direction of economic and efficient solutions. Unfortunately 
many stores and archives are still established with unnecessary 
expense and exceed their original budgets. this study and some 
good examples from the recent past demonstrate that it is possible 
to build effective buildings to store art collections and cultural 
heritage objects at a low cost. traditional construction methods 
such as the archive concepts based on the Cologne or Schleswig 
model are obsolete and economically outdated. By incorporating 
industrial elements it is possible to build more favourable storage 
buildings quickly and efficiently. Of course, it will be necessary to 
evaluate specific conditions relating to building height, orientation 
and urban development but the basic construction method will 
remain the same. Furthermore, the archive concrete saves 
energy on dehumidification, prevents mould growth, reduces the 
drying time and minimises construction moisture. the passively 
conditioned modular zero-energy storage and archive building is a 
product offered by the Fraunhofer iBP Spin off Moduldepot GmbH. 
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Abstract

in commemoration of its bicentennial anniversary in 2010, the 
Museum für Naturkunde (Museum of Natural History) in Berlin, 
the largest of its kind in Germany, reopened a wing that was 
bombed and ruined at the end of World War II. This was the first in 
a planned series of works to adapt the museum’s infrastructure 
to modern standards of collections care and energy efficiency. In 
the first phase, the ruined east wing of the museum was rebuilt 
as a high-security storage space. it was designed to meet safety 
requirements for storing the flammable fluid-preserved collection 
of zoological specimens in the context of a listed building and with 
the aim of optimal use of available space. this new facility now 
safely houses one million specimens preserved in 276,000 glass 
jars containing 80 tons of ethanol. 

the second phase of the construction programme is now in the 
advanced planning stage. In the first phase temperature control 
was implemented predominantly for safety reasons, however, 
in the next stage the environmental conditions are designed to 
(i) meet the requirements of the ‘dry’ collections which are to 
be re-housed in a dedicated collection hall; (ii) minimise energy 
consumption by using the building’s inertia and geothermal 
heating and cooling and (iii) optimise air exchange for both public 
and collection areas. 

this article aims to describe the new wet collection building. 
it presents how the various demands of building, safety and 
collections care were balanced and optimised, guided by the 
principle of ‘new meets old’. the paper also outlines the different 
approaches considered to adapt a historic museum building with a 
façade listed under monument protection to modern standards of 
collections care and energy efficiency. 

Introduction

the Museum für Naturkunde in Berlin (MfN) holds a huge 
collection of about 30 million natural history objects, including 
minerals, fossils and zoological objects. the collection is preserved 
and stored in different ways according to the nature of the material. 
The majority are dry and wet (fluid) collections, though they exhibit 
a wide range of physical properties, logistical and conservation 
demands.

the collections of the MfN are much older than the current 
building, which was completed in 1889. the early core parts of the 
collections date back to several natural history cabinets of the late 
eighteenth century. they were combined as a research museum of 
the newly founded Berlin University in 1810. the available space in 

New meets old – the requirements and limits of new 
collection facilities at the Museum für Naturkunde 
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the University’s main building was outgrown within a few decades 
and a new location was chosen on the site of the former royal iron 
foundry at invalidenstrasse. there, the older part of the present 
building, designed by august tiede (1834–1911), was opened in 
1889 after several drafts had been dismissed. the opening followed 
a long-running controversy over the building concept between 
the then director Wilhelm Carl Hartwig Peters (1815–1883) and 
the architect. interestingly, tiede had proposed the more modern 
concept of a store-like construction in 1875 [1, 2]. However, the 
director’s concept for the new structure prevailed, a traditional 
museum entirely open to the public (Figure 1). due to a quirk of 
history, the MfN was never completely open to the public as Peters’ 
successor, Karl august Möbius (1825–1908), changed the concept 
again. the generous staircases were never used (Figure 2) and the 
upper floors remained closed to the public and have been used as 
scientific collection areas ever since. Until a few years ago, only 
the ground floor was accessible to the public, which housed a 
didactic exhibition designed for a general audience. this concept 
of separating exhibition from collection space, just emerging at 
that time, is still considered appropriate for the accommodation 
of the ever growing research collections of a large natural history 
museum [3–7].

as could have been predicted, the building soon became too small. 
The halls of the upper floors with their ornamented elevated 
ceilings were locked behind the scenes and the unused space 
above the collection cabinets contributed to the shortage of space 
(Figure 3). the design of the halls had originally been intended to 
provide well aerated and naturally illuminated exhibition space 

Figure 1. Original 
plan of the Museum 
für Naturkunde 
1:200, first floor 
and layout chart of 
furniture
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for scores of citizens eager to increase their knowledge. Large 
windows were the solution for providing ample lighting in the 
absence of suitable artificial illumination; in Berlin electrical 
lighting only became available from 1884 onwards, with the 
foundation of the Städtische electricitätswerke. One of our 
collection halls had no electric lights until 2012. 

to address the shortage of space, the northern wing was added 
in 1917. this part of the building maintained the separation of 
collection and exhibition space by including two additional floors 
within the same height profile as the original building, meeting the 
demands of that time for a collection store. this northern addition 
provided office space and now also houses laboratories (Figures 
1–6). The only drawback with this addition was that the floors 
did not correspond to those of the original part of the museum 
building, not even on the exhibition level. this logistical problem 
presented a serious obstruction for disabled access and was not 
resolved until 2010 with the opening of the new eastern wing. the 
new wing now has a large freight and passenger elevator at the 
intersection of the two parts of the building, allowing all levels to 
be accessed.

as well as the collection space, Wilhelm Peters’ ‘all on show 
concept’ has left us with the imperial architecture of five- to six-
metre high collections halls, an impressive façade (around half 
of which consists of windows), and two grand internal staircases. 
despite being closed off, the public have always been inclined to 
rush upstairs to see our fascinating research infrastructure and 
the endless rows of objects representing the natural diversity of 
the planet, past and present.

Technically, a major part of the building no longer fulfils the 
requirements of a modern facility for natural history collections. 
at the same time, however, the building provides insight for the 
public into the research collections in a very natural and elegant 
way. This concept of authentically presenting the scientific basis 
and methods of our work has become a guideline for rebuilding the 
museum. the rebuilding programme has been divided into several 
phases so the museum can remain functional during the long-term 
reconstruction, and due to limited funding. Future plans will need 

Figure 2. Staircase 
‘treppe 6’ before 
renovation
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to include a new collection storage area for the building, which can 
meet strict conservation guidelines. 

Reconstruction of the eastern wing

in the years after completion of the northern addition, the 
collection halls became filled with new material. Luckily, war-time 
losses to the collection were comparatively minor, but the eastern 
wing of the original museum building was destroyed by a direct 
hit in an air raid in 1945 (Figure 5). Numerous plans to rebuild it 
failed due to shortage of money. Only the combined forces of the 
State of Berlin and the Federal republic of Germany made possible 
the reconstruction of the ruin in time for the 200th anniversary of 
the museum. this reconstruction added urgently needed space: 
an effective usable area of around 5400 m2 was achieved. in the 
planning phase it soon turned into a simple clear-cut approach 
dictated by the conservation and fire security requirements of the 
alcohol-preserved material, enforced by laws and regulations [8]. 

A directive from the nineteenth century specified that wet 
specimens should be separated from dry collections, with which 
they had previously been mixed [1]. However, this directive has 
rarely been fully implemented in any natural history museum due 
to lack of space, unfavourable logistics and a concern to store 
specimens according to biological classifications. The Museum für 
Naturkunde was no exception and it incorporated fully integrated 
wet and dry collections. the separation of these two types of 
collections was only implemented when the new eastern wing was 
constructed.

as the core of the eastern wing had been almost completely 
destroyed (Figure 5), a modern building could be constructed 
behind the extant original façade without any detriment to the 
historic architecture [9]. With up-to-date technical systems for 
environmental control, a moderately low constant temperature 
of 18 °C can now be maintained in the more frequently accessed 
upper research collections behind the scenes (Figure 4 right). 
in the lower area (Figure 4 left) of the lower gallery, which is 
open to the public, a transparent barrier and a temperature of 

Figure 3. Collection 
hall on the second 

floor, the former 
Fish Hall, now 

empty and ready 
for restoration in 

the second phase of 
reconstruction
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15 °C meet safety requirements (the inflammation point of 70 % 
ethanol is 18 °C) as well as avoiding temperature shocks when 
handling the material. Further details of conservation and safety 
specifications include an air exchange rate of 2.0 per hour and 
a nitrogen-based gas fire extinguishing system. In the original 
building the temperature extremes fluctuated between 13 °C in 
winter and 30 °C during hot summer periods, which led to a high 
evaporation rate of alcohol. Refilling glass jars was an important 
part of the every-day routine of collection management personnel. 
the adjacent northern part of the building with its more densely 
packed small rooms now provides air-conditioned collection space 
for dry collections of very high value with demanding conservation 
requirements. It also houses staff offices and laboratories for 
handling the collections. a conservation project supported by the 
Kulturstiftungen des Bundes und der Länder was also involved in 
creating this specialised storage space for the alcohol-preserved 
specimens by looking at improved collection management 
systems for wet collections [10]. this project mainly focused on 
replacing leaky glass jars, restoring and tightening of historical 
glass containers and the conservation of labels to ensure original 
information was retained securely. 

The current project

With the reconstruction of the eastern wing, only a quarter of 
the functional area of the main building of the MfN has been 
renovated. despite state of the art technology and insulation in 
the eastern wing, and despite renewal of numerous windows, 
energy consumption for running the estate is still high compared to 
former times, when the whole building was ventilated passively by 
convection through vertical chimneys (as in a termite mound) and 
heat loss through the leaky windows was mainly compensated by 
reducing the room temperature in winter.

the adverse interior environmental conditions in the halls 
housing various dry zoological collections, such as stuffed 
specimens, insects, bone, horn and skins, often require labour-

Figure 4. Wet 
collections in the 

reconstructed 
eastern wing: 

left ground-floor 
storage area with 

public gallery, 
right collection 

room on the upper 
level of the first 

floor. The 5 to 6 m 
high shelf system 

is horizontally 
divided by a 

lightweight grid-
level, reminiscent of 
Thiede’s first (1875) 
draft, with a rather 

industrial character
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intensive temporary interventive conservation measures. even 
paleontological material is not generally inert. Pyritic (fool’s gold, 
FeS2) and other components at high risk of weathering deteriorate 
under adverse environmental conditions. environmental conditions 
and energy consumption are therefore the focus of the next stage 
of the reconstruction programme which is currently in an advanced 
planning phase (for a 6619 m2 functional area). it is designed to:

1.  Meet the environmental conservation requirements of the dry 
collections that will eventually be housed in the collection hall

2.  Minimise energy consumption by using the building’s inertia and 
geothermal heating and cooling

3.  Optimise the storage volume, merge collections distributed 
over several areas of the building, make best use of the existing 
structure of the building for collections and provide nearby 
laboratory and office space for handling and research 

4.  Provide more space, improved infrastructure and more contact 
for the public with the research environment, to respond to 
increased public interest and growing visitor numbers

5.  Optimise air exchange for both public and collection spaces.

Besides these criteria, there are a number of secondary 
requirements for the construction project. these include making 
some provision for the c. 600 guest scientists who visit the 
collections every year, the high intensity of scientific use of the 
specimens, the necessity for large-scale conservation programmes 
to safeguard particularly vulnerable areas of the collection, such as 
the large number of furs, stuffed specimens and skeletons, as well 
as the limited numbers of personnel in collection management. 
in 2008, several collection halls were equipped with mobile 
climate sensors and data loggers to obtain planning data. the 
monitoring focused particularly on collection halls that were to 
be re-developed in the second phase of rebuilding the museum: 
the Fish Hall, formerly housing the wet collection of fish on the 
second floor; the Mammal Skin Hall, underneath the Fish Hall on 
the first floor; and the Bird Hall, located on the first floor further 
west in the building (Figure 2). these halls are oriented north/

Figure 5. the 
ruined eastern 

wing in 2006. First 
preparations for the 

reconstruction
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south and provide 570 m2 area and 2840 m3 gross room volume, 
566 m2 area and 3400 m3 gross room volume, and 470 m2 area 
and 2820 m3 gross room volume, respectively. the Bird Hall was 
recently equipped with double box-type windows incorporating new 
insulation glass (heat transfer coefficient of Ug = 1.1 W/(m²K)) that 
also excludes 90 % of ultraviolet radiation. Of course, the resulting 
energy transmission (Uw-value) will also depend upon the quality of 
the frame restoration and the insulation of the window soffit. This 
upgrade enabled an experimental assessment of the impact of the 
new windows on the room climate before any other measures were 
introduced (Figure 7). 

Previous incidental environmental monitoring work has indicated 
that the generally dry climate of the collection halls is not 
detrimental for dried organic matter like mammal skins or mounts 
and stuffed birds. Optimum conservation conditions are achieved 
in a cool and dry environment with relative humidity (rH) between 
30 and 55 % [11–13]. the literature indicates that the optimum 
for tooth-bearing vertebrate skulls and mounted specimens 
(dermoplastic preparations) is at the upper end of this range, 
and our experience suggests that skins, chitin, horn material and 
uncleaned skeletons is at the lower extreme.

in terms of the MfN environment, particular causes for concern 
were the high summer temperature extremes measured (Figure 7) 
and the rapid changes of room temperature and relative humidity 
which followed external weather conditions. Both are disastrous 
for long-term conservation. the daily rhythm of temperature and 
relative humidity as seen in figure 7 leads to continuous stress on 
the material due to expansion and contraction driven by changes 
in moisture. these processes are particularly detrimental to 
specimens that consist of horn, bone or dentine, or collagen fibril 
networks [14]. in particular, mammal skins are endangered by 
increased air moisture content as residual acid from incomplete 
tanning processes may be mobilised [15]. as illustrated by figure 8,

Figure 6. Survey 
plan of the MfN 
today 1:400, first 
floor: 1 Mammal 
Skin Hall, 2 Bird 
Hall; Fish Hall is 
on top of position 
1 in the second 
floor, the area of 
the second phase of 
reconstruction in red 



170 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

Figure 7. top: Part 
of the record of 
temperature and 
relative humidity in 
Mammal Skin Hall 
(cf. Fig. 6, position 
1); middle: Part 
of the record of 
temperature and 
relative humidity in 
Bird Hall (cf. Fig. 6, 
position 2) before 
window restoration; 
bottom: – after 
window renovation
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the conditions in the upper halls on the second floor are worse 
than those on the first floor. Being more exposed to sunlight, they 
usually have higher annual extremes of temperature and as the 
condition of the windows is even worse in these halls, they also 
tend to be wetter. Our predecessors as curators were well advised 
to identify these areas for storage of the larger ‘wet’ collections. 
Leaky windows also increase the danger of pest infestation. Pests 
are best prevented by tight windows and cabinets and by low 
temperature storage. as expected, the window renovation in the 
Bird Hall did not lead to any reduction in the summer temperature 
extremes, but the overall pattern of temperature and relative 
humidity fluctuation became much more even (Figure 7 bottom). 

By comparing these environmental monitoring data with the 
recorded external weather conditions (monitored regularly by the 
technical University of Berlin’s institute of Meteorology, courtesy 
of dr. Klaus Müller) it was possible to simulate the climate in the 
collection halls under several different technological regimes and 
use scenarios. The aim of the simulation analysis was to find the 
optimum balance between the requirements of the collection on 
one hand and the energy consumption measured by the annual 
energy costs on the other. therefore, a simulation model of the 
whole museum was compiled. typical hourly weather data at the 
location were used as boundary conditions (trY test reference year 
prepared by the Germany’s National Meteorological Service). the 
software calculates solar altitude and resulting solar radiation 
on the façades of the building. With this model it was possible 
to simulate room conditions (temperature and humidity) under 
different weather conditions to investigate the effects of various 
scenarios, for example, different glazing and sun protection 
devices at the windows, natural infiltration, internal insulation, the 
presence of visitors or different building elements. the heating 
and cooling loads and the annual energy consumption were also 
calculated. To find the best solution, the simulation results were 
statistically analysed (Figures 9 and 10) and discussed between 
the MfN team and the architect. the analysis demonstrated that 
the great thickness of the external walls is an advantage for the 
museum as the large storage mass reduces short- and medium-
term temperature fluctuations. Internal insulation of the walls 
would reduce this positive balancing effect. Consequently, it was 

Figure 8. 
Measurement of 
temperature and 

relative humidity in 
the Fish Hall (on top 

of position 1)
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decided that no internal insulation would be installed although this 
will result in slightly higher annual energy consumption. an in-wall 
heating and cooling system was selected to reduce energy costs. it 
requires only a low supply temperature delivered by a heat pump 
which taps into geothermal energy taken from underground loops.

Once thermal conditions were under control the attention was 
turned to the humidity trend. as the recent measurements 
illustrated, it is important to reduce the leakiness of the old 
windows. Low natural infiltration is necessary to maintain a 
distinction between the indoor climate and the external weather 
conditions, particularly in order to reduce short-term fluctuations 
in air humidity. the effects of different rendering materials and 
visitor numbers on the humidity trend were analysed with a special 
simulation model (Figures 11 and 12). the simulation shows that 
the type of rendering has a high influence on the humidity trend. 
Loam and clay renderings reduce the amplitudes of the relative 
humidity much more effectively than normal plaster [16]. On the 
evidence of these data and the measurements from the Bird Hall 
and Fish Hall it was decided to install a loam or clay rendering 
and to abandon technical humidification and dehumidification 
systems. the loam rendering can also be combined with the wall 
heating and cooling system. the second consideration was that 
the simulation demonstrated visitor groups of ten or more people 
increase the relative humidity considerably (Figures 11 and 12). it 
is therefore advantageous to encourage visits to the collection halls 
during dry winter periods, and to close the spaces to the public 
during wet summer periods. 

in summary, the analysis of room conditions by computer 
simulations to test the influence of various approaches was found 

Figure 9. 
Cumulative 

frequency of the 
temperature in the 
Mammal Skin Hall, 

employing large 
area wall heating 

and cooling (violet) 
using the inertia 

of the building and 
adding internal 

insulation (blue)
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to be an appropriate tool to guide decision making during the 
planning process and it stimulated target-oriented discussions 
between all parties involved.

Conclusion 

Our conclusions for the planning process were that it is feasible 
to introduce an energy-saving heating and cooling system driven 
by geothermic energy which takes advantage of the inertia of 
the building, if summer maxima inside the collection halls are 
permitted to reach 25 °C. it is expected that the temperatures can 
be kept below 20 °C during most times of the year (29429 hrs,
figure 11). We would allow a gradual temperature change 
and permit the temperature to drop to 15 °C during winter. 
the only restrictions are the health and safety regulations 
(‘arbeitsstättenrichtlinie’) and the structural-physical limitations of 
condensation and heat transfer between neighbouring rooms. this 
approach would contribute to saving energy and avoiding steep 
drops in relative humidity.

the monitoring data for annual relative humidity in the Mammal 
Hall over recent years (Figure 7 top) are actually better than the 
pattern indicated by the simulation (Figure 9); rH exceeded 55 % 
only in late summer. this may be a result of the huge volume 
of fur materials actually present in the collection hall, which 
absorb moisture. Extremes and fluctuations of relative humidity 
would be mitigated further by a humidity-buffering layer of 
loam rendering and tightly-fitting cabinet doors. The alternative 
solution of adding internal insulation to the outer walls would be 

Figure 10. 
Frequency 

distribution of the 
prospective relative 

humidity in the 
Mammal Skin Hall 

employing large 
area wall heating 

and cooling (green) 
using the inertia 

of the building and 
adding internal 

insulation (violet)
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complicated and costly in an architecturally significant monument 
and demonstrates only marginal advantages in the simulations 
(Figures 11 and 12). Furthermore, this intervention would 
minimise the favourable influence of the inertia of thick walls of 
the original museum building. as demonstrated by the positive 
impact of the window restoration in the Bird Collection Hall, we 
will aim to achieve an appropriate conservation environment 
by combining all these measures with effective light and UV 
protection in the box-type windows. Previously, the extremely low 
temperatures in the current building were effective at preventing 
pest infestations, retarding decay processes and hindering the 
development of bacteria, fungi, and dermestid (i.e., museum 
beetle) larvae. However, tightly-fitting cabinets and well-sealed 
windows combined with an integrated pest management system 
that includes constant pest monitoring by collections management 
personnel will remain essential barriers against the influx of pest 
organisms. 

Figure 11.  
Simulation of 
the course of the 
relative humidity in 
the Mammal Skin 
Hall during a dry 
winter period under 
scenarios of use 
of heat buffering, 
different types of 
loam rendering 
and introducing 
guided tours in the 
collection hall

Figure 12.  
Simulation of 
the course of the 
relative humidity in 
the Mammal Skin 
Hall during a hot 
and wet summer 
period under 
scenarios of use 
of heat buffering, 
different types of 
loam rendering 
and introducing 
guided tours in the 
collection hall
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Our optimistic conclusion is that the collection halls can be used 
for storage of the dry collections at reasonable energy cost. as 
a bonus, the collection halls can also be opened to guided tours 
of visitors in winter without compromising the environmental 
conditions.
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Abstract

the underground museum at the roman Forum site in 
Thessaloniki is assessed under the energy efficiency principle 
of sustainability. the environmental parameters of temperature 
and relative humidity, the level of control over these parameters 
and the energy consumed to manage the exhibition environment 
are monitored and recorded over a period of seven months. a 
comparison is made with similar data gathered from a ground-
level museum in close vicinity. results indicate that a more stable 
exhibition environment is achieved at the roman Forum museum 
with less energy consumption and operating expenditure than in 
the ground-level museum. If wider climate control specifications 
are adopted than the ’20 °C plus or minus 2 °C temperature and 50 
% plus or minus 5 % rH all year-round’ rule of thumb, particularly 
for object collections made of less vulnerable materials such as 
ceramics, glass, stones and mosaics, underground structures may 
be a solution towards sustainable museums in the Mediterranean 
area.

Introduction
Need for sustainability in museums

Sustainability is associated with the term ‘sustainable 
development’ as used in the report of the World Commission 
of environment and development issued in december 1987 [1]. 
according to this report ‘sustainable development is a practice to 
meet the needs of the present without compromising the ability 
of future generations to meet their own needs’. Sustainable 
development aims to provide for the fundamental needs of 
humankind while preserving the natural systems of life on 
earth [2]. Museums are organizations which operate within an 
environmental, economic and social context and their modus 
operandi has an impact within this context. Museums consume 
energy and money in order to meet their purpose and mission, 
which includes the protection of the cultural inheritance of 
humanity through the provision of a protective environment for 
display and storage [3]. agents of deterioration within the museum 
environment are controlled according to a set of core principles or 
standards which have been developed over the years by individuals 
or groups qualified in preventive conservation. To achieve these 
standards management systems and equipment are required 
which consume fossil fuel. Most of this energy consumption is for 
heating, ventilation, air conditioning (HVaC) and lighting purposes. 
the quest to meet the recommended environmental conditions 
leads to an excessive waste of energy [4]. as international 
environmental targets become more strictly enforced, museums 
will experience increasing pressures to reduce their impact 
on the natural environment by adopting processes which are 
environmentally responsible and resource efficient [5].

The use of underground structures as a solution 
towards sustainable museums in the Mediterranean 
basin
Dimitrios Karolidis
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The idea of using the underground as museum space

the expansion of cities through uncontrolled construction is 
congesting the surface of the planet and the resultant loss of 
natural cover along with the burning of fossil fuels are the two 
main human activities contributing to global warming [6]. the 
earth needs large amounts of open space in order to renew 
its natural systems. a possible solution may be the use of the 
underground as a new space for urban expansion, including 
museum development. the exploitation of subterranean space 
for purposes ranging from infrastructure to living quarters is an 
ancient practice. Caves and natural cavities are examples of early 
residential uses [7]. the hypogeous ancient Greek and roman 
aqueducts are examples of infrastructure and early sustainable 
practice [8]. the Macedonian and thracian tombs, subterranean 
burial chambers with colorful wall paintings, are further 
illustrations from the sphere of art history. the works of art inside 
such constructions have survived until the present day without any 
human intervention to alter environmental parameters [9]. a close 
inspection of these examples demonstrates that in every case the 
building envelope was used for the management of the interior 
conditions. it is possible that, in some climatic regions, such 
practices may eliminate the requirement for environmental control 
management systems. the concept of the underground museum 
offers the potential for achieving ideals of sustainability through 
environmental control schemes which would consume less energy 
than conventional museums. 

Methodology of research

the aim of this research is to assess the potential of underground 
structures to provide a solution for sustainable museums in the 
Mediterranean basin. this is accomplished by investigating the 
hypothesis that underground museums perform better than ground-
level museums in meeting suggested environmental parameters, 
consuming less energy and with a lower environmental impact 
and so operating in a more sustainable way. More specifically, the 
relationship between energy costs and the level of environmental 
control in underground museums and ground-level museums 
is determined and the findings are compared. The levels of 
temperature and relative humidity (rH) are measured in the 
underground museum of the roman Forum in thessaloniki and 
in the archaeological Museum of thessaloniki (aMt), which is a 
ground-level museum. Both sites are in close proximity so they are 
exposed to the same climate annually. the collected data is assessed 
and compared with the energy consumption associated with the 
operation of the engineering systems providing these environmental 
parameters. the temperature and rH were chosen as the primary 
data for investigation because controlling these parameters with 
the use of HVaC systems is the main reason for energy consumption 
in museums and consequently the key to sustainable practice. the 
findings apply primarily to the Mediterranean basin due to the fact 
that the selected museums are located in Greece which, according 
to the Köppen-Geiger climate classification system, lies in the ‘Dry 
Summer Subtropical’ climatic zone [10]. this zone is known as 
the Mediterranean climate and is characterized by wet and cool 
winters and dry and hot summers. the extremities in yearly weather 
conditions of this type of climate affect the environmental conditions 
in museums and consequently the control over them; thus, the 
research will reflect upon this region.
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data collection started in January and ended in august, covering 
winter, spring and summer in thessaloniki. the sites provided the 
total floor area of the buildings, the type of climate management 
system installed and the energy bills for the research period. 
aMt uses a sophisticated multi zone HVaC, while the museum 
of the roman Forum uses a two zone, variable volume HVaC 
system. Once the costs and consumption of energy for the climate 
management system during the research period were calculated, 
they were divided by the total floor area of the building to 
determine the cost and consumption of energy per square meter. 

the time formats over which the sites are compared are the heating 
and cooling degree days and the heating and cooling seasons instead 
of the typical winter, spring and summer format. this measurement 
reflects the demand for energy needed to heat or cool a building and 
the seasonal climate changes are presented in numbers. the heating 
season is when cold temperatures outside necessitate museum 
heating (the more heating degree days, the more heating is required), 
the cooling season is the opposite (the more cooling degree days, 
the more cooling is needed) and the mixed season is when there is a 
need for both heating and cooling (table 1).

the two museums change their systems of climate management 
for the different engineering climate seasons (set points of 
temperature and rH on HVaC systems) and this is an additional 
reason for analyzing the recorded data and energy costs separately 
for each season.

Comparative analysis of the sites

For each individual season (heating, cooling and mixed) the 
following three categories of graphs are created so that the data 
can be visually interpreted:

1. a bar chart of the frequency and the cumulative frequency of 
temperature/rH ranges of atmospheric air and of the conditions 
inside the two museums. this analysis shows which ranges of 
temperature/rH are reached more often (frequency) in every site 
and their running total (cumulative frequency) in comparison with 
the outside climatic conditions. this chart represents the level of 
control over the environmental conditions with the use of the HVaC 
systems (Figure 1).

2. a scatter chart of the performance index (Pi) [11, 12] of the two 
museums versus the following preventive conservation guidelines: 
Strict [13], National Museum directors Conference (NMdC) [14], 

table 1. the 
engineering climate 
data from the city 
of thessaloniki 
collected for the 
research period
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Canadian Conservation institute (CCi)/american Society of Heating, 
refrigerating, and air-Conditioning engineers (aSHrae) Classes of 
control [15] and the aSHrae 55-2004 Standard for human comfort 
[16] (Figure 2). 

the strict guidelines of 20 °C plus or minus 2 °C temperature and 
50 % rH plus or minus 5 % rH all year-round within the museum 
environment are chosen because they have been the norm in 
preventive conservation for decades. the NMdC guidelines of a 
stable temperature in the range of 16 to 25 °C and a stable relative 
humidity (rH) in the range of 40 to 60 % are selected because 
they have been developed fairly recently in consultation with UK 
conservators, the UK institute for Conservation (iCON) and the 
National trust as a step towards a less energy-intensive approach 
to collections care. the CCi/ aSHrae Classes of control are 
included because they have been developed through conservation 

Figure 1. the 
frequency and 

cumulative 
frequency of 

temperature/
rH ranges of 

atmospheric air 
and of the air inside 

the two museums 
during the heating 

period
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research on ‘quality’ climate control. the aa-a class permits 
short-term fluctuations of plus or minus 5 % RH and plus or minus 
2 °C, with a seasonal set point change in temperature of plus or 
minus 5 °C, while no seasonal change in rH set point is allowed. 
this kind of control over collections requires the most resources 
and a well-built space with climate control. the B class of control 
allows short-term fluctuations of plus or minus 10 % RH and plus 
or minus 5 °C, with a seasonal temperature change of up to 10 °C. 
the temperature cannot be allowed to rise above 30 °C but can 
fall as low as necessary to maintain rH control. the B class 
of control is suggested as a reasonable target for collections 
in historic buildings that can tolerate the intervention of some 
mechanical systems but are susceptible to changes in humidity 
conditions. the C class of control permits rH in the range of 25 to 
75 % all year and temperatures below 25 °C. Finally, the aSHrae 
55-2004 Standard for human comfort in public spaces is chosen 
because museums often adopt it, prioritizing human needs over 
collections care. this standard permits temperatures in the range 
of 20 to 28 °C and rH in the range of 30 to 60 % in winter and 
summer seasons. the european directive for energy Performance 
of Buildings approved the Criteria for the indoor environment 
including thermal, indoor air quality (ventilation) light and noise 

Figure 2. the 
performance 
index of the two 
museums against 
the preventive 
conservation 
guidelines during 
the heating period
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draft standard at the beginning of 2006. this draft is still under an 
international review process, and so is not used in this paper [17]. 
By the time this research was being completed, the new BSi Group 
Standard, PAS 198:2012, Specification for managing environmental 
conditions for cultural collections was about to be published, 
therefore it was not possible to include it here.

the Pi is the percentage of the recorded data of temperature 
and RH which fall in the region defined by the numeric values of 
temperature and rH suggested by the aforementioned preventive 
conservation guidelines for every season. the suggested standards 
are displayed with the use of coloured polygons. the average 
daily values of temperature and humidity in the two museums 
are shown as clustered spots, their occurrence inside the shape 
boundaries is measured and the percentage of this occurrence is 
calculated (Pi). the deviations from the suggested standards are 
estimated and the performance of the two sites in compliance with 
the guidelines and standards is presented.

3. a bar chart of the energy consumed in the two museums versus 
the performance index achieved in every category of guideline. 
these graphs show which museum requires the most energy and 
money expenditure and what level of environmental control is 
achieved in each site (Figure 3).

Discussion

the frequency and cumulative frequency of temperature and 
rH ranges is more limited (smaller ranges of these parameters 
appear) in the roman Forum Museum than in aMt, suggesting a 
more efficient level of environmental control in the former. During 
the heating period the recorded data from the roman Forum 
museum shows that two ranges of rH are favoured (60 to 65 % and 
65 to 70 %) with 65 to 70 % being dominant, while aMt shows a 
diversity of range frequencies, with below 30 % being the dominant 
range (Figure 1). during the mixed period, the recorded data from 
the roman Forum Museum show that three range regions are 
favoured (60 to 65 %, 65 to 70 % and 70 to 75 %) with 70 to 75 % 

Figure 3. the 
energy consumed 

by the two 
museums versus 
the performance 

index achieved 
in every category 

of preventive 
conservation 

guidelines during 
the cooling period
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being the dominant one; while aMt shows a diversity of value 
range frequencies, with the regions 30 to 35 % and 40 to 45 % being 
equally dominant. Finally, during the cooling period the data from 
the roman Forum Museum shows that three regions are favoured 
(55 to 60 %, 60 to 65 % and 65 to 70 %) with 60 to 65 % being 
dominant; while aMt presents a smaller level of environmental 
control (more ranges appear) with the 55 to 60 % range being the 
most prevalent (Figure 4). this data also shows that the humidity 
in the roman Forum Museum is high during the whole research 
period, contributing to a slightly damp atmosphere inside the site. 
this may lead to a biological attack in the future because molds 
and insects thrive at elevated rH and moderate temperatures. 
during the research period no signs of biological activity were 
evident inside the roman Forum Museum, probably because 
excursions above 65 % rH were restricted to a few days or less 

Figure 4. the 
frequency and 
the cumulative 
frequency of 
temperature/ 
rH ranges of 
atmospheric air 
and of the air inside 
the two museums 
during the heating 
period
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while dew points were low (as calculated from the temperature and 
rH readings) [18]. this is a disadvantage of underground space 
usage and an issue that needs constant monitoring and further 
investigation. 

the comparison of the two museums using the performance 
index is probably the most crucial one because it introduces the 
terms and conditions under which the research hypothesis can be 
supported. the recorded data shows that the usage of underground 
space for museum purposes provides significant energy savings 
through more efficient and economical control of the installed 
HVaC systems compared with a ground-level museum. during 
the heating period, the roman Forum Museum failed in adhering 
to the strict, NMdC guidelines and aSHrae Winter standards 
but delivered a 74.5 % CCi class B and a 100 % CCi class C 
performance, while aMt also performed poorly, delivering a 4.4 % 
CCi class aa-a, a 27 % CCi class B and an 86.6 % CCi class C 
performance (Figure 2). the roman Forum Museum consumed 
1.45 (kW/h) per m2 of energy and spent 0.20 € per m2, while aMt 
consumed 13.1 (kW/h) per m2 of energy and spent 1.84 € per m2 
(Figure 5). 

in the mixed season, the roman Forum Museum failed in adhering 
to the strict, NMdC guidelines and aSHrae Winter standards 
but delivered a 100 % class B and class C performance, while 
aMt performed slightly better but still poorly. the roman Forum 
Museum consumed 0.26 (kW/h) per m2 of energy and spent 0.03 
€ per m2 while aMt consumed 3.64 (kW/h) per m2 of energy and 
spent 0.61 € per m2. 

Finally, in the cooling season, the roman Forum museum failed 
in following the strict, NMdC guidelines and aSHrae summer 
standards, but delivered a satisfactory CCi class aa-a performance 
(45 %) and an optimal class B and class C performance. aMt also 
presented a low performance, delivering an average CCi class 
aa-a and class C performance (37 % and 43 % respectively) and 
a very high class B performance of 81.3 % (Figure 6). during this 
season, the roman Forum museum consumed 3.84 (kW/h) per 
m2 of energy and spent 0.52 € per m2 while aMt consumed 25.7 
(kW/h) per m2 of energy and spent 3.60 € per m2 (Figure 3).

Figure 5. the 
energy consumed 

by the two 
museums versus 
the performance 

index achieved 
in every category 

of preventive 
conservation 

guidelines during 
the heating period
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These findings raise the question of which set of guidelines should 
be used as a reference for judging the performance of the two sites 
and consequently for setting sustainability criteria against which 
the research hypothesis can be tested. if the strict and NMdC 
guidelines are used as reference, then both museums would need 
to adjust their environmental control using HVaC systems, probably 
at significant energy and financial cost, as they both failed to 
achieve the standards established in the guidelines throughout the 
entire research period. if the CCi/ aSHrae classes of control are 
used then an underground museum could easily and sustainably 
achieve a control class B and C with minimal consumption of 
energy and expenditure of money. a class B level of control allows 
short-term fluctuations of plus or minus 10 % RH and plus or 
minus 5 °C, with a seasonal temperature change of up to 10 °C, 
while the temperature cannot be allowed to rise above 30 °C 
but can fall as low as necessary to maintain rH control. a class C 
level of control allows rH ranges of 25 to 75 % year-round and a 
temperature usually below 25 °C. These specifications raise the 
question of which types of historic artifacts can withstand such an 
environment and introduce a second set of conditions which need 
to be met in order to support the original research hypothesis. 
according to CCi/ aSHrae guidelines, classes B and C present 
little risk of damage to medium vulnerability objects but a high 
risk of damage to high vulnerability artifacts. These specifications 

Figure 6. the 
performance 
index of the two 
museums against 
the preventive 
conservation 
guidelines during 
the cooling period
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use Stefan Michalski’s work [19] to classify medium and high 
vulnerability according to types of wooden artifacts, which is not 
useful for the majority of museum collections. instead Barbara 
reeve’s aggregate tables can be more illuminating in determining 
the vulnerability or safety of various types of materials in various 
ranges of rH and temperature [20]. Figure 7 shows the safe ranges 
of rH and temperature for different types of materials. 

These figures can be misleading since they refer to modern rather 
than archaeological materials but they can be used as rough 
guides. according to these tables, museum collections comprising 
mostly of ancient ceramic and stone artifacts (which applies to the 
majority of museums in the Mediterranean basin), can withstand 
a class B and C exhibition environment. Proper environmental 
conditions for display and storage of more vulnerable 
archaeological materials are illustrated in table 2 [21]. Objects 
made of such materials can be further protected by being placed in 
confined spaces with microclimate control (e.g., display cases with 
bulk desiccants or Miniclima devices). 

the suitability of a class B and C exhibition environment in an 
underground museum is supported by the limited temperature and 
RH fluctuations which prevent deterioration processes such as salt 
efflorescence and crystallization. This is the case in the Roman 
Forum museum where the majority of the displayed objects are 
made of clay and stone, while the more vulnerable ancient metal 
and glass objects are displayed in small cases with controlled 
microclimates.

Finally, both sites performed disappointingly against the aSHrae 
Winter and Summer guidelines for human comfort. during the 
heating period, the roman Forum museum achieved a 0 % Pi and 

Figure 7. Safe 
relative humidity 
ranges for different 
types of materials 
found in museum 
collections. adapted 
from [20]
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aMt achieved a 23 % Pi. during the mixed period (the overlapping 
winter and summer region), the roman Forum achieved a 0 % 
PI while AMT achieved a 33.3 % PI and finally during the cooling 
period the roman Forum museum achieved a 12 % Pi while aMt 
achieved 40.6 %. These findings establish the last set of criteria by 
questioning the aSHrae guidelines. Gennusa demonstrated the 
difficulty of obtaining suitable indoor environmental parameters 
in museums when comfort is included in the control criteria. 
Balancing the guidelines for artwork preservation on display with 
the thermal comfort of visitors was established as an unattainable 
task [21]. if the aSHrae 55-2004 Standard were to be followed, 
then both museums would need to adjust their environmental 
controls by the use of HVaC systems, very likely expending 
additional resources. if priority is given to collections preservation, 
then underground museums can qualify as potentially sustainable 
solutions, provided that wider and more relaxed climate control 
specifications are adopted. This second option would seem to be 
the more logical as the aSHrae 55-2004 Standard is oriented 
towards continuous human occupancy (as in residential contexts), 
rather than in locations occupied only temporarily, as in the case of 
museums. 

Materials Ambient 
Temperature [°C]

Ambient Relative 
Humidity [%]

Microclimates 
(where needed)

Indications of Active 
Decay

Metals  
(non-ferrous)

18
(min. 10
max. 25)

50 (part of mixed 
collection)

35 (dedicated metal 
collection)

Less than 35 %

Not applicable

tarnish on polished 
surfaces

Powdering

Metals (ferrous) as above 50 (part of mixed 
collection)

35 (dedicated metal 
collection)

Less than 15 %

Not applicable

Fresh corrosion products

‘Weeping’, cracking

Organic materials 
(bone, leather, 
wood, etc.)

as above 50 (part of mixed 
collection)

take advice Mould & fungus
Cracks, warping, flaking

Waterlogged & wet 
stored materials

10 (the cooler and 
darker, the better, 
but always above 
freezing)

Not applicable 100 % embrittlement, shrinkage, 
drying out and breakdown 
of adhesives, fading, 
bleaching

inorganic materials 
(pottery, stone, 
glass, etc.)

18
(min. 10
max. 25)

50 (part of mixed 
collection)

take advice Stone: efflorescence – 
salts coming out

Ceramics: flaking glazes, 
powdering fabric

Glass: ‘weeping’ – wet 
surface, ‘crizzling’ – fine 
cracks, glass becomes 
opaque

Composites  
(e. g. metals and 
organics)

take advice. the climate should be determined by the most unstable and/or 
archaeologically significant part of the object.

table 2. Proper environmental conditions for the display and storage of more vulnerable archaeological materials. 
adapted from [21]
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Abstract

the Walker art Gallery in Liverpool is a traditional art gallery, 
in a Victorian building that has been modified and extended, 
with climate control systems ranging from close control air 
conditioning, to heating without any humidity control. this paper 
compares the performance of the different climate control 
systems, and discusses the implications of replacing the unreliable 
air-conditioning system that controlled two of the eighteenth- and 
nineteenth- century paintings galleries until recently. rather than 
invest significant resources in a replacement air-conditioning 
system, relative humidity targets were relaxed, and the less 
energy-intensive approach of portable humidifiers was used for 
a trial period. alongside this, a study of heat distribution in the 
building was undertaken to understand the sources of heat, and 
the impact of the glazing, lighting systems and other factors. the 
results have helped us learn more about our building, and have 
highlighted some simple solutions, such as increasing natural 
ventilation. 

Background

the Walker art Gallery in Liverpool was established in 1877. the 
original Victorian design is an impressive neoclassical stone-built 
civic building, housing collections ranging through fourteenth-
century italian and Netherlandish panel paintings, large Victorian 
pre-raphaelite paintings on canvas, to mixed media modern works 
of art.

Climate control for the collections is provided by different 
systems, depending on the collections and use of the galleries. air 
conditioning with close control of relative humidity (rH) is installed 
in the temporary exhibition galleries, the early renaissance 
galleries, and others with more sensitive panel paintings. Stand-
alone portable humidifiers are used, alongside the hot water 
radiator heating system, for most of the remaining galleries, 
and the entrance lobby area and stairs have no form of humidity 
control.

this paper compares the success of different approaches to climate 
control within the building, with reference to the environmental 
conditions achieved, running costs and practicalities, and any 
observed effect on the collections. 

Keep it simple and straightforward – the KISS principle

the KiSS principle, when applied to design and engineering, 
states that most systems work best if they are kept simple and 
straightforward. the original Victorian design of the Walker art 
Gallery was arguably a better example of this principle than the 

Sustainable climate control for art galleries? 
Experiences at Liverpool’s Walker Art Gallery

David Crombie, Chris Bailey, Bernard Connolly, Sonia Jones, 
Siobhan Watts and Sally Ann Yates
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subsequent twentieth-century interventions. the traditional 
roof-lights and natural ventilation have been replaced in some 
galleries by new air-conditioning systems, with the most recent 
refurbishment in 2001 creating a temporary exhibition suite and 
close control air conditioning built to host major exhibitions and 
international loans.

In the twenty-first century, the challenge of continuing to care for 
the collections in the face of increasing energy prices and budget 
cuts requires a return to a simpler approach. as the older air-
conditioning systems start to fail, the significant resources required 
to purchase, run and maintain them mean that replacement and 
upgrading of air conditioning is rarely a feasible option. 

the failure of an ageing system in two of the galleries at the 
Walker Art Gallery in 2010 meant that finding a simpler solution 
became a necessity. Portable humidifiers were already in use in 
adjacent galleries, and were frequently used as a standby when 
the air conditioning failed. the question was asked: are there 
circumstances in which the simple solution of portable humidifiers 
can be an alternative to full air conditioning? How do the energy 
costs compare, and are the savings in installation and energy 
justified when considered alongside the practicalities of managing 
humidifiers? What are the risks to collections?

Figure 1. Plan of the 
first-floor galleries 

at the Walker art 
Gallery, showing 

the distribution 
of climate control 

strategies. Galleries 
controlled by air 
conditioning are 

shown in blue, 
portable humidifiers 

are green, and 
those with no rH 

control are red. 
Galleries 5 and 6 

were controlled 
by air conditioning 
until the beginning 

of 2011
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Climate control at the Walker Art Gallery 

Figure 1 shows the distribution of different climate control systems 
on the first floor of the Walker Art Gallery, where the majority of the 
public galleries are located. rooms in the 1930s extension to the 
Walker (galleries 1a, 1b, 2, 3 and temporary exhibition areas a to C) 
are controlled by air conditioning, including the system installed for 
the new temporary exhibition suite in 2001, to ensure that it could 
meet the stringent environmental requirements associated with 
many loans. Older air-conditioning systems are maintained to serve 
the renaissance galleries (1a, 1b, 2 and 3), and it was the older unit 
serving the eighteenth- and nineteenth-century galleries (5 and 6) 
that failed in 2010. Other galleries relied on portable humidifiers 
for control of rH, along with heating set to visitor comfort levels. 
the central area of the gallery, known as the Flat, is open to the 
floor below, with staircases on either side. The Flat has no humidity 
control, but it has secondary heating from pipe-work running under 
the floor through the area.

Control parameters

the control parameters and strategies for the different systems 
used until 2010 are listed in table 1. traditionally the renaissance 
galleries had the tightest control of relative humidity, due to 
the number of potentially sensitive works on panel [1]. the 
parameters were set in the mid 1980s in accordance with accepted 
international practice at the time [2]. 

Air-conditioning failure in galleries 5 and 6

in 2009 and 2010, the air-conditioning system that controlled 
galleries 5 and 6 became increasingly unreliable, and it was clear 
that it needed replacing. these galleries contain mixed displays 
including paintings on panels and canvas, furniture and ceramics. 

table 1. Climate control systems and strategies up to the end of 2010 at the Walker art Gallery

Gallery no. Climate control Age of system Control parameters

temporary 
exhibition 
areas (tea) 
a, B, C

a/C with close control 
of rH

10 years designed with adjustable 
set point within 40–60 % rH, 
operated at 50 % rH
19 ºC ± 1 ºC 

1a, 1b, 2 a/C with close control 
of rH

27 yrs 55 % ± 5 % rH
19 ºC ± 1 ºC

3 a/C with close control 
of rH

27 yrs 55 % ± 5 % rH
19 ºC ± 1 ºC

4 a/C till unit shut 
down in 2003

18 yrs similar to gallery 3 when 
a/C was running

5, 6 a/C with close control 
of rH

27 yrs 55 % ± 5 % rH
19 ºC ± 1 ºC

7, 8, 9, 10, 
11, 12, 13, 
14, 15

Portable humidifiers 
and hot water 
radiators

radiators early 
twentieth century; 
humidifiers from 
1980s

Humidifiers set to 50 % RH, 
aim to stay within 
40–60 % rH
19 ºC ± 1 ºC – winter only. 

the Flat Secondary heating, 
no humidity control

N/a
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the air-conditioning problems coincided with initiatives from the 
UK National Museums directors’ Conference, and the international 
Bizot Group [3, 4] to broaden parameters for environmental 
control, and reduce the reliance of art galleries on air-conditioning 
systems. Given the significant resources required to purchase, 
run and maintain air conditioning, this provided an opportunity to 
investigate whether relative humidity targets could be broadened 
without compromise to collections and to use the less energy-
intensive portable humidifiers to maintain conditions.

the air-conditioning unit servicing galleries 5 and 6 was 
independent of the other air-conditioning systems, and provided 
heating, cooling, humidification and dehumidification, through full 
recirculation. the plant did not bring in fresh air, but re-circulated 
gallery air through a carbon filtration system. Stand-alone, 
portable humidifiers could obviously only replace one component 
of the air-conditioning – the humidification. The proposal was to 
widen the relative humidity parameters from 50 to 60 % (with a 
set point of 55 % rH), to a stable relative humidity in the range of 
40 to 60 % rH, in line with the interim guidelines for hygroscopic 
materials proposed by the National Museums directors’ 
Conference in the UK [3].

analysis of the environmental conditions in other areas of the 
building suggested that, if the temperature was maintained to 
visitor comfort levels, increasing the moisture content of the 
ambient air was the major factor required to bring it within 40 to 
60 %. relative humidity control in the adjacent room, gallery 8, 
was also provided by portable humidifiers, and in the previous 
four years the rH measured in gallery 8 did not exceed 60 % 
at any point. this is primarily because the glazed roof-lights in 
many galleries result in heat gain in the building in the summer 
and autumn so that the ambient rH is lower than that recorded 
in a more typical building. the risk during this time of year was 
rather that the lack of cooling in the galleries would result in 
unacceptably high temperatures for visitor comfort.

Other risks with adopting this approach were identified. The first 
related to the ability to control the temperature to comfort levels 
in the winter. a programme was set up to switch off different 
components of the air conditioning in scheduled phases. One of 
the aims was to identify whether galleries 5 and 6 would require 
additional heating, or whether the heat transfer from adjacent 
galleries and thermal inertia of the building would maintain the 
temperature to within comfort levels. the different components 
of the air-conditioning unit were switched off in phases: control of 
humidity was switched off completely at the beginning of January 
2011, and three portable humidifiers (two in gallery 5, and one 
in gallery 6) were set up. Four week test periods were set up to 
determine the impact of leaving the heating and ventilation off in 
addition, and operating the system with just ventilation, and with 
both heating and ventilation on.

The risks identified to collections related to whether the portable 
humidifiers could maintain a stable RH within the 40 to 60 % range, 
limiting fluctuations to less than 15 % RH in 24 hours [5]. Research 
in the previous two decades has suggested that many collections 
can safely withstand larger fluctuations in relative humidity than 
previously assumed [6]. However, in galleries 5 and 6 there was 
a concern that specific paintings had shown previous evidence 
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of instability and might be adversely affected by either the new 
parameters set out above or variation beyond them. these included 
works on both wood panel and canvas. 

When considering how to define limits of variations in RH, the 
maximum of 15 % in 24 hours was adopted, partly as it was felt to 
be a reasonable figure to compare stability within the 40 to 60 % 
range, but it also seemed particularly appropriate for the different 
types of collections on display. a rapid change from 60 % down to 
45 %, which then returns to 60 %, may have a different effect on 
canvas paintings than on panels, since canvas paintings are able 
to respond more rapidly to changes in relative humidity [7]. the 
collections displayed in room 5 at the Walker include a significant 
number of larger works on canvas, many of them glue-paste lined, 
which may well show a detrimental change in tension during short 
fluctuations in RH. 

there was a further risk relating to the maintenance regime for 
portable humidifiers. Between 2006 and 2009, the maintenance 
budgets for stand-alone humidifiers had been significantly 
reduced, and many had fallen into disrepair. towards the end 
of 2009, ongoing problems with the air conditioning highlighted 
the need for functioning portable humidifiers as a back-up, and 
funding was allocated to humidifier replacement and maintenance. 
developing an effective maintenance programme for the portable 
humidifiers was clearly an important factor in preventing excessive 
fluctuations at lower RH, and sustained periods of very dry ambient 
conditions, which would risk damage to the most susceptible 
painting in galleries 5 and 6. 

Those judged to be at the highest potential risk included five panels 
in gallery 5 and to a lesser extent, five in gallery 6. The panels in 
gallery 6 were small and stable, our records showed that none of 
these had presented evidence of problems in the past, though they 
may still be at risk from low rH conditions. Of greater concern 
were two or three panels in gallery 5, including a George Stubbs 
work that had suffered two previous occurrences of paint loss 
through movement at a split line in the support. there was also 
concern for a fragile work on canvas in gallery 6, the Stonebreaker 
by John Brett, on account of its fragile craquelure. 

Evaluating climate control systems
Results from initial test period in galleries 5 and 6

The initial testing period using portable humidifiers was carried out 
on the basis that if the resulting environmental conditions could 
not be maintained within the revised parameters (i.e., a stable 
rH between 40 and 60 %), or were found to be beyond what was 
acceptable for visitor comfort, then an alternative approach would 
be needed, e.g., introducing some form of alternative heating and 
ventilation to the galleries, or even revisiting the replacement of 
the air-conditioning system. 

the relative humidity and temperature charts for the four-
month testing period (January to april 2011) for galleries 5 and 6 
suggest that in the initial phase the humidifiers were successful 
at maintaining the rH between 40 and 60 % (Figure 2). the 
temperature remained within comfort levels (defined as 18 to 25 
ºC) for 61 % of the time, generally dropping below 18 ºC when 
external temperatures were below 7 ºC. 
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The portable humidifiers struggled to maintain the RH in higher 
gallery temperatures when the heating was switched on, and 
from mid april, when the UK experienced an unusually warm 
spring. During this period, the daily fluctuations in RH increased to 
between 5 and 10 %. The only instance where the RH fluctuations 
exceeded 15 % was when the humidifiers were removed from the 
galleries for servicing. 

to examine this in a little more detail, the second period during 
april and May (marked a2 in figure 2) was a repeat of the first test, 
with all plant shut down in order to try to assess how well the room 
performed during a period of lower ambient rH. the graph shows 
that conditions fell below the desired lower parameter of 40 % rH, 
and conditions were somewhat unstable. However, it transpired that 
this could not be considered a representative test for a number of 
reasons. it was an unusually warm spring, as mentioned above, and 
other factors conspired to exacerbate the conditions. the heating had 
been left on for longer than usual throughout the rest of the building, 
which affected galleries 5 and 6 adversely. there were also a number 
of issues concerning management of the humidifiers during this 
period, with some units not positioned correctly or developing faults. 

it was concluded that period a2 was not representative, but that 
period a could be interpreted as demonstrating that properly 
managed portable humidifiers could serve the room well without 
any of the plant being switched on. it was decided to keep this 
regime in place and to continue monitoring for a year to assess 

Figure 2. temperature and relative humidity in Galleries 5 and 6 during 
tests to look at effects of switching off components of the air conditioning. 
testing periods were as follows: a. 10 January – 7 February, and a2. 11 
april – 8 May,  all components of air conditioning were switched off; B. 7 
February – 7 March, ventilation fans switched on; C. 7–13 March heating 
switched on with ventilation fans off;  d. 14 March – 10 april heating and 
ventilation fans switched on. the heating in adjacent galleries was on 
throughout the testing period
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results, during which time good humidifier management would 
be maintained and ways of achieving better temperature control 
would be examined. 

Performance of air-conditioning systems

the question of how to evaluate the performance of air-
conditioning systems is significant for this discussion. The 
general approach at the National Museums Liverpool is primarily 
responsive: if the parameters fall outside the agreed range, the 
maintenance engineer is requested to attend. the assessment of 
galleries 5 and 6 provided an opportunity to look more critically at 
the performance of different climate control strategies, comparing 
them year-on-year and, most significantly, trying to understand 
whether the costs of running and maintaining them can justified, in 
light of the protection they offer for the collections.

Figure 3 shows the results of one approach to evaluating different 
climate control systems: the percentage of time for which they 
maintain the environment within the relative humidity range of 40 to 
60 % on an annual basis. For comparative purposes, all the results 
are evaluated against this broader rH range, rather than the tighter 
parameters that were within operation for some of the galleries 
pre-2010. 

This illustrates that although the use of portable humidifiers 
in galleries 5 and 6 resulted in a slight drop in the time that 
these galleries remained within the 40 to 60 % rH range, 
their performance in these terms was comparable to other 
air-conditioned galleries. the results for gallery 8, which was 
nominally controlled by portable humidifiers throughout the period, 
indicate the improvement in performance resulting in a dedicated 
budget for maintenance from 2010 onwards. 

these results are a straightforward way to compare the 
performance of different systems over time, since most 
environmental monitoring software will automatically calculate 
these statistics. they do not, however, always give an accurate 

Figure 3. annual 
percentage 

time the gallery 
environments were 
within the range 40 
to 60 % rH. Colour 
codes correspond 

to those used in 
the gallery plan in 
Figure 1, i.e., Blue 
= air conditioned, 
Green = portable 

humidifiers, Red = 
no rH control
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indication of the risk to collections, which generally come from 
either prolonged periods in extremely dry or extremely humid 
environments, or from large fluctuations in relative humidity. 
Other more sophisticated approaches have been developed to 
illustrate and predict the risk that climate fluctuations pose to 
collections [8]. A simplified approach is to quantify the number of 
fluctuations in RH greater than 15 %, as presenting a tangible risk. 
these changes in rH were observed in the monitoring records, and 
include fluctuations that go either above or below the 40 to 60 % 
range (e.g., from 46 to 30 %), and those that resulted in a prolonged 
period of time at a lower or higher rH. this comparison between 
different environmental control methods is illustrated in figure 4, 
which compares the different environmental control systems over 
four years. these results would suggest that a poorly functioning 
air-conditioning system presents the greatest risk to paintings 
from fluctuating relative humidity.

the ultimate measurement of performance of a climate control 
system is the condition of the collections on display, and whether 
the system is effective in protecting them from damage due to 
environment. table 2 lists the numbers of identified works in 
each gallery where some form of damage can be attributed to 
environmental effects. the instances of damage are distributed 
across the different environmental control strategies.

the results in table 2 provide examples that highlight some of the 
problems with assessing and evaluating damage to collections, 
in that the cause may not always be identifiable. The problem in 
gallery 3 in december 2011 when the system circulated air at 90 
% rH throughout the room was a straightforward example of a 
case where a malfunctioning air-conditioning system can have a 
damaging effect. Condensation formed on picture surfaces, water 
dripped from the roof and pools of water had to be mopped from 
the floor. There was no doubt about when the blanching to the 
picture surface occurred. the control sensors were found to be 
faulty, and have since been upgraded, resulting in more stable 
environmental conditions. This is a good example of how fitting 
new control mechanisms may sometimes allow existing systems to 
be used more efficiently, if it is decided to keep them in service.

Figure 4. Number 
of instances in year 
of RH fluctuations 
greater than 15 % 
within a 24-hour 
period. Colour 
codes correspond 
to those used in 
the gallery plan in 
Figure 1 i.e., Blue 
= air conditioned, 
Green = portable 
humidifiers, Red = 
no rH control
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The new flaking observed on the John Brett painting in gallery 6 
is not so easy to explain. Between 2010 and July 2012 one area of 
raised paint was clearly identified as having deteriorated to the 
point of requiring urgent consolidation. the fragility and potential 
instability of the work were known and there had been concern 
about new flaking for some time. It was impossible to say exactly 
when this change had occurred, or in response to which set of 
conditions. the span of time between survey points included both 
the failing air conditioning and the new test regime, so we cannot 
draw any firm conclusions other than that at some point, variations 
in conditions brought this about. 

More frequent surveys could help this situation, and might make 
it slightly easier to link changes to certain environmental or 
other events, assuming these latter are accurately and regularly 
monitored. in general though, it will rarely be possible to link 
changes to specific events. As with costs of maintaining equipment, 
the staff time required to undertake regular and comprehensive 
surveys may be a resource that is simply not available. Potential 
problems in some paintings may not become evident for some time 
after events that may have triggered a certain change, emphasising 
the importance of a long-term survey programme. 

Heat survey of the Walker Art Gallery

although climate control using air conditioning in art galleries and 
museums has traditionally been justified in terms of safeguarding 
the collections on display, the comfort of visitors is another factor 
that was considered at the Walker art Gallery. it is easier to provide 

table 2. environmental effects recorded for collections on display in the Walker art Gallery

Gallery no. Climate control Environmental effects noted on collections

tea a, B, C a/C with close 
control of rH

No events recorded

1a, 1b, 2 a/C with close 
control of rH

Period of low rH in gallery 2 caused distortion and slight widening of an 
existing crack to the lid of a piece of wooden furniture

3 a/C with close 
control of rH

Failure of the system in dec 2011 resulted in very high rH up to 90 
% causing severe blanching to the entire varnish surface of a large 
sixteenth-century oil on canvas painting

4 a/C till 2003 No events recorded

5, 6 (up to end 
2010)

a/C with close 
control of rH

5: local paint flaking to one eighteenth-century oil on canvas painting – 
may be an old problem;  
noticeable corner draws to another canvas painting, not serious.

6: New lifting paint on nineteenth-century oil on canvas painting 
identified July 2012, compared with survey in May 2010; 
marked variable corner draws to another large oil on canvas painting

5, 6 (2011 
onwards)

Portable 
humidifiers

7, 8, 9, 10, 11,
12, 13, 14, 15

Portable 
humidifiers 
and hot water 
radiators

New paint run in work from the early 1990s - cause uncertain, possibly 
relating to temperature fluctuations?

the Flat Secondary 
heating, no 
humidity control

Cracking and flaking of gilded gesso decoration to frame mouldings, 
probably as a result of very warm dry conditions causing wood frame 
structures to shrink.  Changes in canvas tension noted in several works, 
with varying corner draws appearing at different times
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an alternative method of heating for visitor comfort during the 
winter than it is to replace the comfort cooling provided by air 
conditioning during the summer months. the risk of hot, stuffy 
galleries during the summer months were frequently raised as a 
concern when switching off the air conditioning in galleries 5 and 6 
was discussed.

Figure 5 compares the amount of time annually that the 
temperatures in air-conditioned and non-air conditioned galleries 
rose above 25 ºC, from 2008 to 2011. in galleries 1a and 3, the 
temperature rarely reached this level. However, the warmest 
galleries were galleries 5 and 6 during 2009; turning off the 
air conditioning in these galleries in 2011 has not resulted in 
significantly higher temperatures. It is likely that the higher 
temperatures in galleries 5 and 6 in 2009 were caused in part by 
the reheat component in the failing air conditioning operating 
without adequate cooling capacity to balance it.

excluding the results from the struggling air conditioning in 
galleries 5 and 6, the data for room 8 and the Flat indicate that 
temperatures in the galleries without air conditioning were on 
average above 25 ºC for more of the time. a heat survey of the 
galleries without air conditioning was carried out in august 
2011 to map the heat distribution across these galleries, identify 
hotspots, and investigate heat transfer between different areas. 
an infrared thermometer was used to measure the temperature 
at defined points on the walls of each gallery, as well as the floors 
and ceilings. the temperature was measured at set times each 
morning and afternoon for a four-week period.

Figure 6 illustrates the results, showing the room temperatures 
in the morning and afternoon, as an average of temperature 
measured at all four walls, floor and ceiling for each room. The 
warmer galleries were those in the centre of the building, and on 
the east side, rather than those clearly facing south. a number 
of other factors were highlighted as contributing to the heat 
within the building. Figure 7 illustrates the average floor and 
ceiling temperatures measured in the galleries. Higher floor 
temperatures were measured in galleries 4, 5, 6 and 11. Galleries 

Figure 5. annual 
percentage of 
time the gallery 
environments were 
above 25 °C. Colour 
codes correspond 
to those used in 
the gallery plan in 
Figure 1, i.e., Blue 
= air conditioned, 
Green = portable 
humidifiers, Red = 
no rH control
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5 and 11 were found to have sources of heat immediately beneath 
them. Gallery 5 is immediately above some parts of the heating, 
ventilation and air-conditioning plant. Gallery 11 is over the ground 
floor sculpture gallery lit by 40 halogen spotlights on ceiling-
mounted lighting tracks, contributing to the heat transfer to gallery 
11 through the floor. Galleries 4 and 6 are both comparatively small 
so the heat gains within them are not so easily dissipated.

this study suggested some practical options for reducing the heat 
generated within the galleries. these include increasing ventilation 
and insulating the ceiling in the area below gallery 5 to prevent 
heat transfer to the gallery above, and limiting the number of 
halogen lights in use, or replacing with low-energy alternatives. 

Energy consumption, costs, and practicalities

The use of portable humidifiers to replace the air-conditioning 
system for two galleries at the Walker is feasible because the 
central location of these galleries means that the heat from 
surrounding galleries maintains a comfortable temperature for 
most of the time during the winter months.

The purchase and maintenance costs of portable humidifiers are 
relatively low compared to air-conditioning systems: the purchase 
costs for the humidifiers for galleries 5 and 6 were approximately 
6.5 % of the costs of replacing the air-conditioning plant. However, 
the practicalities of managing portable humidifiers are not always 
straightforward. They require regular re-filling, so large quantities 
of water must be carried through the galleries on a daily basis, and 
staff resources must be allocated to this. aesthetically, they can 
look out of place in a historic interior. Managing their cleaning and 
servicing to ensure that control of relative humidity is maintained 
can also be a challenge. 

the primary cost saving over the longer term by using portable 
humidifiers is in energy consumption. The energy data for the 
Walker art Gallery shows an 8 % drop in electricity use from 2010 
to 2011. Comparisons of gas and electricity consumption in the 
four-week testing phases of heating and ventilation in different 

Figure 6. average 
room temperatures 

in first floor 
galleries, at a) 10 

am and B) 3 pm 
during august 

2011, calculated 
from readings 

from all four 
walls, ceiling and 
floor. Illustration 

produced by Chris 
Hatter
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combinations showed that electricity consumption was reduced 
slightly when the ventilation was switched off. Gas consumption 
appeared to relate more to seasonal variations than whether the 
heating for these two galleries was on. the energy consumption 
was measured for the whole of the Walker art Gallery, rather 
than through sub-metering of individual components, so precise 
attribution of the variations in consumption is not possible.

Conclusion

From the experiences at the Walker art Gallery, the use of portable 
humidifiers can potentially give satisfactory results compared to 
air-conditioning systems, though with some important provisos. if 
stability of rH is the priority, the environmental data suggests that 
portable humidifiers can, in some cases, be more effective than air 
conditioning. 

this solution may only be appropriate for galleries 5 and 6 because 
their location at the centre of the building provides some thermal 
advantage in winter with the air-conditioning plant turned off. 
However, methods for improving the maintenance regimes in 
these galleries must still be examined in order to provide more 
consistent environmental control. at the Walker art Gallery, 
extending this approach to other air-conditioned galleries would 
require looking at ventilation, heating and cooling as an integrated 
strategy, for human occupation as much as for the collections. 
a more detailed study of how the building works would also be 
needed. the heat survey is a step towards this, and has suggested 
some practical measures to reduce the heat build up within 
galleries. there is no doubt that some of the alterations required to 
address these problems will have their own costs.

Figure 7. average 
floor (shown in 

centre of rooms) 
and ceiling (shown 
at edges of rooms) 

temperatures 
from readings 

taken morning 
and afternoon in 

august 2011 in 
first floor galleries. 

illustration 
produced by Chris 

Hatter



CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012 | 205

The switch to portable humidifiers relies on implementing 
appropriate management and maintenance regimes to ensure 
their effectiveness, and this involves considerable staff time. a 
sustainable approach to collection care requires a system backed 
up by the maintenance resources to provide stability in the long 
term. allocation of suitable resources to a regular programme of 
collection surveys combined with environmental monitoring may 
help achieve the best results.
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Abstract

The Science Museum Group, a coalition of five museums devoted 
to the history and contemporary practice of science, medicine, 
technology, industry and media, has objects stored in a number 
of leased and fully-owned buildings. Only one of these buildings 
was purpose-built for museum storage. environmental conditions 
within the object stores vary widely. 

after taking into account developments in the conservation and 
scientific understanding of the behaviour of materials and the 
impetus towards sustainable low-energy solutions for storage, 
environmental standards were defined for each class of material. 
Wider bands for both temperature and relative humidity with 
emphasis on seasonal drift and slow fluctuations from set end 
points were accepted and the existing storage areas graded for the 
types of collections they housed. 

During a major internal financial review in 2009/10, it was decided 
to look at the estate held and used for object storage. this 
developed into a wider collections storage rationalisation project. 
reviewing the buildings was only one element of the project; the 
needs of the collections were closely examined to ensure a well-
rounded approach with collections preservation as important as 
financial savings. 

this paper describes two major projects to upgrade existing 
facilities to accommodate the rationalised reserve collection. it is 
hoped that the technologies and solutions trialled in these projects 
can be used again to provide further sustainable storage facilities 
for the Science Museum Group.

A brief background to the Science Museum Group

The Science Museum Group (SMG) is made up of five museums 
devoted to the history and contemporary practice of science, 
medicine, technology, industry and media. SMG incorporates the 
Science Museum and the Wellcome collections of the history of 
medicine at South Kensington, the Science Museum Library and 
archives at South Kensington and Wroughton, the National railway 
Museum (NrM) at York, the National Media Museum (NMeM) at 
Bradford, Locomotion: the National railway Museum at Shildon, 
Concorde 002 with its associated exhibition at Yeovilton, and the 
Museum of Science and industry (MOSi) in Manchester. 

the Science Museum has its origins in the South Kensington 
Museum, which was set up soon after the Great exhibition of 
1851. the South Kensington Museum was renamed the Victoria 
& Albert Museum in 1899 and officially split into the Science 
Museum and Victoria & albert Museum in 1909, although they had 
been operating as two museums for some years before then. the 

Solutions for challenging buildings: Storage projects  
at the Science Museum

Marta Leskard and Louisa Burden
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National railway Museum opened in 1975 and was established 
as a result of the transfer of the British transport Commission’s 
railway collection to the Board of trustees of the Science Museum. 
Concorde 002 flew into Yeovilton to become an exhibit at the 
Fleet air arm Museum in 1976. the National Media Museum was 
established in 1983 with the support of Bradford City Council 
as part of the council’s economic redevelopment programme. 
Locomotion: the National railway Museum at Shildon was opened 
in 2004 in partnership with Sedgefield Borough Council. MOSI was 
founded in 1969 and joined the Group in February 2012.

SMG storage sites

the storage sites and areas outside the main museum buildings 
are in a mixture of leased and fully-owned buildings. Only one 
building out of the whole estate was specifically built as a museum 
store, all others are converted from other buildings. there have 
been storage sites at Olympia in west London, Wroughton near 
Swindon in Wiltshire, Foundry Lane and the Cement Works in York, 
Black dyke Mill in Bradford and Brunel avenue in Salford. 

Science Museum storage for small- and medium-sized objects is 
in Blythe House, west London. Originally built as the Post Office 
Savings Bank headquarters between 1899 and 1903, the building is 
shared with the Victoria & albert and British Museum and is owned 
by the department for Culture, Media and Sport (dCMS). Science 
Museum collections are stored over five floors, in 100 individual 
rooms. 

Large and very large objects are housed on a former military 
airfield at Wroughton, purchased from the Ministry of Defence in 
1979 for use as a collections store. The repurposed airfield, an 
hour west of London, has objects stored in eight 1930s hangars 
(four L-type, three d-type and one C-type [1]) and the one purpose-
built store, built between 1993 and 1994, spread over the 545-acre 
site. 

the Group owns the NrM site, which was a former steam and 
diesel locomotive depot just outside the city walls in York, providing 
considerable floor and rail space. It has a variety of buildings that 
were converted for museum use. Close to the museum are the 
Foundry Lane and Cement Works sites which have been used for 
storage of collections. 

NMeM has housed its reserve collections on one floor of a former 
textile mill, Black dyke Mill, near Bradford, on a lease basis.

First storage project- Hangar C1

in 2008, an initial investigation was undertaken into the potential 
for storage of NrM collections at Wroughton as a way of resolving 
long-term storage issues at York. this was followed in 2009-10 by 
a major internal financial review to reduce the costs of running 
the museum group due to the reductions in central government 
funding caused by the economic downturn. One of the projects 
within the review was to look at the estate held and used by the 
group to see where specific savings could be made or income 
generated. this developed into a wider collections storage 
rationalisation project. reviewing the buildings was only one 
element of the project; the needs of the collections were closely 
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examined to ensure a well-rounded approach to the project with 
collections preservation as important as financial savings. Estates 
and collections departments worked closely together throughout 
the project.

The collections storage rationalisation project identified that 
certain stores were particularly expensive to run or required 
significant investment to bring them up to museum standards 
for holding collections. in Bradford, space was leased in a shared 
occupancy building, Black Dyke Mill. This site was difficult for 
staff to access, security issues were a concern and the general 
conditions, whilst stable, were not adequate for some of the 
material in store. at York, the Foundry Lane buildings were in a 
poor state of repair and had also become inadequate for some of 
the material stored there. It was also identified that the site could 
be leased out to external tenants with ease, so generating some 
much needed income. Wroughton is owned by SMG, with some 
areas leased out to tenants. 

the project objectives and museum collections needs were 
identified as:

•  to review the number of separate stores used within the 
organisation with a view to reducing overheads;

•  to improve the conditions in which some objects were stored: 
reducing the deterioration of those items currently stored in 
inadequate environmental conditions;

•  to rationalise the collection;
•  to allow for new acquisitions;
•  to facilitate improved access for collections teams, particularly 

with regard to selecting objects for future galleries;
•  to improve public access through documentation;
•  to explore new ways of documenting; 
•  to open up new loan opportunities; 
•  to explore possible commercial opportunities;
•  To align with other financial review projects.

in april 2010, the then director of the Group authorised a project 
to transfer reserve collections from Black dyke Mill (NMeM) and 
Foundry Lane (NrM) to Wroughton. it was envisaged that this 
would reduce the cost of running the estate and increase the 
number of objects held at Wroughton. 

available storage space was already severely limited at Wroughton 
and it was evident from the start that a hangar would have to 
be vacated to provide sufficient space for the objects from the 
northern stores. as all the hangars were suffering from age and 
a historic lack of maintenance, whichever was chosen would also 
need to be refurbished to eliminate problems such as pest and 
water ingress, hazardous materials, old wiring, poor lighting, 
blocked or inadequate drainage and structural deterioration such 
as spalling concrete and corroding ironwork. Limited funding was 
available for the project as a whole and had to include collections 
management procedures such as audit and photography, 
preparation and transport of collections, as well as building 
renovation in order to fulfil as many of the project objectives as 
possible.

initially the hangar chosen for the project was a d-type (cast 
concrete with bow-strung roof trusses) which had benefited from 
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some upgrade work in the early 1990s, particularly treatment of 
the concrete to reduce spalling, improvements to the lighting and 
wiring, replacement of one hangar door with a rolling shutter door 
and blocking in of the windows. it would therefore be inexpensive 
to refurbish. However, this building contained over 60 large 
objects including three airliners (a Constellation, a dC3 and a 
Boeing 24d) and it became obvious that it was not logistically 
feasible to relocate the objects elsewhere on site. the hangar in 
the worst condition was therefore chosen to be refurbished. this 
was a C-type steel framework structure with concrete block infill 
and multi-pitch roof, asbestos-clad with leaking wooden roof, a 
series of windows, many cracked or broken, along each side and 
corroding full-height sliding doors at either end, complete with 
resident populations of nesting pigeons and jackdaws. it also 
had asbestos-clad and insulated annexes along both sides below 
the windows. The hangers on site are identified by the hanger 
type letter followed by a number. the best option available to the 
museum was identified as renovating C1 rather than refurbishing 
d4.

a working group of staff from the Science Museum, NrM and 
NMeM was formed to provide an outline plan with costs to enable 
stores at York and Bradford to be vacated and hangar C1 to be 
cleared and renovated. 

Conservation and collections care staff at Wroughton audited the 
other hangars and identified options to relocate the few objects 
which had been stored in C1; the remaining material in the hangar, 
including old exhibits material, packing crates, seldom or unused 
equipment and a substantial amount of rubbish, was either 
recycled or disposed of. 

estates staff drew up a plan of works for the building renovation 
based on specifications provided by the working group to produce 
a building which would securely house approximately 6000 objects 
from each of the northern museums. due to funding limitations, it 
was determined that the building would be wind and waterproof, 
with limited vapour barrier and insulation. there would be no 
heating or cooling system and therefore no relative humidity 
(RH) or temperature controls but fluctuations and excesses of 
rH and temperature would be moderated to a limited degree by 
the upgraded building envelope. Neither the chill factor from the 
concrete floor slab or condensation on the floor would be reduced. 
Pest entry would definitely be reduced as the hangar doors would 
be replaced. 

Under the SMG collections management storage procedure (which 
grades storage areas against environmental standards for the 
types of materials that they house), the improvements would result 
in hangar C1 becoming a SMG Grade 2 facility, suitable for the 
storage of robust industrial and transport collections, rather than a 
low Grade 1, wind and waterproof only building.

Based on environmental monitoring data from the site, with no 
heating system, rH levels in the winter months could still be 
higher than 70 % for periods of time. However, even this would 
be an improvement on at least one of the northern stores, which 
had a large hole in its roof. Objects stored in the hangar would 
have to be of robust materials, in good condition or protected 
by surface treatments, packing materials or other mitigation. 
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More environmentally susceptible objects for which this was not 
a suitable environment, even with mitigation, would be stored 
elsewhere. 

after the hangar was cleared, a series of refurbishment works was 
undertaken. all the asbestos cladding and insulation was removed 
from the main building and the annexes demolished. the hangar 
doors were removed and a galvanized steel framework and brick 
footings were installed in the open spaces to support conventional 
composite wall panels with an insulated core and some limited 
vapour barrier properties (Kingspan KS1000rW). the remainder of 
the hangar was clad with the same composite panels, the windows 
being completely covered over in the process. Foam filler and 
butyl rubber sealant were used to close off gaps. the gutters were 
relined and the drainage upgraded. there were upgrades to the 
roof panels along the gutter edges but as the roof was considered 
to be in good condition only repairs identified as necessary were 
undertaken. No insulation was added to the roof. the interior metal 
framework and brickwork were sandblasted and painted and the 
concrete floor given a deep clean. The sodium arc light fittings 
were replaced by high-intensity halides; fire alarm, intruder alarm 
and CCtV systems were installed. a vertical rise shutter door 
replaced the hangar door on the north side; fire exits were installed 
in the south wall (but no access doors); a double access door was 
installed on the west side. Because there would be no heating 
system in C1, a two-room portable office cabin was installed for the 
use of staff working with the collections; it has heating, a toilet and 
a small kitchen and data-access points with a PC, printer and the 
receiver for the Hanwell monitoring system.

to make enough space for the collections being moved from the 
two northern museums, 14 rows of eight metre high static long 
span racking were installed; half to accommodate large (1830 x 
1370 mm) wooden pallets and half small (1220 x 1020 mm) pallets. 
each row was lettered and each bay numbered to pinpoint object 
locations in the collections database. access to the objects is via 
electric reach truck retrieval from the racking with pallet truck 
handling on the floor. A large space was left at the front of the 
hangar between the reach truck charging station and the office 
cabin for object deliveries and study. 

C1 refurbishment was completed by June 2011 with the first 
objects moved from Foundry Lane (NrM) at the beginning of 
October. By the end September 2012, all the object moves had yet 
to be completed. an ongoing issue for several months had been 
leaking from the roof under certain wind directions, though this 
appears to have been resolved. a lesson learnt from this project 

Figure 1. the 
Science Museum 

storage site at 
Wroughton in 

Wiltshire

Figure 2. Hangar 
C1 before 

refurbishment

Figure 3. C1 during 
refurbishment – 
hangar doors and 
annexes removed; 
steel framework 
and composite 
panel cladding 
being installed



212 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

is that, no matter how good it seems, the roof should probably be 
replaced; it will be cheaper in the long run!

initially the temperature and relative humidity was monitored in 
five different places, from floor level to ceiling, using Tinytags, 
but the data showed that the environment is the same throughout 
the hangar. Consequently, only one Hanwell monitor has been 
installed. data indicated that there has been some minimal 
moderation of the rH in comparison to external conditions, just as 
expected. However, C1’s environment is now comparable to that 
inside the all-concrete L1 hangars, which have a much greater 
thermal mass.

Second storage project – Hemcrete Museum Store (HMS)  
in hangar D2

The second storage project was initiated in 2010 when financial 
aid was offered from the department of transport to the NrM in 
order to store the rail industry National archive (riNa). at the 
time, it was decided that the facility would need to conform to the 
guidelines of British Standards institute (BSi) BS5454:2000 [2] as 
recommended by the National archives UK. even though this was 
subsequently withdrawn by BSi and replaced with Pd5454:2012 
[3], Guide for the storage and exhibition of archival materials, 
the engineering design of the building retained the original 
specifications. About the same time, due to an exhibit development 
project, three distinct collections of the Science Museum also 
required conditioned storage, these being the large ship models, 
the paintings and the horse-drawn carriages. the project was thus 
extended to include three-dimensional objects.

the storage unit would be built within a d-type hangar; the reserve 
store for the Science Museum Library and archive had been built 
inside half of this hangar some years previously using conventional 
building techniques with a heating and air-conditioning system. 
Part of the remaining space would be used for this project.

From information gained through participation in the 2009 
workshop on low-energy climate control in museums and 
archives in Copenhagen (led by Poul Klenz Larsen and Morten 
Ryhl-Svendsen, National Museum of Denmark and Tim Padfield, 
consultant in museum climate control), and from ideas generated 
by a presentation from Mike Lawrence of the Building research 
establishment Centre for innovative Construction Materials at the 
department of architecture and Civil engineering at the University 
of Bath, staff at Wroughton suggested that hemp-lime technology 
should be investigated as a method of building a more sustainable 

Figure 4. C1 
exterior after 
refurbishment

Figure 5. C1 
interior with 
racking installed
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low-energy controlled storage building. Lime technologies (Lt), a 
commercial organisation which produced Hemcrete [MOdCeLL] 
[4] as a sustainable building material in the form of modular 
panels, were asked to provide modelling of a storage facility 
using environmental data from Wroughton. the modelled results 
were encouraging. in addition, it was concluded that because 
modularity to the museum’s specification was available both better 
thermal performance and better climate control were possible. 
Compatibility with renewable energy sources would potentially 
lower the operational costs and there was an opportunity for the 
museum to become an exemplar in the field and work with the 
University of Bath [Bre] for independent accreditation. Lt were 
contracted to develop a schematic design for the storage units 
based on criteria for environment, floor-loading, storage furniture, 
object type, accessibility and space-usage provided by the 
museum’s collections care and archive staff.

ModCell panels are prefabricated and force-dried, and are 
available in a variety of sizes dependent on use. the panels 
are timber framed and can be pre-fitted with services; they are 
made off-site and brought in when required. the panels can be 
fitted either to timber or steel frames and can be used as roofing 
material. The hemp in a lime matrix provides extremely efficient 
hydraulic buffering. Hemp and lime are also natural insecticides 
and fungicides. the ModCell Panels meet current British Standard 
fire resistance tests.

A three-level two unit modular building was designed to fill the 
space right up to the hangar rafters. although currently the 
larger unit is intended for the storage of three-dimensional 
objects, it is possible that future use of the building may be for 
archival storage so the same floor-loading was used throughout 
the structure. This meant that the old hangar floor had to be 
removed and a new concrete floor poured. In an effort to avoid 
materials with high embodied energy (e.g., concrete planks), 
Cross Laminated timber (CLt) [5] planks were proposed for the 
floors and roof structure. In order to gain maximum effectiveness 
these planks had to span over the top of the steel beams used in 
the framework of the building. However, this raised the overall 
height of the building. as the ground-level ceiling height was 
chosen to accommodate the tallest of the carriages, the end result 
was a slightly lower than average ceiling height for the other two 
levels. Pre-fabricated Hemclad panels were hung from the steel 
framework. a roller shutter door and an access door were installed 
for each compartment of the object storage unit; an access door 
was installed at each level of the archive storage unit; each area on 
every level also has a fire exit at the rear. Stair access to all levels 
and the roof was installed at the front and back at the archive end; 
installation of a lift is planned. Balconies run across the face of 
the units with reach truck access in front of the doors. in order 
to prevent rodent access, the outside face of the building was 
entirely covered in rodent-proof mesh and the decision was taken 
to neither render nor cover the mesh with fibreboard. The aesthetic 
appearance of the building was not a priority.

as the approach was to create a building with a stable passive 
environment as close to the BS5454 conditions as possible, 
relatively little mechanical and electrical (M&e) input was 
installed. two solar photo voltaics-powered air-handling units 
with heat recovery regulate the internal conditions as required. an 
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independent Hanwell environmental monitoring system has also 
been installed as an independent check against the monitoring unit 
of the mechanical and engineering equipment. it is anticipated that 
the facility will operate at a third of the running cost and emissions 
of other SMG storage facilities providing the same environmental 
standards.

Future projects

the hangers provide storage for the most robust industrial and 
transport collections but are now of an age where investment is 
required to ensure long term preservation both of the buildings 
and contents. This building programme was the first substantial 
investment in Wroughton’s object storage facilities in some years 
and it is hoped that this will be the start of longer term plans. We 
are currently working up plans and costings for the refurbishment 
of an L-type hanger, which we hope can start in this financial 
year. We also have the possibility of other leased stores in the 
north of england being closed and new buildings being needed at 
Wroughton to house those collections. 

as we enter the proving period with the Hemcrete store, more 
information about the environment offered and the sustainability 
of this facility will be available. We hope that the technology can 
be used again to provide more object storage for less robust 
objects and potentially be retrofitted to other storage areas 
to aid environmental control where the collections require it. 
Further research work at Wroughton with the University of 
Bath’s department of architecture and Civil engineering is being 
discussed and the Museum’s first conservation-based PhD place 
has been accepted by the University of Bath, looking into passive 
building environmental performance for museums.
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Abstract

recommendations for relative humidity and temperature in 
museums were initially developed from practical observations 
on the interaction between works of art and the surrounding 
environment. Later, the values were specified on the basis of 
knowledge of the material characteristics of objects and research 
into the chemical and physical mechanisms of deterioration. the 
availability of technical equipment to control the environment has 
also influenced the development of these fixed values, which are 
today more strict than human comfort criteria. 

However, an increased concern to conserve natural resources 
combined with the financial limitations faced by most museums 
and historic houses has generated discussion about whether 
the existing fixed values should be re-evaluated. One of the 
main arguments is the ‘proofed fluctuation concept’. Briefly 
summarised, the assumption is that if an artwork were damaged 
by its climate in the past, no new damage will occur as long as the 
current environmental conditions remain more favourable than 
the historic extremes. to date, however, this argument has not 
been proven and there is a lack of research into modelling historic 
indoor environments.

this paper presents an innovative attempt to reconstruct the 175 
years of building history of one of the first free-standing museum 
buildings, the alte Pinakothek. Six phases are distinguished, each 
representing a particular building concept with its own climate 
control strategy, which impacted in different ways on the indoor 
climate conditions in the museum. the historic indoor climate 
conditions and related energy consumption are modelled with 
input from archival sources such as building plans, blueprints, 
correspondence, submissions, invoices, etc. By analysing the 
simulations of past indoor climate conditions, the efficacy of the 
simple technical interventions of the past is revealed, enabling an 
insight into the architectural expertise of those involved with the 
museum over the decades. New information about the historic 
levels and fluctuations of relative humidity and temperature is 
uncovered by comparing the different building phases. 

this review of past approaches demonstrates that architects 
in earlier times were generalists who understood the complex 
interactions between an architectural concept, the building 
envelope, building physics and the specific conditions of the site. 
in addition, this retrospective indicates that our construction of 
the concept of sustainability should also encompass the practice 
of drawing conclusions from the past for future generations. 
a sustainable conservation strategy should be based upon 
an understanding of historic approaches and environmental 
conditions as well as sound preventive conservation practice 
informed by social and economic considerations. 

Learning from history. Historic indoor climate 
conditions and climate control strategies 

Melanie Eibl and Andreas Burmester
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Introduction

attempts have been made to control indoor climate conditions 
throughout human history. Whereas the early focus was to 
ensure human survival, as technologies developed the demand 
for comfort increased. a comparable trajectory can be traced 
for climate control in museums, in particular for discussions on 
the correct conditions to be achieved by heating, ventilation and 
air-conditioning (HVaC) systems. initially, the recommended 
levels for relative humidity (rH) and temperature were based 
on practical observations. Later, an increased awareness of 
specific material characteristics and a growing understanding of 
physical and chemical deterioration processes influenced climate 
recommendations.

Currently, the climate specifications for museums go beyond 
those required for human comfort. these often lead to the 
installation of complex HVAC systems to meet the specifications, 
irrespective of the museum’s location, its building envelope or 
architectural concept. in addition, the high energy consumption of 
air-conditioning systems is a major financial drain, exacerbated by 
their operation and maintenance costs.

these problems are combined with an increased awareness 
of ecological concerns, limited resources and the need to 
reduce the carbon footprint. this is the background of recent 
discussions on expanding climate specifications used as set 
point values to set point ranges. Laboratory experiments on the 
behaviour of materials under different indoor climate conditions 
and fluctuations of RH and temperature seem to justify the set 
point range approach. Furthermore, the argument that objects 
of cultural heritage have survived despite the fact that historic 
climate conditions were far removed from today’s stringent 
recommendations often serves as practical evidence for this 
theory. But what were the historic climate conditions? there is an 
evident lack of knowledge about historic indoor climate conditions. 
this contribution aims to reconstruct the 175 years of indoor 
climate in the Alte Pinakothek in Munich, one of the world’s first 
free-standing picture galleries. 

Climate control in museums and museum architecture

Climate set points are defined values for RH and temperature to 
ensure stable conditions for the preservation of artworks. these 
often contain hygroscopic materials that react to changes in rH 
by swelling or shrinking. this phenomenon has been studied 
over the last 80 years and has resulted in the generally accepted 
understanding that rH values below 30 % cause embrittlement and 
shrinkage, whereas values above 70 % cause swelling and mould 
growth. Specification of absolute values within this range seems 
to be more a question of belief or of subjective interpretation of 
real-life observations rather than being founded upon scientifically 
proven findings. A comparison of the development of set points to 
developments in HVaC engineering reveals that:

1.  today’s set points originated during World War ii when objects 
were evacuated into quarries. this happened in many european 
countries involved in these conflicts, including England [1], 
austria [2] and Germany [3, 4]. in the quarries, a simple heating 
system was used to keep the environmental conditions constant 
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at 58 % rH and 17 °C. the fact that no damage occurred was 
ascribed to the absolute values rather than the extreme stability 
of the climate.

2.  One of the earliest documented set point values was established 
at the end of the nineteenth century. this was based on 
pragmatic experience and observations. it is particularly 
noticeable that human comfort criteria rank lower than 
achieving the correct conditions to preserve works of art.

3.  Historic set points often mirror technical feasibilities of the HVaC 
systems rather than real preservation requirements. the more 
powerful the technical installations became, the stricter were the 
set point values and their ranges of acceptable deviation.

 
Within the museum world, strict requirements are commonly 
defined for entire collections, irrespective of the site, the building 
envelope or the local museum architecture. the relationship 
between museum architecture and indoor climate conditions is 
generally ignored. HVaC systems are installed to compensate 
bad building physics. this dependency not only has ecological 
and financial implications, but also leaves cultural heritage at 
increased risk of deterioration [5, 6]. 

In early museum history, indoor climate conditions were chiefly 
influenced by the massive building structure. Moisture control 
meant protection from driving rain and leaky roofs. if there was 
any heating, this was provided by the combustion of coal or wood. 
Fresh air was brought into the building by natural ventilation and 
using the airflow through ducts and chimneys. The only available 
artificial light sources would have been candles, oil or paraffin 
lamps, though these were not considered suitable for museums on 
account of fire risk, heat input and pollutants. Therefore, window 
openings had to be large enough to ensure sufficient daylight.

during the nineteenth century, two fundamental changes occurred. 
Central heating systems with radiators were developed, which 
could distribute hot water or steam from a separate boiler room 
to every room in the building. Secondly, the first gas lamps offered 
new possibilities for the illumination of rooms. although buildings 
became more air tight, internal and external pollution, mainly 
caused by combustion processes, increased the need for controlled 
ventilation. at that time, mechanical ventilation became an urgent 
challenge. All these factors, ventilation, artificial light and the 
quality of the building envelope, affected the indoor climate in 
the past as they do today. as soon as any type of climate control 
is implemented, set points have to be defined for the operative 
technicians. The first documented specification of set points for 
the alte Pinakothek dates back to the 1880s. damage of panel 
paintings caused by the dry air of the installed heating system 
prompted suggestions that heated rooms should be humidified to 
around 50 % rH: 

‘[…] sollen Vorrichtungen angebracht werden, um den 
Feuchtigkeitsgehalt der Luft in den beheizten räumen 
durchschnittlich auf 50 % zu erhalten’ [7], which translates into, 
‘installations should be placed within the heated rooms to keep the 
humidity averaged above 50 %’.

But what were the climate conditions in the galleries? and can 
these historic conditions be linked to the current discussion on set 
point adaptations?
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Phase Period Short description

1 1836 to 1841 Original building with air-heating 
planned by Klenze

2 1841 to 1891 Unheated building after deactivation of 
the air-heating

3 1891 to 1952 Low-pressure steam heating  
system for heating and humidification

4 1952/57 to 1994 reconstruction by döllgast with HVaC 
for heating and humidification

5 1994/98 to 
present

Overall refurbishment with  
installation of a full HVaC system

6 2008/09 to 
present

Energy-efficient retrofitting of a single 
gallery room

table 1. the six different phases of the building and climate history of the 
alte Pinakothek

Climate and building history of the Alte Pinakothek

Increased awareness of the finiteness of natural resources and the 
financial limitations faced by most museums and collections have 
prompted discussions on dismissing the existing set point values. 
One of the recent alternative proposals is the so-called ‘proofed 
fluctuation concept’ [8]. Briefly summarised, the assumption is that 
if climate-induced damage of artworks occurred in the past, no 
new damage will occur as long as the current climate conditions 
stay within the range of the historic extremes. But what were the 
historic extremes and the indoor climate conditions?

an investigation of the climate and building history of the alte 
Pinakothek might offer an initial answer. the general supposition 
is that every change to this building in the past influenced the 
indoor climate in some respect. therefore, the primary goal is to 
reconstruct the history of the building in order to reconstruct the 
history of the indoor climate conditions.

The Alte Pinakothek was one of the first free-standing picture 
galleries in the world. it was built by the architect Leo von Klenze 
(1784–1864) between 1827 and 1836 for King Ludwig i (1786–1868) 
in collaboration with ‘gallery inspector’ Georg von dillis (1759–
1841), its first director. In fact, it was Dillis’s 14-point catalogue of 
requirements, the so-called ‘Prememoria’ [9] that had the greatest 
influence on Klenze’s architectural design. It is worth mentioning 
that this building strongly influenced subsequent generations of 
architects and for many decades became a prototype of museum 
architecture. the building history of the alte Pinakothek has been 
written from an art historian’s perspective [10], however there is a 
lack of information on its technical history. 

information on the 175 years of technical history of the alte 
Pinakothek has therefore been collected from documentary 
sources. these include building plans, blueprints, construction 
files, correspondence, invoices, and submissions on the 
construction of the building, its envelope, construction materials, 
as well as on technical installations and their uses. its history can 
be split into six phases of indoor conditions (table 1).
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Figure 1.  
Ground plan of the 
alte Pinakothek for 
phases 1 to 3

Phase 1, 1836 to 1841

in 1836, the gallery opened after a planning and construction 
period of about ten years.  Phase 1 lasted from 1836 to 1841 when 
the air-heating system installed by Klenze was shut down. at that 
time, the building was located outside Munich’s city wall, which 
permitted Klenze to place the longitudinal side of the museum in a 
north-south orientation. although the gallery quickly acquired the 
nickname ‘dachauer Gallerie’ (being closer to the city of dachau 
than to Munich), Klenze’s concept of a fully-detached building 
allowed the galleries to be lit by daylight, minimised the risk of fire, 
avoided the noise of carriages and also reduced the ingress of dust 
and dirt.

in total, the building (Figure 1) is 150 metres long with a width 
of about 50 metres. Both ends have wider front sections which 
housed the entrance hall, with a huge staircase at the east end 
and functional rooms at the west. the building has three main 
levels: the cellar with air-heating ovens placed in so-called 
‘Klimakammern’ (climate chambers), the ground floor, where 
the print and drawing cabinet, a collection of vases, a vestibule, 
and storage rooms were located, and the upper floor with eight 
galleries and 23 cabinets. above this is an attic crowned by 11 
light lanterns in the style of greenhouses, which were constructed 
by Klenze in response to the problem of daylight illumination 
under challenging weather conditions (Figure 2). the building 
envelope is heavy brick masonry faced with yellowish sandstone. 
the architectural ornamentation consists of green ‘regensburger’ 
sandstone. the roof is covered with sheet copper. 

Figure 3 illustrates the tri-partition of the alte Pinakothek: the 
major gallery rooms with skylights in the middle of the building, 
the side-lit cabinets in the north and the abundantly decorated 
loggia corridor (Figure 6 left) as a passageway and climate 
buffer in the south. The interior design also reflects the different 
illumination and uses of the rooms. Whereas the ceilings of the 
smaller cabinets are flat, those of the large galleries have a 
special construction. the loggia consists of 25 pendentive cupolas. 
all ceilings are richly decorated with partly gilded plasterwork. 
Originally, there were terrazzo floors in the whole building, except 
for the vestibule that had tiles and the grand staircases that were 
made of marble. 

Klenze argued that a heating system was required for the 
preservation of the pictures and for visitors’ comfort [11]. Being 
aware of the fire risk caused by any heating system, he planned 
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14 masonry niches in the cellar in which he placed the wood-fired 
air-heating ovens. Fresh air, as well as heated and exhaust air, 
was channelled through brick ducts placed in the walls of the 
building which were about one metre thick. in the gallery rooms 
themselves, warm air was supplied through vents directly below 
or next to the paintings. the exhaust air was extracted about 15 to 
20 cm above the floor. The smoke ducts were also routed through 
the massive walls to chimneys on the roof. Natural ventilation was 
provided by leakage through the building envelope, air exchange 
between the different rooms and by opening the windows manually.

Phase 2, 1841 to 1891

Within a few years of opening, the air-heating system was 
acknowledged to be a failure. in 1841, the system was switched 
off due to severe damage observed on many of the gallery’s 
paintings. In particular, large temperature fluctuations had caused 
even larger fluctuations in RH, and there were dust and dirt 
accumulations on painting surfaces: 

‘Man hatte sich nämlich überzeugt, daß die am höchsten 
hängenden Bilder dann, wenn die unteren in einer angemessenen 
temperatur – etwa 12–15 ° Celsius – sich befanden, einer höchst 
nachtheiligen Hitze ausgesetzt waren, und daß die durch die 
Heizluft mitgeführten Staubmengen außerordentlich schädlich 
auf die Bilder einwirkten’ [12], which translates into, ‘it was 
obvious that the highest placed pictures on the wall suffered 
from an enormous heat whereas the lower placed pictures found 
themselves in an adequate temperature of 12 to 15 °C and that 
the dust transported by the heated air is extremely harmful to the 
paintings’.

For preservation reasons, the galleries were not heated from 
1841 to 1891. abandoning the heating led to room temperatures 
as low as -5 °C during winter, which resulted in blooming on 
painting surfaces and mould growth. Furthermore, the building 
and its installations had also suffered damage. during phase 2, 
maintenance and housekeeping was not carried out due to a lack 
of financial support from the Bavarian state. 

Figure 2. Klenze’s 
light lanterns on the 
roof of the building 
in 1938
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Figure 3. Cross-
section of the 
alte Pinakothek, 
architectural 
drawing by Klenze 
in 1831

Phase 3, 1891 to 1945

The poor condition of the galleries finally led to a major renovation 
in the late nineteenth century. this included the installation of a 
new heating system: a low-pressure steam heating system was 
employed not only to heat the galleries but also to humidify them 
to some extent. The gallery floors were covered with oak parquet 
to replace the former terrazzo floors. The walls were given a 
new textile covering, and the copper cover of the light lanterns 
was replaced by depolished glass. about 20 years before the new 
heating system was put into operation, a commission of experts 
evaluated existing climate control systems in the most prominent 
european museums in order to devise a climate control concept 
for the alte Pinakothek. their report included a description of the 
advantages and disadvantages of the inspected systems as well as 
one of the first recorded remarks on set point values for museums:

‘Bei der aufstellung des Programmes war als Hauptforderung 
vorangestellt, daß die Heizung nicht durch unzweckmäßige 
temperatur oder unrichtigen Feuchtigkeitsgehalt der Luft die 
Bilder schädige, sondern möglichst zur erhaltung derselben 
mitwirke und erst in zweiter Linie, daß sie den Malern, Beamten 
und Bediensteten den aufenthalt angenehm mache […] oder 
mit anderen Worten, es soll der Feuchtigkeitsgehalt der Luft 
fortwährend so nahe als möglich auf 50 Prozent Sättigung erhalten 
werden’ [12], which translates into, ‘On developing the programme, 
the main request was that the heating should cause no harm to 
painting due to inappropriate temperature or incorrect humidity of 
the air. In the first instance, the heating should contribute to the 
preservation of the pictures and only after that fulfil human requests 
for comfort […] or in other words, the humidity level of the air should 
be permanently kept close to 50 % saturation’.

as clearly stated, the conditions for the paintings had priority 
over human comfort. The final heating system consisted of four 
wrought-iron low-pressure steam boilers located in the cellar. 
these supplied steam to the c. 110 ribbed radiators in the building. 
in the cabinets, the radiators were placed in the window recesses. 
in the galleries, the radiators were integrated into 13 so-called 
‘divans’, which were large pieces of upholstered furniture in the 
middle of the rooms. inside these ‘divans’, water basins were 
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placed above the heating pipes to humidify the air by evaporation 
(Figure 4). the room climate was measured to optimise control 
of the indoor conditions and in response to past bad experience. 
the documentation includes an accurate register of the annual 
combustible material consumption, daily notes on water usage 
for evaporation, and records of daily rH and temperature 
measurements. the data indicate that during winter temperatures 
of about 12 °C were achieved with this system. during the heating 
period, up to 250 litres of water per day were evaporated to 
increase the rH in the galleries.

Phase 4, 1957 to 1994 

From 1939 onwards, large parts of the collections were evacuated, 
and the building was severely damaged by allied bombs in 1942 
and 1944 (Figure 5). reconstruction of the building by the architect 
Hans döllgast (1891–1974) led to a massive alteration to Klenze’s 
original architectural and technical concept. 

the controversial reconstruction campaign lasted until 1957, when 
the museum re-opened. reconstruction was conducted in three 
stages. it began in 1952 with removal of debris, safeguarding of 
the roof and the bare brickwork. döllgast treated the building’s 
‘wounds’ as a kind of memorial by leaving them openly visible. the 
interior fitting started in 1955, which again led to major changes 
in the original concept: the former main entrance on the east side 
was relocated to the north side in the centre of the building. the 
loggia corridor along the main galleries, which had been almost 
completely destroyed, was not reconstructed. instead, it was 
turned into a hughe staircase connecting the entrance hall with 
the first floor galleries on both sides (Figures 6 and 7). the light 
lanterns were not rebuilt, but larger areas of the roof were glazed. 
in line with the reconstruction work, a simple air-conditioning 
system was installed which allowed the air to be heated and 
humidified. Cooling and dehumidification were not possible 
at that time. this led to high temperature and high rH in the 

Figure 4. rubens 
Gallery Vii in 1926
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Figure 5. Bomb 
damage of the alte 

Pinakothek  
in 1945

galleries during the summer, which caused frequent complaints 
from visitors and security staff. the whole building was supplied 
with heat from various systems; the new entrance hall (former 
vestibule), for example, had floor heating. Only the galleries were 
completely air-conditioned at a rH of 60 % and a temperature of 
20 °C as minimum levels. However, the aerosol devices used for 
humidification of the warm air caused a substantial electrostatic 
charge of dust accumulating on the painting surfaces. For the first 
time in the history of the Alte Pinakothek, artificial lighting was 
installed. indirect illumination of the galleries was achieved by c. 900 
fluorescent tubes with 64 and 40 watts attached in triple rows to the 
cornice below the haunches. Furthermore, 16 electric bulbs with 300 
watts were also installed for cleaning purposes [13].

Phase 5, 1994 to present 

the disadvantages of the air-conditioning system of the 1950s 
required a general refurbishment of the building between 1994 
and 1998. although the architectural concept of döllgast’s 
reconstruction was not touched in principle, a full HVaC system 
was installed. From now on, the air could be heated, cooled, 
humidified and dehumidified using 49 decentralised units supplying 
the gallery rooms, the depositories and the conservation studio. 
the air exchange rate is three to four times per hour. depending on 
the outdoor conditions, the fresh air rate in the galleries is about 
10 %. The lighting system now consists of 1,543 fluorescent tubes 
with 36, 58 and 72 watts, mirror reflectors and prismatic diffusors. 
The illumination concept combines artificial light and daylight. 
a curtain system was installed in the attic to regulate incident 
daylight. the single glazing in the skylights was replaced by double 
glazing with UV filters. However, due to serious planning failures, 
the mechanical shading system had to be turned off some months 
after re-opening. to avoid high illumination levels, large textile 
sheets were permanently fitted to the skylights. 
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Phase 6, 2008 to present 

The insufficient lighting concept and, above all, the low 
energy efficiency of the attic, recently prompted an exemplary 
refurbishment of one of the galleries (Gallery X). an overall concept 
for the energy-efficient retrofitting of the whole building has been 
developed on the basis of Gallery X; however, this has not yet 
been put into practice. In Gallery X, the first stage was internal 
insulation of the roof using a layer of 15 cm mineral wool, a vapour 
barrier and plasterboard. For the new glazing of the roof lights, a 
combined sun-protecting and heat-reflecting glass with a colour 
rendering index of 95 % was chosen. The skylights were fitted 
with a light diffusing prism glass with a transmittance of 70 %. 
to control incident daylight, a louvre system was installed in the 
attic. it is regulated according to the seasonal solar zenith angle. 
The artificial light installations in Gallery X were transferred into 
the attic. They consist of fluorescent tubes and four floodlights; 
however, this solution will not be used in the future due to its high 
energy consumption.

Historic indoor climate conditions and energy flows

the parameters of phases 1 to 6 and additional information were 
used as input data in a hygrothermal building simulation [14]. the 
simulation of the six building phases aims to provide an initial 
picture of the historic conditions, namely rH and temperature as 
well as the particular energy flows of phases 1 to 4. Although the 
absolute values were not the main focus, the simulations allowed 
the conditions of the six phases to be qualified and compared. The 
central exhibition room (rubens Gallery Vii) was of most interest, 
and a cross-section through the whole building was modelled. 

Figure 6. Loggia 
corridor around 
1930 (left) and 
today’s staircase 
(right)
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Scatter plots were used to facilitate comparisons of the simulation 
results for rH and temperature. these plots include all the 
information for phases 1 to 6 over a period of one year (Figure 8). 
a detailed description of the complex simulation process can be 
found in the masters thesis of one of the authors [9].

Not unexpectedly, every phase shows a characteristic distribution 
of rH and temperature. in contrast to phase 4, there were no 
technical measures to control the indoor climate between 
april and October during phases 1 to 3, in which the building’s 
envelope was the determining factor. Here, the massive masonry 
was responsible for the delayed but moderate influence of the 
outdoor climate on the indoor conditions. during phase 4, the 
indoor climate conditions were kept above a temperature of 
20 °C and 50 % rH throughout the year. the main differences 
between phases 1 to 3 can be observed in the winter months, 
i.e., during the heating period between November and March. 
there was no temperature control at all during phase 2, and the 
indoor climate was characterised by low temperatures and high 
humidity. the air-heating system of phase 2 was used to raise the 
temperature levels. However, serious humidity drops occurred. 
as we know, such drops provoked severe damage to the paintings 
on display. in consequence, the system was switched off. the 
low-pressure steam heating system was the first attempt to raise 
the temperature level and to humidify the air simultaneously. a 
comparison of phases 1 to 3 reveals the important finding that the 
temperature was not controlled for the sake of visitors but to keep 
the building above freezing. Preservation of the artworks was the 
main concern, or, as formulated by the commission in charge:

‘die Kommission machte deshalb in ihrem Berichte auf die 
Bedeutung einer guten Heizung aufmerksam, indem sie 
hervorhob, daß in jeder Galerie die temperaturverhältnisse 
so weit zu regulieren seien, daß es nie zur taubildung oder 
zu feuchten Niederschlägen auf den Bildern kommen könne’ 
[12], which translates into, ‘the commission pointed out the 
significance of sufficient heating in its report, by emphasising that 
the temperature in every gallery has to be regulated in a way that 
condensation or wet deposits never occur on the paintings’.

due to Klenze’s knowledge about conservation needs and about the 
technical limitations of his time, his main intention was to keep the 
building above freezing. the tenor during the planning of the low-
pressure steam heating system for phase 3 was quite different:

‘Bei der aufstellung des Programmes war als Hauptforderung 
vorangestellt, daß die Heizung nicht durch unzweckmäßige 

Figure 7. Ground 
plan of the alte 
Pinakothek after 
reconstruction in 
1957
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temperatur oder unrichtigen Feuchtigkeitsgehalt der Luft die 
Bilder schädige, sondern möglichst zur erhaltung derselben 
mitwirke und erst in zweiter Linie, daß sie den Malern, Beamten 
und Bediensteten den aufenthalt angenehm mache. […] der 
aufenthalt bei der jetzt eingehaltenen temperatur ist ein ganz 
erträglicher, und es wäre deshalb ungerechtfertigt, nur um den 
Besuchern noch etwas größere Bequemlichkeit zu bieten, der 
Gefahr sich auszusetzen, daß bei nicht vollkommen aufmerksamer 
Bedienung eine Schädigung der Bilder entstehen könnte’ [12], 
which translates into, ‘the primary intent of the concept was 
that the heating should not harm the paintings by leading to 
insufficient temperature or incorrect humidity of the air but should 
contribute to their preservation. and of minor intent it should 
provide a comfortable stay for painters, officials and employees. 
[…] the recently achieved temperature is tolerable for visitors and 
therefore it would be unjustified to face the risk of damages caused 
by insufficient handling just to offer them a little more comfort’.

the commission’s experts understood that rH is an important 
factor for the preservation of artworks, and that temperature 
control alone was not sufficient. Moreover, they denied a further 
raise in temperature simply for human comfort, because this was 
associated with higher risks for the whole collection as well as 
drastic increases in energy consumption. 

according to international standards, the air-conditioning system 
of phase 4 led to a temperature of 20 °C and prevented the 
rH dropping below 50 %. However, the indoor climate showed 
fluctuations of about 25 % in RH and about 10 K in temperature. 

A detailed analysis of the fluctuations in phases 1 to 6 is shown 
in table 2. It is obvious that the range of annual RH fluctuations 
became smaller from phase to phase. during phase 1, there is a 
deviation from the annual mean rH of about 40 %. Heating during 
phase 1 narrowed the band of annual temperature fluctuations, 
whereas the highest annual fluctuation in temperature occurred 
during phase 2, when the building was not heated at all. during 

Figure 8. Simulated 
rH and t for 
rubens Gallery Vii 
over a period of one 
year to compare 
phases 1 to 6
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phases 1 to 3, the summer conditions seemed to have been 
fairly stable, whereas the highest daily RH fluctuations occurred 
during winter in phases 1 and 3. the reason why phase 2 shows 
lower fluctuations in temperature is the fact that the galleries 
were heated during the day during phases 1 and 3. introduction 
of an air-conditioning system during phase 4 reduced the annual 
fluctuations. The daily fluctuations during winter were no longer of 
great relevance. in summer, the enlarged areas of glazed roof and 
the lack of cooling led to raised daily fluctuations in temperature. 
With the introduction of the full HVaC system in phase 5, the 
temperature and RH fluctuations could be minimised year round. 
A comparison of phases 5 and 6 shows that sufficient insulation 
of the roof and improved glazing achieved a further stabilisation 
of the indoor climate. this substantial improvement was reached 
without any changes to the air-conditioning system or the set point 
values for rH and temperature.

Figure 9 visualises the energy gains and losses for Gallery Vii 
during phases 1 to 4. the bars represent the annual sums of 
monthly energy gains and losses, such as heating demand, 
transmission through windows and opaque elements, solar gains 
and heat losses due to ventilation or leakiness. as expected, 
energy flows are at the lowest level during phase 2, in which 
gains and losses are determined by the outdoor climate and the 
influence of the building envelope. If heating is added, the energy 
losses through transmission and ventilation increase. Phase 1 
and 3 are comparable because the heating periods coincide. the 
explanation of why the heating demand for the low-pressure steam 
heating system (phase 3) was less than for the air-heating system 
(phase 1) lies in the fact that air is generally a good insulator 
and therefore is not particularly suitable for climate control 
purposes. the insulated water pipes of the low-pressure steam 
heating system are obviously more efficient. The doubling in heat 
demand from phase 3 to 4 can be explained by the increase in 
the temperature set point from about 13 °C to 20 °C and by the 
fact that during phase 4 there was no longer a heating period: the 
heating was turned on all year round. every time the temperature 
dropped below the set point, heating energy was requested. Not 
surprisingly, the solar gains increased with enlargement of the 
glazed areas, such as the skylights which were doubled in size. 

Phase Deviation from annual 
mean

Daily fluctuations
winter

Daily fluctuations
summer

Δ RH [%] Δ T [K] Δ RH [%] Δ T [K] Δ RH [%] Δ T [K]
1 < 40 < 9 < 10 < 5 < 5 < 1

2 < 32 < 15 < 7 < 1 < 5 < 1

3 < 26 < 11 < 10 < 2 < 5 < 1

4 < 12 < 5 < 2 < 1 < 5 < 4

5 < 5 < 2 < 2 < 1 < 2 < 1

6 < 4 < 0.5 < 1 < 0.5 < 1 < 0.5

table 2. Comparison of the annual and daily fluctuations of RH and T  
for the phases 1 to 6



230 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

Conclusion

a simulation of the different phases in the building history of 
the Alte Pinakothek reveals that modifications to the building 
envelope or interventions in the climate control strategy have 
always influenced the indoor climate conditions. A comparison 
of the six investigated phases leads to an obvious conclusion: 
since the 1950s, the set points for rH and temperature have 
closely followed improvements of technical equipment for 
environmental control (Figure 10). the resulting uncontrolled 
increase in energy demand is now a double burden because both 
the financial considerations and the increased carbon footprint 
necessitate sustainable interventions. Simply changing the set 
point values for rH and t, as recently proposed by the Bizot group, 
is not a sustainable intervention. Lower energy consumption and 
an essentially stable indoor climate can be achieved through 
other means, as demonstrated in phase 3. to develop further 
successful approaches for the future, any museum building must 
be understood as a holistic system within its particular location. 
It has specific needs for its collections and the building envelope. 
Why not learn from the past and use historic concepts adapted with 
modern materials to meet present-day requirements?

the alte Pinakothek and its rich collections are an excellent 
example of such a holistic approach. Over most of its 175 

Figure 9. annual 
energy gains and 
losses for rubens 
Gallery Vii during 
phases 1 to 4

Figure 10. 
Comparison of the 
heating energy 
demand for rubens 
Gallery Vii during 
phases 1 to 6.
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years, the building has provided improved conditions for the 
preservation of its collections. this among others is a reason 
why this museum building has such a great impact on following 
generations of museums. its patron, Ludwig i of Bavaria, forced 
an interdisciplinary exchange between the architect Klenze 
and the museum director dillis. today, we would say that the 
museum’s concept has been developed by a multidisciplinary team 
of architects, engineers and conservation professionals. Finally, 
learning from history is also an aspect of sustainability. drawing 
conclusions from the past for tomorrow means implementing 
lessons learnt by earlier generations while considering the 
environmental, social and economic challenges for future 
generations that will arise from present-day decisions.
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Abstract

analysing the indoor climate of historic buildings is very 
complicated, involving different variables and uncertainties. this 
paper presents some reflections about an interesting case study, 
the eighteenth-century Villa reale in Milan, which holds the civic 
collection of modern art. a nineteenth-century air heating system 
operates in the museum, generating an unsuitable indoor climate 
that presents risks to the collections and is not comfortable for 
users of the building. a research project was established by the 
Politecnico di Milano to examine environmental control in the 
museum. 

the assessment of existing conditions was based on an extended 
application of the concept of historical climate, an integrated 
approach which is particularly significant in this case study. Results 
from the monitoring and surveying activities are presented, focusing 
on the relationship of the building construction with the indoor and 
outdoor climate as well as on potential deterioration factors for the 
collection. Outcomes, uncertainties and methodological questions 
generated by the research are also discussed.

Introduction

Since 1921 the Gallery of Modern art in Milan has been housed in 
a building originally designed by the architect Leopoldo Pollack as 
a private dwelling. the villa was built in 1790 for earl Ludovico di 
Belgiojoso at the end of his long career as an officer and diplomat. 
the architect was inspired by the criteria of distribution, as defined 
during the eighteenth century. Following the treatises edited by 
Briseux, D’Aviler or Jacques-François Blondel [1], which reflected 
on the modern development of the intérieur, the interiors of the 
villa were designed to provide comfort features that went beyond 
creating a pleasant environment. this type of architecture was 
intimately tied to the ritual and protocol of the court, particularly 
in France, where the project of the Petit trianon by anges-Jacques 
Gabriel for Madame de Pompadour was probably the most 
significant example. The model originating with these maisons 
de Plaisance (the title of the most popular treatise by Blondel) 
became quite common in many upper-and upper-middle class 
European dwellings. The influence of the model transcended its 
original political connotations and prevailed despite the revolution 
that swept away the ancien régime. 

The model influenced the Earl Belgiojoso, who wanted a building 
with state apartments, reception salons nd a suite of rooms in 
double apartments overlooking the garden as well as cutting-edge 
facilities, including spacious kitchens and lieux à l’anglaise. Behind 
the apparent regularity of its architecture, the villa was designed to 
separate the service areas from living areas by means of corridors 

From artwork to building preservation. Some 
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and secret staircases. For example, Pollack designed large stoves, 
some which were made of masonry, to be supplied from corridors. 
to counteract the mild winters of Milan, the architect arranged the 
orientation of the villa so that halls and rooms were facing to the 
south and west.

Following the death of Ludovico Belgiojoso, the building was 
purchased in 1803 by the newly formed Napoleonic italian republic 
and soon became the residence of Prince eugène de Beauharnais, 
Viceroy of the Kingdom of italy, who lived there until 1814. the 
name Villa reale, still in use today, dates back to this short period. 
the villa was used by the Habsburgs as a state residence during 
the restoration. after 1860, under the House of Savoy, it became 
an asset of the Crown of italy and in 1921 was transferred to the 
italian State.

Several refurbishments of the interior were undertaken during 
the 1860s. a central heating system with ovens à la Meissner was 
installed to heat the main body of the building, which overlooks 
the garden. it was a rather simple scheme, devised in the 1820s 
by Paul traugott Meissner, and disseminated in many technical 
treatises of the nineteenth century [2]. the most likely reference 
for the system at Villa reale is the third edition of the Traité de 
la Chaleur by Péclet [3]. it was essentially a caloriphère à air 
consisting of underground ducts that drew in external air and 
large ovens in the basement that heated the air, which was then 
distributed by a system of vertical ducts built into the thickness of 
the walls. There were six ovens (five of them remain) to heat nine 
rooms. the ovens were equipped with iron stoves, fuelled originally 
by wood then later by coal. at some point, probably around the 
beginning of the twentieth century, the stoves were substituted 
for heat batteries composed of finned tube. Today, hot water is 
supplied from an external boiler through a circuit of pipes. Warm 
air is distributed by natural convection without any mechanical 

Figure 1. Villa 
Reale, first floor. 

From: Cassina, F., 
Le più cospicue 

fabbriche di Milano, 
Milano (1844)
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system. the air-heating system operates in the main body of the 
building, while the wings are heated by radiators, mostly installed 
at the beginning of the twentieth century. the same pipe circuit 
supplies the hot water to both systems. While the regulation of a 
modern plant is based on controlling the air temperature and flow, 
here only the water temperature of the feed pipe can be regulated.

the villa has been used as a museum since 1921 and hosts the 
civic collection of modern art, mainly sculptures and paintings 
(mostly on canvas). as in many other european countries, formerly 
privately-owned buildings have assumed public functions. the 
re-use of the villa as a museum has not always been considered 
well suited to the particular features of the building. Criticism has 
focused on the dissonance between the architectural style and 
decorative features (mainly of the early nineteenth century), and 
the modern nature of the museum collections. even commentators 
interested in architecture considered the rich interiors of the villa 
unsuited to housing the current Gallery of Modern art [4]. 

Beyond these aesthetic questions, the condition of the collection 
has become an increasing concern, particularly in terms of the 

Figure 2. Yearly 
trends of t and rH 
in room Vii (orange) 
and in the storage 
area (blue)
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Figure 3. Weekly 
trends in summer 
in room Vii 
(orange), room iV 
(green), and in the 
storage area (blue). 
Mr = mixing ratio

possible relationship between deterioration and the internal 
environment. Specifically, some nineteenth- and early twentieth- 
century paintings started to present craquelure and detaching 
paint layers. A recent problematic retrofitting of the heating system 
has exacerbated the situation. in addition, the environmental 
conditions are not comfortable for visitors and museum staff, 
particularly in the summer.

Conservators have expressed concern about the potential 
connection between the deteriorating condition of the collection 
artworks and the indoor climate. the aims of the current research 
are to understand how the building and heating systems affect the 
indoor environment and to identify the related risk factors for the 
collection. the results of two years of monitoring and analysis are 
discussed in this paper. 

Method and approach 

the indoor climate was assessed with reference to the building 
envelope, internal museum activities and existing heating systems. 
The final part of the exercise was to propose solutions to improve 
the poor environmental conditions.

When considering future interventions, it was clear that the old 
heating system should be valued as rare material evidence of a 
historic technology. another basic requirement was that the impact 
on the existing building should be minimal. it was evident how 
difficult it would be to create an environment that complied with 
traditional hygrothermal specifications within these limitations.
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 as suggested in the eN 15757:2010 standard [5], the focus of 
environmental control should be shifted from the implementation 
of ideal values to understanding and evaluating existing conditions. 
again, this raised a series of questions: how could the indoor 
climate in such a complex historic building be measured and 
assessed? How could the influence of old heating systems on 
hygrothermal factors be quantified and what were the potential 
consequences for the deterioration of the collection? these 
questions provoked reflection on the concept of historical climate 
and led to the development of an integrated approach to climate 
monitoring.

The historical climate is defined by the EN 15757:2010 standard 
as ‘climate conditions in a microenvironment where a cultural 
heritage object has always been kept, or has been kept for a long 
period of time (at least one year) and to which it has become 
acclimatised’. if the historical climate can be demonstrated to 
be safe then it is recommended that the same environmental 
conditions be maintained. the case of the Villa reale provided an 
opportunity to test this principle, as the historic heating system 
which had operated since the museum was established was still in 
daily use. 

However, it was not possible to ascertain if the present conditions 
corresponded precisely to the historic environment as reliable 
monitoring data was not available and there had been several 
modifications to the museum since 1921. It was also impossible to 
establish a direct correlation between the present conditions and 
past cases of deterioration in the collection as both the content of 
the collection and the means of display had changed on a number 
of occasions over the years. 

Nevertheless, studying the complex interactions between the 
historic air-heating system and the condition of the collections had 
the potential to provide useful information not only for the specific 
environment of the Villa reale, but also for other collections in 
historic buildings that had been served by similar heating systems.
 
the study required an interdisciplinary approach; an indoor climate 
monitoring campaign was integrated with analytical tools derived 
from building conservation, e.g., historic and archival research, 
geometric surveys and endoscopic inspections [6].

Measurements have been underway since autumn 2009. air 
temperature (t) and relative humidity (rH) have been monitored 
since November 2010. in the current article, the 13-month period 
from 21 June 2011 to 21 July 2012 will provide the main focus.

a procedure to establish allowable rH target ranges for 
hygroscopic materials in a safe historical climate is described 
in the EN 15757:2010 standard. Short-term fluctuations are 
calculated as the difference between the rH current value and 
the corresponding monthly central moving average. allowable 
thresholds are calculated as plus or minus 1.5 times the standard 
deviation of this difference on a yearly basis. Nevertheless a 
rH range of less than plus or minus 10 % from the monthly 
moving average is considered excessively narrow [5]. in the Villa 
reale the procedure was used for a comparative assessment of 
indoor climate stability in a complex building with many rooms. 
it was applied to both an unheated storage area, considered by 
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the conservator to be a good conservation environment, and to 
exhibition rooms where conservation problems that could be 
ascribed to rH variations had been noticed.

the trends in the different rooms were then compared. as 
the unheated storage area did not present any out-of-range 
fluctuations and the other rooms did (Figure 2), it was implied that 
out-of-range fluctuations could be considered potential indicators 
of increased risk. their magnitude, frequency and distribution 
in different rooms was analysed and weekly trends were plotted 
to better understand which factors were causing potentially 
detrimental conditions (Figures 3 and 4).

as an alternative method, the american Society of Heating, 
refrigerating and air-Conditioning engineers’ (aSHrae) 
specifications for museums [10] were used to establish a general 
rH target range for the whole building. aSHrae class C, i.e., 25 to 
75 % rH at all times of the year, was considered a reasonable level 
of climate control for a historic building like the Villa reale.
 
as suggested by the italian standard UNi 10829-1999 [7], constant 
permanent spot monitoring was combined with thermographic 
and psychrometric mapping which has been performed on site 
periodically to evaluate the spatial distribution of t and rH inside 
the rooms. this mapping had also been employed in a preliminary 
phase in order to select the rooms to be monitored. the selection 
process also took into account the orientation and position of the 
rooms within the building in order to optimise the information 
obtained from a (necessarily) limited number of measurement 

Figure 4. Weekly 
trends in winter in 
room Vii (orange), 
room iV (green), 
and in the storage 
area (blue)
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positions: 15 wireless WiSensys WS-dLtc sensors, transmitting to 
two data-loggers. 

as paintings on canvas were considered to be most at risk and as 
convection flows were expected across the rooms, sensors were 
placed close to walls and at constant height (slightly over two 
metres from the floor), avoiding any features which might generate 
specific local conditions (e.g., corners and ceilings) or materials 
with specific thermal properties (e.g., wood, stuccos). 

thermographic imaging and psychrometric maps were used to 
map the surface temperature of the inner walls and to evaluate the 
heat and moisture exchanges between the building structure, the 
environment and the artworks. thermography was also used to 
detect the air ducts inside the walls and to identify the presence of 
warm draughts on paintings.

Results and uncertainties

Villa reale has many rooms, each with a distinct microclimate: 
underground storage areas, exhibition rooms (some heated by the 
air system, others by radiators), offices for museum staff, storage 
areas in the attics, as well as a number of unused rooms awaiting 
refurbishment. 

The heating system strongly influences the indoor climate of the 
Villa. this is demonstrated by a comparison of the yearly trends 
of t and rH (Figure 2) in a heated exhibition room on the ground 
floor, where the old air system was still in operation (orange line), 
with an unheated storage area in the attic (blue line). 

the heating system was in operation from mid-October to the end 
of april. as a consequence, during the winter the temperature 
in the exhibition room is much higher than in the storage area, 
where values are closer to outdoor conditions. rH decreases 
to an average level around 30 % in the coldest period, since the 
heating system does not incorporate any humidification. Sudden 
drops below 20 % rH are possible throughout the year in the 
exhibition rooms. the heating system has a stabilising effect on 
rH variations, as shown by the comparison between winter and 
summer fluctuations. RH and T are clearly much more stable in the 
unheated storage all year round. 

the risk of mechanical damage to hygroscopic materials is highest 
within conditions of both excessively low rH and where there are 
sudden rH variations. 
 
Weekly trends in summer (26 august to 1 September) and 
winter (24 February to 1 March) presented some out-of-range 
fluctuations, which are shown above in figures 3 and 4. the climate 
dynamics were compared in three areas: an unheated storage area 
(blue line), an exhibition room heated by the air system (orange 
line) and an exhibition room heated by radiators (green line).

the data for the unheated storage area demonstrate a stable 
environment both in winter and in summer. despite external walls 
(the room is in the attic, at the corner of the building), this storage 
area seems to buffer outdoor fluctuations more efficiently than the 
two exhibition rooms. this is mainly because windows and shutters 
are always kept shut in the storage area, enhancing the general 
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thermal performance of the building envelope and preventing 
the effects of direct solar radiation. it is also likely that the large 
amount of materials stored inside the room assists with buffering 
the indoor rH values. in contrast, the exhibition room shutters are 
either missing (as many were removed in the past) or, where they 
still exist, are usually kept open when the museum is open.  

in the absence of a cooling system, the museum staff frequently 
open windows during the summer. as a result the indoor air heats 
up constantly during the day, particularly in the south-facing 
rooms (Figure 5). the consequences are evident in the daily trends 
(Figure 3): during opening hours (9:00 to 17:00), the indoor climate 
in the exhibition rooms closely follows the outdoor variations. On 
Mondays, when the museum is closed, and windows and shutters 
are more likely to be kept closed, daily variations are generally 
limited, even in the exhibition rooms. it is interesting to observe 

Figure 5. 
Psychrometric 
maps of t, rH 

and Mr in room 
iV (22/07/2010 –

Outdoor conditions: 
t 31.8 °C,  rH 45.4 
%, Mr 13.15 g/kg)
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how the indoor trend of mixing ratio (Mr) follows a drop in the 
outdoor trend (27 august). in the morning, the museum attendants 
open the windows and let cool air in as the indoor temperature 
is higher than outdoors. during the day, a drop in the outdoor 
humidity level is immediately transmitted to the exhibition rooms 
while the storage area is less sensitive to this sudden change. 
Indoor RH and MR fluctuations overlap outdoor fluctuations until 
closing time, when the museum staff shut the windows. during the 
night, Mr remains low outdoors but rises indoors, probably due 
to the moisture released by the walls. as a consequence, another 
sudden drop in indoor humidity occurs the following morning (28 
august), when the windows are opened again. 

during winter (Figure 4) drops in the outdoor rH and Mr (26 
February) produce different consequences in the two exhibition 
rooms. The outdoor fluctuation is buffered more effectively by 
the room heated with radiators than by the room heated with 
ventilation, into which the outdoor air is directly introduced after 
being warmed by the heating system.

the interactions between the old air-heating system, the room 
microclimate and the collections were further investigated 
with local psychrometric and infrared thermographic mapping. 
One of the main concerns was that the heating system was 
causing differences in t and rH inside the same room. the 
psychrometric map in figure 6 shows that the sharpest gradients 
were concentrated near the air inlet, while the rest of the room 
maintained quite homogeneous values (Δt = 1.5°, ΔrH = 2 %). 

A remarkable air stratification was observed when the same 
vertical air duct connects a room on the ground floor with a room 
on the first floor. Thermographic images (Figure 7) demonstrate 
that the warm draught can pose a threat to paintings hanging near 
the inlet.

the heating system affects the indoor environment of the museum 
not only by direct air draughts. the inner walls also affect the 
indoor climate since the ducts circulating air to the rooms are 
embedded within the walls, which are not insulated. the air ducts 
of modern air systems are generally well insulated and do not leak 
heat into the building structure. in contrast, at the Villa reale, the 

Figure 6. 
Psychrometric 
maps of t, rH 
and Mr in room 
Vii (17/02/2012 – 
Outdoor conditions: 
t 8.59 °C, rH 45.7 
%, Mr 3.13 g/kg)
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heat is transferred initially from the warm air to the walls, and 
then slowly released into the rooms. as a result the heating system 
works both through air convection and radiation. this can be 
localised and roughly quantified with thermography. 

a similar phenomenon was likely to have been incorporated into 
the original thermal design of the villa through the numerous 
chimneys: six chimneys served the underground stoves, others the 
ovens in the kitchen and there were many more for the fireplaces. 
all these ducts increase the heat radiation of the walls in winter, 
while in the summer fresh air can be brought from the basement 
to the rooms through the ducts. 

this is just one example of how the building structure (in particular 
the solid masonry) influences the indoor environment of this type 
of building. the thermal inertia of the building envelope mass 
also plays a key role. during the winter it slows the heat loss from 
the interior to the exterior, while in the summer, it slows the heat 
transfer from outside, helping to keep the interior fresh.

the monitoring campaign was able to detect all these peculiar 
phenomena but it was not possible to accurately quantify their 
influence.

the scatter graph in figure 8 presents data collected over a 
calendar year and summarises the effect of different strategies 
for climate control in various rooms. in the unheated storage area 
(blue line), rH is within the range 40 to 60 % all year long, while t 
has the largest range. in the heated exhibition rooms (green line, 
orange line), t never falls below 15 °C but rH can drop under 20 % 
during the winter, particularly in rooms with an air inlet. 

Figure 7. 
thermographic 
image of room 
Vii (8/02/2010 - 
Outdoor conditions: 
t 3.8 °C, rH 87.8 %, 
Mr 43.7 G/KG)
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the performance of the unheated storage area in the scatter 
graph confirms how a passive strategy for climate control can be 
effective in limiting the rH range on an annual basis. acceptable 
conservation conditions can be obtained by enhancing the 
performance of the building envelope. aSHrae Class C conditions 
were fulfilled in terms of RH and it would be possible to achieve 
Class B conditions with relative ease. 

However, an indoor temperature which drops to 5 °C in the winter 
is not acceptable for rooms open to the public. in addition, the high 
summer temperatures are uncomfortable for staff and visitors and 
could induce chemical deterioration in the collections (the aSHrae 
chapter for museums suggests temperatures should remain below 
30 °C [10]). 

On the other hand, the heated exhibition rooms do not meet 
the Class C specifications due to their extremely low RH levels. 
Some form of humidification would counteract the dry conditions 
caused by the heating, but this is notoriously controversial in 
historic buildings, on account of the risk of interstitial and surface 
condensation. an alternative could be to reduce the temperature 
of the incoming air by 2 to 3 °C however this would require the 
heating system to be divided into different sections. 

a good compromise and a possible case study for a sound climate 
control strategy is offered by another small storage area in the villa 
(represented by the dark red line in figure 8). Here windows and 
shutters are kept constantly shut, as in the unheated storage area, 
but a radiator is maintained on a constant low temperature. as a 
result, the temperature does not reach such extremely low values 
though the yearly rH range (35 to 60 %) is slightly wider than the 
unheated room. Short-term fluctuations and RH levels are quite 
satisfactory, indicating a level of control approaching aHrae Class 
B for relative humidity. 

Figure 8. Yearly 
scatter graph of 

room Vii (orange), 
room iV (green), 

large storage (blue), 
small storage room 

(dark red)
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Conclusions

the conclusions of this research concur with recent theory about 
austere elizabethan architecture and Neo-Palladian residences: 
the solar orientation, position and shape of the windows, layout 
of the heating system and arrangement of rooms according to 
function were important factors in the design. it is also possible 
that the conservation of art was considered. We know that this 
was the case at Houghton Hall, designed in the 1820s, where ‘it 
may be surmised that the cool, stable environment of the north-
east corner was considered to be appropriate for the care of the 
paintings’ [8].

Nevertheless Villa reale was built as a private residence with no 
specific intention to create an indoor climate suited to artwork 
preservation. Subsequent refurbishments of the central heating 
system and modification of doors and windows have resulted in a 
deterioration in the indoor environmental conditions, particularly 
the rH control during both winter and summer. 

Despite the difficulties of modelling the indoor climate of such a 
complex building with so little historic data, it has been possible to 
define the ‘historical’ indoor climate to some extent by monitoring 
the environment and linking any observed areas of concern to 
specific building features. An accurate description of the building, 
its construction and maintenance history (i.e., the heating systems, 
the shape of the interiors, the building structure and envelope, 
etc.) has been developed and will be of considerable value in 
establishing possible solutions. 

Currently, the collected data provide confirmation of what 
museum conservators had already empirically suggested about 
environmental risks. the current environmental conditions have 
been created by progressive alterations in the building’s function 
and structure; elements of the heating system have been altered 
and various control measures, for example the shutters, have been 
removed or adapted. the results also validate an aspect of current 
conservation practice at the museum. as paintings on display have 
presented more evidence of deterioration than those in storage, 
canvases are transferred to the safer unheated storage areas as 
soon as climate-induced damage is observed.

The primary objectives for future research are to further define 
climate-induced risk factors for the collection and to provide 
museum conservators with detailed instructions and preliminary 
mitigation strategies for controlling the internal environment.

Secondly, our aim is to understand the effect of environmental 
conditions on painting deterioration in more depth. By adopting a 
multidisciplinary approach with more detailed analysis, particular 
attention will be given to the question of re-lined and transferred 
canvases, which deteriorate more rapidly in heated conditions [9].

Finally, we aim to correct some of the current environmental 
problems through targeted interventions to the building structure 
and to the layout and regulation of the heating system. 
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Abstract

the current state of research on the interaction between linen 
canvas and moisture is summarised by an analysis of the relevant 
literature. the main gaps in knowledge and key questions relating 
to the behaviour of a canvas painting are highlighted. Proposals 
are made for approaches to gain more insight into the hygroscopic 
behaviour of textile supports.

Introduction

Controlling the climate for art collections means dealing with 
objects that are sensitive to humidity and which may react 
hygroscopically. this applies to canvas paintings in particular. 
Changes in humidity, either short-term or long-term, may cause 
severe deformation and irreversible damage such as craquelure, 
cupping paint layers or even paint losses. But not only visible 
damage may occur. Humidity plays a crucial role in degradation 
processes. However, moisture treatments are the most common 
way of dealing with the deformation of textile supports [1]. due to 
the lack of knowledge about the effects of water on a degraded 
canvas, it is difficult for conservators to judge a painting’s 
sensitivity to moisture and therefore the application and dosage 
remains empirical.

Much research relating to the interaction between the linen 
canvas and moisture comes from cellulose chemistry as well as 
paper and textile technology. this knowledge has been adopted 
by conservation science, and several investigations specific to our 
problems and materials have been conducted in the past.
Recurring debates about tolerable fluctuations in humidity 
demonstrate that there is still uncertainty regarding this topic. 
Knowledge of the precise reactions of a canvas painting in different 
environmental conditions is not sufficient to make predictions 
about the behaviour of a canvas painting exposed to differing 
humidities.

intensive study of this topic during a Phd project has revealed the 
main gaps in our knowledge. these will be discussed with the 
help of a summary of the state of current research, and used as 
the basis for developing approaches to gain more insight into the 
behaviour of textile supports. The focus will be on flax as the basic 
component.

From molecules to the fabric structure: important components 
for canvas/humidity interaction 
Cellulose

As the main component (64.1 %) [2] of flax, highly hygroscopic 
cellulose plays an important role in the interaction between a 
linen canvas and humidity. inter- and intra-molecular reactions 

Uncertainties in the interaction between a canvas 
painting support and moisture

Anna von Reden
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of cellulose are based on the formation of hydrogen bonds. thus 
the cellulose/water interaction interferes with inter- and intra-
molecular hydrogen bonds of the cellulose structure and strongly 
depends on the supramolecular structure of the polymer. the 
interaction with water is limited to the non-crystalline structural 
regions as well as the pore and void system. Hence the proportions 
of crystalline and amorphous regions of the fibres are relevant. The 
ratio between crystalline and amorphous cellulose varies between 
plant species and also depends on the processing history of the 
flax fibres and the cellulose degradation rate [3].

the sorption isotherm of cellulose (Figure 1) does not show a 
linear increase in water sorption between 0 and 100 % relative 
humidity (rH). the curve has a sigmoidal shape: there is a rapid 
increase in moisture content below 20 % rH, whereas between 20 
% and 70 % rH, it increases only moderately; changes above 70 % 
rH are again much quicker. this is particularly important for 
conservation technology because even small changes in rH cause 
considerable changes in moisture content.

the water sorption capacity, as visible in the sorption isotherm, 
is linked to how water is bound in the cellulose structure: 
monomolecular, multi-molecular and capillary. Water that is 
directly bound to the cellulose surface is monomolecular. it is so 
strongly bound that it does not increase the volume of the cellulose 
in proportion to its added mass. The water making up the first 0.2 
% of the cellulose moisture content is referred to as chemically 
sorbed or bound. this water does not act as a plasticiser and is 
very difficult to remove. Above 0.2 % water content, further water 
is less tightly bound and increases the volume of cellulose almost 
proportionally to the added mass (see the sorption isotherm). 
Between 20 % and 70 % rH, the moisture content varies between 
4 % and 8 %. this so-called multi-molecular water can be present 
as up to 10 layers of water molecules. it is not comparable to liquid 
water because it is organised in a regular structure imposed by the 
proximity of the cellulose.

above approximately 8 % content, water is drawn into narrow 
conduits or thin tubes and is held there by surface tension forces. 
it is referred to as capillary or pore water. this kind of adsorption 
may be present in small amounts at rH levels above 60 %, but 

Figure 1. Principal 
shape of a sorption 

isotherm of 
cellulose-based 

fibres with bound 
and free water. 

after [4]
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increases considerably between 90 % and 100 % rH. as the 
sorption isotherm shows, it is accompanied by significant swelling 
and weight gain. Capillary water does not have a strict structure 
like mono- or multi-molecular water; it can form clusters and is 
highly mobile [5].

Moisture sorption hysteresis is a characteristic of cellulose-based 
materials. This means that the former moisture content influences 
the current moisture content. the amount of water in cellulose at a 
given rH will be higher during desorption than during adsorption.

it is not only the moisture content that differs according to absorption 
and desorption, but also the speed of reaching equilibrium. 
According to Ballard, cotton fibres need 1.5 hours for sorption and 99 
days for desorption to reach equilibrium at 21 °C and 65 % rH [6].

Conservators can benefit from this fact by using humidity to make 
canvas supports more flexible. Unfortunately, a literature search 
did not reveal any data for flax nor for degraded materials. Without 
reliable data relating to the amount and time of absorbed water 
for naturally-aged textiles, it is difficult to make judgements about 
humidification or to understand fully the behaviour of a canvas 
in general, for example, during fluctuations of the surrounding 
humidity.

The role of fibre structure

inter- and intra-molecular hydrogen bonding between cellulose 
molecules creates a highly ordered arrangement for micelles, 
which are structural aggregates comprising about 100 cellulose 
chains. the structural hierarchy continues through elementary 
fibrils, micro-fibrils and macro-fibrils, which spiral around the 
axis of the fibre cell in layers. A number of such cells are bound 
together to form the fibre.

The plant cell of flax has a primary and a secondary cell wall. 
the latter is particularly thick, making up 90 % of the total cross-
section of the cell. it is this cell wall that governs the properties of 
the fibre [7]. The angle at which the microfibrils are ordered does 
not seem to affect the hygroscopic behaviour. No discussion of this 
subject was found in the literature.

Studies of the swelling capacity of flax rarely give a clear definition of 
what kind of flax was used and how it was pre-treated. Nevertheless, 
fibre quality and their pre-processing may play a role. Koch reports 
the water content of flax fibres at 65 % RH to be between 9.3 % and 
11.75 %, and proposes a practical value of 10 % for raw flax [8]. 
These variations may be due to additional components in the flax 
fibre, such as pectin, lignin and hemicellulose.

Elementary flax fibres are assembled into bundles held together 
by pectin. Pectin is composed of polysaccharides and is therefore 
sensitive to humidity. enzymes destroy pectin during retting of the 
harvested flax plants. The method and length of the retting process 
determine the amount of pectin that is left in the material. during 
retting, pectin is reduced from 3.8 % to a residual content of 1.8 % 
[8]. the small proportion of pectin could be responsible for the fact 
that retting does not influence the sorption capacities of flax fibres 
[9].
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Lignin is a complex amorphous polymer and is hydrophobic. With a 
content of about 2 % in flax [8], it is found in the middle lamella of 
fibre bundles.
Hemicellulose is a highly hygroscopic polysaccharide with a 
low degree of polymerisation. it swells to a greater extent than 
cellulose. With a content of about 16.7 % in flax [8], comparatively 
high with respect to the small amounts of pectin and lignin, it 
makes the highest contribution to the hygroscopic behaviour and to 
the flexibility of the fibre.

even if these additional components are present in only small 
amounts in the fibres compared to cellulose, it is worth evaluating 
their role when investigating the hygroscopic behaviour of the 
fibrous material, which has already been carried out for pectin [9].

Owing to their longitudinal orientation, swelling of fibres exhibits 
significant anisotropy. Studies of viscose filaments revealed that 
the cross-sectional swelling is higher the finer the fibres are. It is 
worth evaluating whether this also applies to natural fibres such 
as flax. Cross-sectional swelling of flax after complete saturation 
with water amounts to 47 % [10]. Values for the proportion of 
longitudinal swelling and swelling in diameter have been reported 
for flax, but no absolute values for flax swelling in diameter can be 
found [8]. the correlation between water content and swelling in 
diameter may be worth studying, especially for a comparison with 
degraded fibres.

The influence of yarn and woven structure

The anisotropy of the fibres is transferred to the yarn because it 
is made of fibres. The longitudinal orientation is maintained and 
is responsible for the high degree of lateral swelling, although 
a literature search did not reveal any values for lateral yarn 
swelling. Whether fibre-swelling values can be transferred to the 
yarn can only be assumed. Furthermore, twisting fibres to make 
a yarn generates new pores that contribute to the water sorption 
properties.

although the orientation of the yarn twist does not appear to 
influence the degree of dimensional changes, it may influence 
the direction the yarn turns during swelling and drying, which will 
affect the behaviour of a stretched canvas.

As each fibre swells, mainly in the lateral direction, the yarn reacts 
correspondingly, resulting in a shorter yarn due to the spiralling 
fibres. This rather small effect is superimposed by an effect caused 
by crimp in the fabric. When the yarns swell in width they have to 
cover a longer distance due to the fact that two orthogonal yarn 
systems wrap around each other, and therefore the whole fabric 
becomes shorter. Overall we can say that a raw fabric shrinks 
with rising humidity. this reaction of a fabric is well explained by 
textile technology [11]; however, contrasting results have also been 
observed. the situation becomes more complex when the canvas 
cannot expand and shrink freely, as in the case of a stretched 
canvas.

Mecklenburg analysed a change in the reaction of linen canvas 
after its first contact with high RH values. The fabric was not 
under tension and exhibited shrinkage as the humidity increased. 
After repeating the first humidification cycle, the canvas showed 
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a reverse reaction: rising humidity led to expansion of the canvas 
up to 80 % rH. the fabric began to shrink when the humidity was 
increased further [12].
Similar observations were made by Lipinski, who observed a 
reversing reaction as soon as the fabric was in contact with liquid 
water. the fabric was held under tension while the surrounding 
humidity was changed. Linen canvases reversed their reaction 
as soon as they had contact with liquid water. after that they 
expanded with rising humidity without showing a reversing point, 
as Mecklenburg’s experiments demonstrate [13].

Various authors have discussed several factors that could be 
responsible for the individual reaction of a canvas: previous contact 
with water, as mentioned above [14], temperature [15] or density of 
the fabric [16], to mention only a few. in summary, there is a need 
for research on canvas under tension, particularly because several 
studies differ in their conclusions.

One main problem is that influencing parameters cannot be 
analysed due to insufficient information about test materials and 
boundary conditions. these include preparatory treatments of test 
materials as well as testing conditions.

Further difficulties occur when interpreting degraded material. 
We do not know how these canvases were prepared by the artist 
and we have very little information from the perspective of 
textile technology. The influence of this lack of knowledge has 
hardly been investigated due to the fact that little is known about 
historical methods of fabric manufacturing and how exactly artists 
treated their canvases before adding the ground and paint layers. 
Nevertheless, these factors must play a role in the behaviour of the 
canvas as the example of bleached textiles demonstrates.

the author’s own studies show that historical bleaching processes 
lead to reduced water sorption in linen fabrics. Fakin et al. [17] 
analysed the influence of an alkaline pre-treatment before an 
oxidative bleaching process on the water-sensitivity of flax fibres. 
this treatment is fundamentally comparable to a historical 
bleaching process [18]. the alkaline pre-treatment leads to a 
slightly higher moisture sorption of the fibres that was reversed 
by the subsequent bleaching process. After bleaching, flax fibres 
exhibited their initial sorption capacities. Whether these findings 
on modern bleaching processes are transferrable to historical 
bleaching techniques requires further investigation.

Reactions of a painting 

the behaviour of a painting differs from a raw fabric in that one 
side of the tensioned canvas is coated with various layers of glue, 
grounding and paint with differing compositions. The difficulty 
in describing its reactions lies in its individual composition and 
degradation history. the complexity lies in the interaction of the 
canvas with the additional layers that form the painting.

Most of the conservation-related findings concerning the behaviour 
of canvas paintings are based on observations of changes in 
dimension or tension when exposed to different humidities. Special 
attention was paid to the size layer, which is the first preparatory 
layer of a canvas used as a painting support. Both materials are 
highly hygroscopic but exhibit different types of behaviour. Several 
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authors have confirmed that the behaviour of a raw canvas exposed 
to high humidity is reversed after application of a size layer. this is 
true up to 70 to 80 % rH: the glue layer then loses its coherence, 
which is why the reaction of the canvas is again dominant. there is 
no exact value, only a range, of the humidity at which this turning 
point will occur [13].

Many investigations comment on the behaviour of the canvas 
and the size layer though much less is published concerning the 
ground and paint layers. the main problem is the reverse reaction 
of the hygroscopic fabric and the glue-based materials versus 
materials that are less sensitive to humidity (e.g., oil-based paint 
layers).

Mecklenburg presented a computerised model of the behaviour of 
a painting based on the analysis of each single layer of the whole 
painting [19]. although this is a useful approach, considerably 
more information about the single layers must be collected before 
the basic data can be interpreted.

Changes in behaviour during ageing

all of the information summarised above is mainly related to new 
material. degraded materials behave differently. assumptions 
about the behaviour of degraded linen canvases are essentially 
based on our understanding of cellulose degradation. the extent 
to which these findings can be transferred to the behaviour 
of degraded canvases has not been completely clarified. The 
degradation process is affected by different structural hierarchies: 
cellular, fibrous, yarn and fabric structure.

the few existing studies of the behaviour of degraded materials 
at different humidities do not provide information on the degree of 
degradation. Consequently, relationships between the condition 
of the molecular cellulose and the hygroscopic behaviour of the 
canvases cannot be established. due to the fact that investigations 
on naturally degraded material are only possible to a limited 
extent, our knowledge is mainly based on studies of artificially 
aged materials. For example, a search revealed only one sorption 
isotherm for a naturally aged linen canvas dating from the 
sixteenth century [20].

two changes that are assumed during ageing of linen canvases will 
be discussed in greater detail: the increasing degree of crystallinity 
and the decreasing degree of polymerisation.

Previous contact with humidity and water influences the behaviour 
of textiles. It is assumed that repeated humidification leads to 
a reduced water sensitivity. On the one hand, a higher moisture 
content increases the degradation rate due to enhanced hydrolysis. 
this does not proceed in a linear relationship with respect to 
the surrounding rH. the degradation rate increases with rising 
moisture content and thus corresponds to the slope of the sorption 
isotherm of cellulose [21]. On the other hand, humidity cycles may 
lead to pronounced changes in cellulose structure, which is not 
completely reversible after drying. this may result in increasing 
crystallinity and therefore less water sensitivity. Humidity cycles 
are considered to have an even higher degradation effect on 
cellulose-based materials than a constant high moisture content 
[22, 23].
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On the basis of studies of synthetic fibres, Timár-Balázsy points 
out that materials with a lower degree of polymerisation have a 
higher moisture regain. it seems probable that this is transferable 
to native fibres, however, this has not yet been verified.

it remains uncertain how far existing theories of degraded material 
at the molecular level can be transferred to linen canvases. direct 
correlations between these single aspects and the response to 
humidity have not been fully analysed. Can we correlate the larger 
amount of crystalline regions with a lower capability of binding 
water? and how does this correlate with the higher moisture 
regain at lower degrees of polymerisation?

Lack of knowledge and the challenge for future work

it is apparent that there is an imbalance in our understanding 
of the relationships between cellulose at the molecular level, 
the structure of fibrous materials and the behaviours of yarn, 
fabric and paint. as the hierarchy of the composition of a painting 
becomes more complex, our understanding of its behaviour 
becomes less detailed.

the relatively good basic knowledge at the molecular level of 
cellulose is based on contributions from a variety of disciplines. 
These findings must always be carefully examined as to whether 
they can be transferred to the field of conservation science. 
this was realised quite early on and correspondingly applied 
to research in the field of conservation. The main difficulty in 
interpreting work published in the field of conservation science is 
the often insufficiently defined material used in the investigations. 
Cause and effect cannot always be determined exactly. it is 
essential to evaluate the impact of fibre composition as well as the 
historical processing method by the artist and also to consider the 
problem from the perspective of textile technology.

One of the main deficits is the correlation of molecular 
considerations with the behaviour of naturally aged painting 
supports. Which parameters are relevant for investigating the 
hygric behaviour of an aged textile support? at the molecular level, 
one can consider the crystallinity index, degree of polymerisation 
and amount of constituents alongside cellulose, without knowing 
which influences are dominant. All the findings at the molecular 
level concerning ageing of cellulose have not been sufficiently 
substantiated with naturally aged materials.

The aim has to be to find causal links between the condition of 
a degraded textile and its capacity to bind water, the resulting 
hygroscopic behaviour as well as its physical characteristics. the 
wide range of different reactions of degraded canvas supports may 
be a result of either the original material itself with its individual 
processing or in the individual ageing it has experienced. Most 
likely, it is a combination of both. to obtain a more differentiated 
insight into this behaviour, further in-depth studies focussing on 
single aspects are required, which must maintain their connection 
to naturally aged paintings. this article highlights a few aspects 
that will be studied in the Phd research mentioned above.

an essential element for understanding the hygroscopic behaviour 
of painting supports is a good basic knowledge about their water-
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binding capacity. there is very little data currently available 
on the reduced water-binding capacity of degraded material. 
investigations during the Phd research will concentrate on the 
sorption behaviour of degraded materials, especially the amount 
and speed of adsorption and desorption. Sorption isotherms will 
be registered on artificially and naturally aged linen canvases to 
investigate whether the sorption capacity changes to the same 
extent for all ranges of rH. to estimate the rate of degradation, 
parameters such as the degree of polymerisation, crystallinity 
index, pH and mechanical testing will be recorded, and the 
corresponding data will be analysed for correlations between these 
parameters and the sorption properties.

in addition to sorption isotherms, near-infrared spectroscopy, 
another method of detecting the water content in the textile and 
canvas painting, will be evaluated to consider if this analytical 
technique can be used for in-situ analysis of the moisture content. 

Further work required includes studying the amount of swelling 
and its effect on the fabric. does a reduced sorption capacity lead 
to the same reduced swelling capacity of the fibres and therefore a 
lesser tendency toward fabric shrinkage? One possible approach is 
to investigate fibres by means of environmental scanning electron 
microscopy [24]. 

to achieve more insight into some of these aspects, it will always 
be useful and necessary to study artificially aged materials. 
Substantiation of the results using original painting supports 
inevitably requires development of techniques to investigate 
historical materials in minute quantities, as demonstrated by Chan 
et al. [25].
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Abstract

the application of accelerated ageing experimental results to real 
life environments and collections can be problematic. Similarly, 
monitoring small changes and understanding objects on display 
is complex and can be difficult. Veneer and marquetry furniture 
collections are often reported to be vulnerable, particularly to 
relative humidity (RH) fluctuations. As a result stable environments 
are recommended for display conditions, however without air 
conditioning, as in historic houses, these can be difficult to achieve. 
this paper outlines the problems and issues around monitoring 
complex objects in real display environments. details of the 
selection of the objects, their materials and unknown histories 
as well as the monitoring techniques, their use and application in 
non-laboratory environments are included. the data provided by 
monitoring techniques and how they can be interpreted will also be 
discussed. Crucially, the paper will examine whether the outcomes 
of such monitoring are useful and helpful to both scientists and 
conservators, particularly in relation to the alternative accelerated 
ageing methods.

Introduction

One reason for accelerated ageing simple surrogate materials is 
the complex nature of real objects. Most historic objects will have 
different previous historical environments, which affect the current 
condition of individual items in the collection in different ways. 
Scientists can make assumptions about the historical conditions 
prior to environmental monitoring or under different heating 
regimes or occupation levels, but the entire previous history of 
an object is rarely known. Similarly, production methods and 
materials are likely to be largely unknown and probably varied, 
particularly if regular restoration or conservation has occurred. 
Such factors mean the number of potential variables is large and 
the problems being studied are complex. accelerated ageing has 
often been preferred to monitoring changes in real objects as to 
attempt the latter requires the measurement and extrapolation of 
very small changes [1]. 

in accelerated ageing experiments the complexity of real objects 
is reduced to a smaller number of common elements. Surrogate 
materials are subjected to known environments or test conditions 
to study changes and deterioration. New materials are often 
used to replicate historic objects found in collections. destructive 
forms of analysis can be undertaken on surrogate materials, 
which would often be impossible to consider on objects within 
historic collections. these studies are frequently conducted on the 
individual components which make up a complex, layered structure 
or object [2, 3]. the simple surrogate materials are subjected to 
accelerated ageing using artificially increased exposures to light, 
heat, relative humidity, pollutants or combinations of these factors 

Monitoring complex objects in real display 
environments – how helpful is it? 
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and others, to assess whether and in what ways deterioration takes 
place. From accelerated ageing experiments and observations, 
recommendations for display and storage environments or 
preferred interventive treatments are then made.

there are numerous criticisms of accelerated ageing as a 
technique. doubts have been expressed about whether accelerated 
ageing produces the same reactions at the same comparable rates 
as ‘real-life’ deterioration factors at work in display environments; 
different, possibly even new, deterioration mechanisms may 
dominate. there are also questions surrounding whether the 
results can be extrapolated back to display conditions successfully, 
and about how representative new materials can be of historic 
objects [1]. the methods and results have thus been challenged in 
numerous respects. However, our understanding of how historical 
materials behave is limited and these methods can provide a 
baseline of information. an alternative is to monitor real objects 
in real collections in all their complexity. This means finding 
ways of studying very small changes and having sufficiently long 
timescales for experimental aspects. the work presented here 
has moved beyond environmental monitoring and accelerated 
ageing experiments on surrogates, to look at real collections in 
real environments. the research focuses on veneer and marquetry 
furniture, commonly regarded as vulnerable objects, particularly to 
changes in rH [4]. 

Veneer and marquetry objects are formed of a number of 
hygroscopic layers, each with varying response rates. the solid 
wooden carcass is assumed to respond slowly to changes in rH 
due to its mass, while the thin wooden surface layers respond 
rapidly depending on the coatings that form the outermost layer; 
furthermore, the thin (usually animal protein) glue layers are 
affected at different rH levels to the wood. these materials can, 
and have been studied as individual layers [2, 3]; however, there 
has been little research on their behaviour in composite objects. 
despite this, their assumed vulnerability [4] leads to display 
recommendations that require tightly controlled environments, 
realistically only achievable with air-conditioning. typically 
recommended museum environments for such objects are 
50 % RH, plus or minus 5 %, or even smaller fluctuations [5]. 
However, historic houses in the UK rarely have air conditioning 
and their display environments can vary dramatically from those 
in conventional museums. this research focuses on the actual 
effects of these environments on collections as they are displayed. 
the aim is to understand more clearly the extent of the risk these 
conditions pose, and whether environmental control could be 
improved.

Object selection

an initial review of english Heritage’s Heritage Object Management 
System (HOMS) identified which properties had large numbers of 
veneer and marquetry furniture. the properties were visited to 
inspect both the collections and the environment and to assess 
options for monitoring. after visiting Kenwood House (Figure1), 
an english Heritage property in north London, options were 
discussed at meetings with curators and site staff. Kenwood House 
was selected as the case study site and collections monitoring 
has taken place over a 12-month period. the monitoring has 
involved the conventional display environment measurements but 
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also analysis of the objects themselves. a period of 12 months 
was selected to account for the daily, monthly and seasonal 
cycles that take place naturally in such hygroscopic materials. 
although better known for its outstanding collection of old master 
paintings, Kenwood House also has a notable collection of veneer 
and marquetry furniture, mainly dating from the eighteenth 
century. Kenwood House has also previously posed environmental 
problems, with very low winter temperatures being necessary in 
the display rooms to maintain the rH levels due to conservation 
heating. a further reason for selecting Kenwood House as the case 
study site was its proximity to UCL, which simplified the processes 
of transporting monitoring equipment.

For the majority of the monitoring techniques six objects on display 
and three in storage were analysed (table 1). all the selected 
objects were part of the Kenwood House collection and were 
located in display rooms or stores. their condition varied, with 
those in storage generally in poorer states than those on display. 
each object had a range of wood veneer and marquetry patterns or 
details and, in some cases, colours. although this provided a wide 
range of variables it was hoped that by examining a large number 
of alternatives the results would be applicable to collections 
beyond Kenwood House. Some additional objects were monitored 
to provide additional data, for example, two acoustic emission 
(ae) sensors were available; however the selection of objects 
was limited by available power supplies. The floral commode and 
piano were analysed primarily because there were available power 
supplies nearby.

Monitoring techniques

the selection of monitoring techniques was based on two main 
criteria: access to equipment and portability and ease of use on 
site. Kenwood House already had a telemetric environmental 
monitoring system, recording temperature and rH. the equipment 

Figure 1. Kenwood 
House, english 

Heritage
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used to monitor the furniture collections was selected from both 
english Heritage and UCL’s Centre for Sustainable Heritage. 
initially it had been planned to undertake laboratory testing of 
the various techniques to determine those most suitable for on-
site use. However, this proved impractical due to building work 
at Kenwood House so equipment was tested in the stores to 
determine how practical it was to use on site. this was followed 
by monitoring in the display rooms alongside further monitoring 
in the stores until they closed as part of the building project. the 
monitoring equipment used on site included: ae sensors (Figure 
2), colorimetry (Figure 3), near-infrared (Nir) spectroscopy 
(Figure 4), three-dimensional (3D) surface profilometry (Figure 5) 
and imaging the objects, including compiling polynomial texture 
maps (PtMs) (Figure 6) [6]. in addition to these techniques a trial 
using digital image Correlation (diC) and commercial software 

Image Object description Location Monitoring techniques

Left-hand 
marquetry table

dining room Colorimetry, near-infrared 
spectroscopy (Nir), Surface 
profilometry

rHS marquetry 
table

dining room Colorimetry, Nir, Surface 
profilometry

Carlton writing desk Breakfast room Colorimetry, Nir, Surface 
profilometry

Lemon table Lady Mansfield’s 
dressing room

Colorimetry, Nir, Surface 
profilometry, polynomial texture 
mapping (PtM)

Pier table Housekeeper’s 
room

Colorimetry, Nir, Surface 
profilometry, PTM

Floral commode Housekeeper’s 
room

ae, Colorimetry, Nir, Surface 
profilometry

Piano Music room ae

table Furniture Store Colorimetry, Nir, Surface 
profilometry

Commode Furniture Store Colorimetry, Nir, Surface 
profilometry

Writing desk Furniture Store Colorimetry, Nir, Surface 
profilometry

table 1. analysis techniques used for objects from Kenwood House
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Figure 2. Acoustic emission sensor on the floral commode 
at Kenwood House

Figure 4. Near-infrared spectrum being recorded on the 
Carlton desk at Kenwood House

Figure 3. Colorimeter on the LHS marquetry table top at 
Kenwood House

Figure 5. 3D surface profilometry equipment

Figure 6. taking photographs to compile PtMs Figure 7. imaging set up in lab for diC
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(StrainMaster) was undertaken in the lab (Figure 7) [7]. this will be 
discussed in relation to how it might be used on site.

as part of the research a number of public dissemination events 
were organised. these had two aims, to share the research and 
information about heritage science with the public and also to 
ensure equipment was not moved or tampered with during the 
on-site monitoring. One very simple way of sharing information 
was to include additional time to answer questions while on site for 
the analysis, which was undertaken during house opening hours. 
additionally, details on each monitoring technique were added to 
the interpretation sheets within the rooms containing veneer and 
marquetry furniture, to provide information when the researcher 
was not present. a small exhibition (Figure 8) was also created 
for Kenwood House to disseminate the research and gather 
data on public perceptions of damage for veneer and marquetry 
collections. Finally, tours were offered to visitors to give more-in 
depth-explanation of the research. this work has been presented 
elsewhere [8] however it was successful in preventing equipment 
tampering and sharing the research with the public, with over 1500 
responses to the interactive damage survey in the exhibition.

as a result of using the various monitoring techniques on site a 
series of criteria were drawn up against which the practicalities of 
the techniques used were assessed. table 2 outlines the criteria, 
scores and comments for each technique. the table has been 
completed by the researcher and is a personal response based 
on experience of using the techniques. although the opinions are 
based on specific instruments for each technique, there are also 
some general points on use so it is hoped the table can provide 
information on techniques which may be new to a conservation 
audience. Scores were awarded from 0 to 10, with 10 being the 
most positive value, so highest is better when interpreting the total 
scores. in each case brief comments are also provided to give an 
explanation and more detail.

Considerations for physical use of equipment included how 
heavy or big it was for transporting to and from the site, but 
also for taking measurements on site. For example the portable 

Figure 8. exhibition 
at Kenwood House 
explaining Change 

or damage? 
research project
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Nir spectrometer weighs approximately 2 kg, which although 
not very heavy can lead to tired arms when each measurement 
takes around a minute. Other practicalities included how easy 
the software was to use and how much data manipulation was 
possible, how long it took to collect the data on site, whether it was 
a spot or continuous monitoring technique and the repeatability 
of the measurements. a general comment on how usable the 
techniques are and whether the whole object or small areas were 
analysed. One further consideration was whether the technique 
was non-destructive (i.e., does not cause damage to the object 
or sample), non-invasive (i.e., does not require a sample) or non-
contact (i.e., does not need to be placed on the object or sample). 
Many imaging techniques are now non-destructive, non-invasive 
and non-contact, allowing the monitoring and analysis of materials 
without any changes to the object. techniques which are non-
destructive, non-invasive and non-contact are seen as the optimal 
future methods for heritage science.

Data and interpretation

an important consideration when assessing the monitoring 
techniques was the data outputs and how easily these could 
be determined and interpreted. this includes whether further 
processing or additional software was required. Criteria included 
in table 2 under this heading include the quality of information 
produced, how easy the data is to interpret, the amount of data 
processing required and how easy it is to compare the results 
with those from other techniques. the latter point can be a key 
consideration when calculating ease-of-use, for example, although 
Nir spectra are usually very quick to collect, the individual spectra 
require comparison with a robust database if the technique is being 
used for identification, or substantial processing to determine small 
changes in the materials analysed or to create predictive models 
[9]. this processing of creating databases is not straightforward and 
requires substantial background knowledge and experience. the 
amount of data processing or interpretation can ultimately impact 
on the usefulness of a technique and its application in the heritage 
field. Techniques which require expensive additional software or 
time-consuming processing and interpretation to answer relatively 
routine questions are unlikely to be seen as effective.

Acoustic emission

although the ae sensors recorded a signal, when it was compared 
with environmental data there was a correlation with room 
temperature, which led to variation in the signal below 10. the 
equipment manual for the AE sensors gives a default filter value 
of 10 but no indication why this value was selected, however the 
most likely reason is the temperature variation. apart from the 
temperature variation no ae signals were recorded. there are a 
number of possible reasons for this, the environment may have 
led to no changes in the objects, or the sensors may have been 
placed in areas where no signal was being emitted; alternatively, 
the sensor head may not have been in sufficient contact with the 
surface. in industrial applications, the sensor head is held in place 
using glue or grease, which is obviously inappropriate for historic 
collections so the manufacturers include a weight to maintain 
contact with the surface. Previous studies have placed archival 
polyester sheets (Melinex) between the sensor and object surface 
to provide improved coupling [10].
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technique acoustic  
emission (AE)

colorimetry digital image 
correlation (DIC)

near-infrared 
spectroscopy (NIR

polynomial texture 
mapping (PTM)

surface  
profilometry

equipment woodwatch 
(Hanwell)

CM-2600d 
(Minolta)

StrainMaster 
(LaVision)

PhazIR 
(Polychromix)

TRACEiT (Innowep 
GmbH)

criteria

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

practicality of 
use – physically

6 easy to 
place on 
object but 
requires 
power

10 small 
and light, 
changeable 
measurement 
size

5 bulky tripod & 
laptop

6 portable but 
heavy when 
holding for 
long periods

7 once set up the 
image capture 
is straight-
forward

6 requires 
laptop and 
drains battery, 
difficult to hold 
still on vertical 
surfaces

practicality of 
use – software 
/ interface

3 limited 
control over 
parameters 
and impact 
of changes 
unclear

4 usually 
export data 
into another 
package to 
calculate 
colour change 
(∆e) 

2 requires 
training / 
specialist

5 limited 
capabilities 
unless 
identification 
programme 
already 
established

7 once familiar 
it is very easy 
but limited 
information on 
how to use

5 limited 
control over 
parameters, 
hard to 
manipulate 
data

quality of 
information 
produced

3 graphs of 
recorded 
emission

8 gives Lab 
and spectral 
reflectance

2 requires 
training / 
specialist

7 good quality 
spectra but 
over very 
limited range

3 images 
are good 
dissemination 
tool rather than 
analytical

6 3d maps and 
slices nice but 
limited ability 
to compare 
measurements

ease of data 
interpretation

2 difficult to 
understand 
output in 
relation to 
cause

4 requires 
further 
processing to 
understand 
values

8 detailed info on 
deformation / 
strain

2 spectra difficult 
to compare / 
analyse without 
additional 
processing eg., 
MVa

1 images 
are good 
dissemination 
tool rather than 
analytical

4 difficult to 
determine 
changes from 
3d maps alone

amount of data 
processing 
required

5 similar 
to other 
products 
but need to 
know start 
date and 
time

4 need to 
calculate ∆e 
/ process 
spectra - can 
be time-
consuming

10 none carried 
out by 
specialist

2 very significant 
as can only be 
exported as 
table which 
cannot be 
imported 
to baseline 
correct

8 little processing 
required beyond 
creating folders 
and ensuring 
images have 
right file ending

5 can be time-
consuming 
if analysing 
outside of 
provided 
software

time to collect 
data

3 probably 
need 12 
months 
of data to 
determine 
impact

9 very rapid 
once 
positioned

5 image 
collection 
fast but 
set-up time-
consuming

6 around 60 
seconds per 
spectrum 
depending 
on number of 
scans

2 taking large 
number of 
good quality 
images is time-
consuming

4 takes around 
5 minutes per 
measurement 
(incl. 
calculating 
maps)

non-destructive 
vs. non-
invasive vs. 
non-contact

6 non-
destructive, 
non-
invasive 
depending 
on sensor 
attachment 
method

8 non-
destructive, 
non-invasive

10 non-
destructive, 
non-invasive, 
and non-
contact

8 non-
destructive, 
non-invasive

9 non-destructive, 
non-invasive, 
could be 
non-contact 
depending on 
use of snooker 
ball / lighting rig

7 non-
destructive, 
non-invasive, 
could be 
destructive if 
lifting sections 
placed under 
measuring 
head edge

spot / 
continuous 
monitoring

5 continuous 
but requires 
constant 
power

6 spot but 
requires 
very good 
repositioning

10 can be either 
but large 
datasets if 
continuous

3 spot but very 
difficult to 
reposition 
due to large 
measuring 
head

4 spot but difficult 
to compare 
measurements 
with one 
another

5 spot but 
requires good 
repositioning 
and 12 months 
data

repeatability of 
measurements

0 systems 
were not 
compared 
against 
each other

3 if repositioning 
not exact 
large colour 
changes will 
be recorded

8 dependent on 
experimental 
set up being 
repeatable

3 if repositioning 
not exact, 
differences will 
be recorded

2 difficult to 
compare any 
repeated 
measurements

3 if repositioning 
not exact 
differences will 
be recorded

table 2. analytical techniques assessment
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technique acoustic  
emission (AE)

colorimetry digital image 
correlation (DIC)

near-infrared 
spectroscopy (NIR

polynomial texture 
mapping (PTM)

surface  
profilometry

equipment woodwatch 
(Hanwell)

CM-2600d 
(Minolta)

StrainMaster 
(LaVision)

PhazIR 
(Polychromix)

TRACEiT (Innowep 
GmbH)

criteria

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

sc
or

e

comment

magnitude of 
measureable 
change vs. 
replacement 
error

0 n/a 3 replacement 
error high 
compared 
with colour 
change 
results

7 relies on image 
matching but 
very sensitive 
method

3 errors high as 
replacement 
is difficult due 
to measuring 
head

0 n/a 3 quoted decimal 
places for 
measurements 
are greater 
than the 
instrument 
accuracy

ease of data 
comparison 
– with other 
techniques

0 no 
emissions 
recorded 
so cannot 
compare 
with other 
techniques

7 results can 
be exported 
as comma 
separated 
value (csv) but 
requires data 
processing, 
so time-
consuming

4 data sent as 
images so only 
a subjective 
comparison is 
possible, would 
require more 
data from 
manufacturers

3 results 
exported as csv 
but requires 
substantial 
data 
processing 
and additional 
software to be 
really possible

2 may provide 
additional 
support images 
for other 
techniques but 
qualitative data 
makes this of 
limited use

4 software is 
restrictive so 
comparison 
is possible 
but requires 
additional 
analysis, more 
information 
might be 
available using 
alternative 
software

ease of data 
comparison 
– with 
environmental 
data

8 easy to 
compare 
with t/
rH data 
but time 
interval 
may require 
some 
processing

4 for new lab 
samples 
colour 
changes can 
be seen after 
light exposure

4 if running 
continuously 
comparison 
might be 
easier but the 
before and 
after images 
result in an 
averaged effect

2 in the work 
so far this 
has not been 
possible but 
further data 
analysis may 
identify effects 
which relate to 
environmental 
data

2 may provide 
additional 
support images 
to show impact 
of environment 
but qualitative 
data makes this 
of limited use

3 data 
processing is 
required to 
see whether 
the changes 
observed on 
screen actually 
relate to 
environmental 
changes

quantitative vs. 
qualitative data

6 no 
emissions 
recorded 
but 
should be 
quantitative

7 quantitative 
data as long 
as correctly 
repositioned

8 quantitative 
data possible 
using high 
resolution 
images 

7 quantitative 
data as long 
as correctly 
repositioned

3 qualitative 
images

5 quantitative 
but requires 
significant 
additional 
processing as 
initial results 
are really only 
qualitative

scale of 
analysis eg., 
number of 
small areas vs. 
whole object

5 depends 
on sensor 
number, 
1 sensor 
gives local 
analysis but 
3 can pin-
point area 
of damage

5 small area 
but fast so can 
do greater 
number 
although this 
increases data 
processing

7 whole object 
in detail but 
depends 
on camera 
resolution / 
object size

5 small area 
but quick so 
can do greater 
number 
although this 
increases data 
processing

4 depends on 
camera field 
of view but 
relatively small 
areas

3 small area 
and time-
consuming 
process limits 
the number of 
areas possible 
for analysis

usability 3 software 
too 
restrictive 
and help 
manual 
very poor 
making it 
very hard to 
use as off-
the-shelf 
product

7 limited 
instruction 
required 
on use but 
analysis more 
complex

2 requires 
manufacturer 
specialist

5 data collection 
easy, data 
processing 
difficult

6 relatively 
low-tech set 
up, software is 
free, but limited 
resulting 
information

5 data collection 
easy, data 
interpretation 
difficult

total (higher 
better)

55 89 92 67 60 68
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Colorimetry

the colorimeter has a viewing window to enable it to be lined up 
and measurements be repeated. However, comparison of the data 
collected on site showed a large variability in the size of changes 
recorded between each month. tests to reposition the colorimeter 
demonstrated that the repeatability ranged from ∆e00 = 0.2 up 
to 2, therefore only colour changes greater than ∆e00 = 2 can be 
seen as actual colour changes. When comparing this with the data 
recorded on site no real trends could be observed. in the analysis 
of new lab samples, changes after light exposure followed an 
obvious trend, with additional changes after further light exposure. 
On site these patterns could not be observed. this may arise as a 
result of the furniture having already been faded or darkened to the 
maximum extent possible for the material in question. to calculate 
the colour changes for all the samples took a substantial amount 
of time due to the large number of data points (for the display 
objects 150 spectra were recorded every month and 13 months’ 
of data were analysed). additionally, some multivariate analysis 
(MVa) was undertaken on the spectra, which has been useful in 
separating the different coloured woods, for example, the white 
and cream sections from lighter brown woods. MVa uses matrix 
algebra to highlight correlations within large data sets, for example 
the entire reflectance spectra for colorimetry or NIR, helping to 
identify small differences in data.

Digital image correlation

digital image correlation was only available in the lab and was on 
trial from the manufacturers. However, as the technique showed 
potential for heritage applications it has been included in the 
analysis. although diC can be used to look at whole objects the 
trial showed better results when looking at smaller areas, focusing 
on details of the marquetry pattern. diC can analyse ‘before’ and 
‘after’ images or alternatively can be used to continuously monitor 
the area/object, although this generates very large datasets. 
industrially, it aligns an array of dots applied to the surface to 
determine the movements and strains which have occurred in 
the object. this dot matrix is not suitable for heritage objects; 
however, the technique has already shown some application for 
tapestries [11] and wall paintings, using the surface image to 
align the images. the trial demonstrated that small dimensional 
changes and strains, resulting from rH chamber experiments, 
could be mapped on the surface. a potential problem when using 
this technique on site would be surface reflections from varnished 
or highly polished surfaces, as the technique struggled with these 
types of samples in the lab. another possible issue on site would 
be positioning the equipment as the set-up can be quite bulky and 
has to be undisturbed, which would probably require a portion 
of the room in front of the object to be roped off during analysis. 
However, the technique is very sensitive to surface movements 
and strain development, and has potential for application as both a 
monitoring tool and a means of recording damage.

Near-infrared spectroscopy

as mentioned above, the main problem with Nir spectroscopy 
is the requirement for large amounts of time-consuming data 
processing to interpret the spectra. Preliminary MVa interpretation 
of the spectra has shown clear differences on objects where one 
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side is visibly faded compared to the other, e.g., the commode 
in storage. However, further work is required to determine 
whether real changes can be observed to be taking place over the 
monitoring period. One disadvantage of this Nir spectrometer 
is the large measuring head and the lack of precision when 
repositioning it, as the exact location of the light cannot be 
observed. in practice, to try to overcome this limitation the 
rectangular measuring head was lined up with areas or decorative 
features on the objects, however large variability is to be expected. 
For the aged lab samples, different surface coatings could be 
clearly separated using the Nir spectra. However, if there were 
differences in the display object coatings, these were not apparent 
from the spectral analysis.

Polynomial texture mapping

Polynomial texture mapping images were made of two object 
surfaces. Capturing the photos to create the PtMs required 
substantial space in the display rooms compared with the other 
monitoring techniques and so was only carried out when the 
house was closed to the public. the objects selected for these 
techniques had noticeable surface lifting, which the imaging was 
used to capture. For objects with flat or very reflective surfaces 
the PTM would either show little difference or the light reflections 
would be difficult for the software to eliminate. The results from 
this technique are interesting and useful in demonstrating how 
surfaces can be visualised. However, they provide qualitative 
information and are mainly useful as a dissemination tool, for 
example, to demonstrate that sections of veneer are lifting. this 
may be useful for documentation of objects, but the software does 
not currently facilitate comparisons of images and so there would 
be no way of directly determining the movement between two 
PtMs.

Surface profilometry

this technique uses light to create three-dimensional maps of 
small areas on the surface. though the measuring head is small, 
it is powered by the connected laptop, which reduced the laptop 
battery life to two hours. an additional battery would be essential 
to complete site work where access to power was limited. although 
movements can be seen between images taken over different 
months, caution is required as they are not necessarily perfectly 
aligned. When taking measurements, the live feed allows the 
camera to be repositioned, however, each 5 x 5 mm square is 
compiled of a square of 1500 x 1500 data points which means the 
exact data point is unlikely to align precisely on different occasions. 
a further complication is that the software automatically gives the 
first x, y point a 0, 0 value. So datasets cannot easily be subtracted 
from each another and the software does not include this function. 
instead two-dimensional slices through the image are being 
used to determine the difference between the highest and lowest 
points and whether this changes or remains constant over the 
12 months. Further work will be required to fully analyse these 
samples making it time-consuming. the software generates the 
three-dimensional map from images so the precision quoted in 
terms of the height differences is due to the calculations and an 
exaggeration of the actual precision possible. Options for creating 
image stacks with other software are currently being explored.
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Conclusion

the monitoring techniques used have allowed large volumes of 
data to be collected from the objects. However, the downside of 
this is the large amount of time required to process and analyse 
this data, often requiring additional software packages, e.g., to 
undertake MVa. Monitoring collections in these ways offers the 
potential to inform us of which environments cause damage in 
practice, instead of relying on the theoretical lab behaviour of new 
materials. Currently, adequate techniques are not available ‘off-
the-shelf’ to undertake collections monitoring successfully and 
simply. accelerated ageing has also been undertaken as part of 
this research, and a number of the monitoring techniques were 
applied in lab conditions to provide more detailed information. 
However, the lab samples were new and their response was more 
pronounced. as the same monitoring techniques were used to 
analyse the lab samples, the same time-consuming problem of 
data analysis was also incurred. Nevertheless, the project did 
demonstrate that had recommendations been made based only 
on results from the lab samples they may well have been overly 
restrictive when compared with the few changes recorded on the 
display objects.
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Abstract

the Climate4Wood research project will start in december 
2012. its aim is to provide guidelines for a more sustainable 
museum climate. Part of this project will be a museum study, 
to develop a better understanding of the influence of climate 
on decorated wooden panels. in anticipation of the start of the 
project, observations on furniture in the rijksmuseum and Castle 
amerongen are discussed to give direction to the museum study.

Climate4wood

When people are concerned about climate conditions, it is usually 
because they are worried by climate graphs, not because they 
observe damage. When one observes damage it is of course too 
late, but how much caution is necessary? to which extent can 
the strict climate specifications developed in the 1960s and 70s 
be safely relaxed? and once that is established, how can the 
conservation community be convinced that their objects are safe in 
those conditions? 

Deciding on proper climate specifications for museum 
environments is a daunting task. type and condition of objects, 
risk assessment, installation requirements, building physics, 
construction as well as running costs of any installation, and the 
impact of the energy consumption on the environment have to be 
weighed against each other. Most actors involved in the decision-
making process are specialists within their own field, with usually 
lesser knowledge about the other factors. the way forward is 
for professionals from different fields to closely collaborate in 
research projects to develop an understanding of each other’s 
expertise in order to better address the research questions. the 
Netherlands Science Foundation started a programme in 2010 
called Science for arts. this programme aims to develop and 
strengthen interchange between the research of universities and 
the museological field. NWO Science for Arts recently accepted 
a research proposal called Climate4Wood, developed by the 
rijksmuseum, the Netherlands Cultural Heritage agency and 
the technical Universities of eindhoven and delft. the aim of the 
Climate4Wood project is to identify the relative humidity (rH) 
fluctuations that decorated wooden panels (panel paintings as well 
as furniture) can safely sustain and to develop rational guidelines 
for climate specifications in museums. Our project focuses on 
decorated wooden panels as this is a category which is regarded 
as being very susceptible to climate fluctuations. Conservators, 
conservation scientists and engineers will closely cooperate to 
develop a better understanding of the behaviour of panels and to 
predict more accurately under which circumstances damage might 
occur. the outcome of the project should help museums to become 
more sustainable by balancing the cost and preservation of the 
collection. the project has international partners, such as CatS/

What real museum objects can teach us about the 
influence of climate conditions

Paul van Duin 
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National Gallery of denmark and the Metropolitan Museum of arts 
and is supported by a large international advisory committee.

the Climate4Wood research project, which will start on 1 
december 2012, consists of a so-called museum study by means 
of a doctorate research position in conservation, combined with a 
material and mechanical modelling study through doctorate and 
post-doctorate research positions in engineering. the museum 
study will investigate the construction, materials and condition of 
a large collection of decorated wooden panels and how these have 
been affected by climate conditions. the results will be used as 
input for the modelling study, to model climate and age-induced 
stresses and deformations. a postdoc will determine and model 
the relevant non-linear elastic material properties.

This article will first describe how, in 2002, the Rijksmuseum 
decided on new climate specifications. This will be followed by 
various observations, in anticipation of the museum study, on real 
wooden museum objects, from my point of view as a furniture 
conservator.

Setting the climate specifications for the new Rijksmuseum

the rijksmuseum experienced the challenge of setting climate 
specifications in 2002 when Bart van der Pot, the project director 
for the renovation of the rijksmuseum asked the museum for the 
environmental specifications for the ‘new’ museum. In 2002, in the 
Netherlands, the climate specifications advised by the Cultural 
Heritage agency were still strict: 52 % plus or minus 3 % rH, 
and a temperature (t) of 21 °C plus or minus 2 K [1]. Van der Pot 
argued that these specifications were impossible to achieve. RH 
sensors have errors of 1 to 2 % and would therefore be unable to 
adequately help to maintain such a strict climate. He warned that 
the climate installations would be extremely expensive and take 
up a large percentage of the building. the museum building would 
suffer from installing all the equipment and ducts, but also the 
building physics would be affected in due course, mainly because 
the humidity would cause condensation problems. in winter, the 
higher water content within the walls might freeze, resulting in 
damage to brickwork. the conservators felt that the objects might 
be at risk by broadening the specifications and the directors did not 
want to take that responsibility either. after lengthy discussions 
the stalemate was finally lifted by Van der Pot’s suggestion to look 
at the actual climate data and its effect on the objects. the climate 
data showed that the relative humidity in the galleries varied 
between c. 65 % and 45 % and the conservators were not aware 
of damage that had visibly occurred. damage to objects that had 
happened in non-climatised areas will be discussed below. Broader 
specifications were agreed upon that follow the seasons: in summer 
54 % plus or minus 5 % rH with t of 23 °C plus or minus 2 °C and 
in winter 50 % plus or minus 5 % with t of 20 °C plus or minus 
2 °C. The new specifications should be more realistic, resulting in 
a better controlled climate than before. it has to be admitted that 
not all conservators felt at ease with the new specifications. Some 
conservators fear that broadening the specifications might lead 
to larger fluctuations than before. Even when the actual climate 
would meet the new specifications they find 45 % RH risky. From 
April 2013, when the Rijksmuseum reopens, we will find out if the 
climate specifications are realistic and we will be able to monitor 
how the objects will react to the new climate.
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the decision-making process in the rijksmuseum was, of course, 
not an isolated event. even before 2002, research indicated that the 
strict climate specifications that had been in use since the 1970s 
could be relaxed [2]. But even now the conservation community is 
not entirely convinced that climate specifications can be relaxed 
without putting their objects at risk [3]. evidently, more research 
is needed to predict under which circumstances damage might 
occur. Wooden objects in particular show well-known kinds of 
degradation, such as shrinkage cracks and warping of wood. 
But do we know when this damage occurred and under what 
circumstances? and do we understand how this damage is related 
to the construction of the object, its material properties, its age 
and condition? all of these factors can vary, and the susceptibility 
to climate conditions will vary accordingly [4].

Damage observed in real-life

as mentioned above, no damage to the rijksmuseum collection 
was observed in areas with a controlled climate. For many years, 
conservation studios were housed in the teekenschool, a separate 
building with central heating, mobile humidifiers and single pane 
glass. in the teekenschool, shrinkage damage occurred several 
times during cold wintery spells, with outdoor temperatures well 
below 0 °C and clear blue skies. Even humidifiers could not prevent 
the rH dropping below 30 %, as the water in the air condensed 
against the windows. Sometimes the rH dropped as low as 20 %. 

during the winter of 1993 we treated the kitchen of the dolls’ 
house of Petronella Oortman (Figures 1, 2) [5]. the rooms of 
that dolls’ house are actually wooden boxes, open at the front. 
The walls, floors and ceiling are made of oak and pine panels, 
c. 5 mm thick. the kitchen walls are made of 5 mm-thick pine, 
on to which ceramic tiles of 10 x 10 cm were glued. in the 300 
year-lifespan of the dolls’ house the pine panel of the left wall 

Figure 1. the 
kitchen of the dolls’ 
house of Petronella 

Oortman. Oak 
and pine, ceramic 
tiles and marble, 

h. 54.5 cm, w. 
70 cm, d. 69,5 

cm. amsterdam, 
c. 1686–1710. 

rijksmuseum, 
BK-NM-1010

Figure 2. the left 
wall of the kitchen 
of figure 1 before 
conservation. the 
pine panel has 
warped, causing 
damage to the tiles. 
after conservation, 
the panel moved 
again during a week 
with an rH below 
30 %
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had shrunk and warped, causing the tiles to crack. Our ceramics 
conservator isabelle Garachon removed the tiles, and glued, 
filled and retouched the cracks. The pine panel was straightened 
by us and the tiles were re-glued against the pine. As I find it of 
particular importance to preserve the original construction of 
furniture, i managed to persuade isabelle that we would not use 
an alternative method to attach the tiles to the wood. Whilst the 
kitchen was still in her studio, we enjoyed an old-fashioned dutch 
winter with skating on the amsterdam canals. during a week with 
heavy frost, hairline cracks appeared along the repairs to the tiles. 
Obviously this was caused by the shrinkage of the pine, which put 
pressure on the repairs. We decided to remove the tiles and to 
adhere them to a 1 mm-thick aluminium perforated sheet which 
was fixed to the pine wall allowing some movement of the wood 
without transferring this to the tiles. although it was clear that the 
low humidity caused the old as well as the new damage, the other 
tiled walls of the kitchen never suffered damage, and did not need 
conservation. Also, the floor, which consists of 5 mm-thick oak 
panels, onto which a 5 mm-thick marble slate is glued, remains 
intact. it would be interesting to establish why some tiled walls 
suffered damage whilst others survived well.

during a cold winter in 1991, a seventeenth-century marquetry 
door of the recently acquired cabinet, then attributed to Pierre Gole 
and more recently to andré-Charles Boulle, developed a hairline 
crack (Figure 3) [6,7]. this c. 30 cm-wide door is constructed of 
two oak boards, with cleated ends and is veneered on two sides 
with marquetry. the rH was between 20 and 30 %, and outside 
temperatures were well below 0 °C for a week. this terrible 
accident was fortunately an exception and most furniture in the 
conservation studio did not suffer during these dry conditions. 
in milder weather we never observed any damage. these 
observations clearly indicate that a period of several days with an 
rH below 30 % is highly dangerous, but fortunately not to all kinds 
of furniture.

Figure 4. inspection 
of the construction 

of seventeenth-
century cabinet 
doors during a 

master class in the 
rijksmuseum, 
4 October 2010

Figure 3. interior of 
the door of a cabinet 
on stand, attributed 
to andré-Charles 
Boulle, Paris, c. 
1670–1675. the 
door developed 
a hairline crack 
during the winter 
of 1991 when 
the rH dropped 
below 30 %. Oak 
veneered with 
ebony, snakewood 
and other woods, 
tortoiseshell, 
pewter and brass, 
h. 51 cm, w. 34 
cm, d. 2.5 cm 
rijksmuseum, 
BK-1990–7
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Comparison of the condition of similar objects

during a masterclass in the rijksmuseum in 2010, the construction 
of 16 pairs of late-seventeenth century flat oak doors veneered on 
both sides with marquetry was investigated (Figure 4) [8]. all doors 
consisted of vertical boards, restrained by horizontal elements. 
Most doors were constructed of vertical oak boards with cleated 
ends. dimensions of boards and cleated ends varied considerably. 
Other construction elements varied, one door was hollow, another 
door consisted of four panels set in a framework and one door 
had vertical boards into which short horizontal blocks were 
incorporated. the cabinetmakers were undoubtedly experimenting 
with construction methods that aimed at keeping the door flat and 
without shrinkage cracks. although there were many variations in 
the construction of the doors, all had shrinkage cracks and some 
were warped to some extent. the shrinkage percentage seemed to 
be very similar, mostly around 1 %. Shrinkage cracks were mostly 
joints which had come apart. apparently the stress led to glue-
failure instead of actual splitting of boards. the question arises if 
the cracks only occurred due to ageing of the glue. the glue had 
survived well in areas where there was less stress, for instance 
the glue between veneer and oak substrate, where veneer was 
applied in the same direction as that of the oak. the vertical boards 
of the doors with cleated ends showed slightly less shrinkage 
where they were joined to the cleats. this can be explained by the 
restraint that the cleats provided. Further away from the cleats, 
in the middle of the doors, the vertical cracks between the boards 
widened. it is very interesting that the cleats cause cracks between 
the vertical boards, but that the damage near the cleats was 
less than in the middle of the door. the doors that had received 
conservation treatments in the past 30 years were still in good 
condition. New damage, if there was any, consisted of hairline 
cracks or some extra warping. although many panels in furniture 

Figures 5a and 5b. 
Front and back 
of the left door of 
a cabinet dated 
1607. Oak, h. 140 
cm, w. 55 cm, d. 3 
cm, Netherlands. 
rijksmuseum, 
BK-16071. the oak 
is all radially cut. 
the tongue and 
groove joints of the 
back panels are 
partly exposed at 
the top and bottom. 
Small cracks are 
visible in the lower 
right corner and the 
top left corner
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have shrinkage cracks, usually with a shrinkage percentage of 
around 1 % as was observed during the masterclass, we do not 
know when these cracks occurred and if shrinkage is a continuing 
process. the Climate4Wood museum study will inspect and record 
a great number of panels, to see what variation in shrinkage there 
is, and how this relates to the type of construction, the age and 
materials used.

Conservators mostly deal with damaged objects, but we can learn 
much from objects or parts of objects which have survived well. 
For a presentation on furniture panels for the Getty Symposium 
in 2009 ‘Facing the Challenges of Panel Painting Conservation: 
trends, treatments, and training’, several early seventeenth-
century oak panels were compared [9]. Whereas most doors of 
the cabinets had the kind of shrinkage cracks that one would 
expect, a relatively thin door from an oak cabinet dated 1607 
hardly showed any damage at all (Figure 5). a large part of the 7 
mm-thick panel was covered with equally thin mouldings. these 
were glued onto the panel, covering about 30 % of the panel with 
cross grain oak. this might indicate that this kind of construction 
can withstand climate fluctuations better. An explanation for this 
can be that the glue bond is much larger and therefore stronger 
and that apparently the wood is flexible enough to absorb the 
stress. this cabinet shows that the early seventeenth-century 
craftsmen were masters in selecting wood with the best material 
properties and also knew how to glue the door so well that most 
of the mouldings still remain firmly attached after 300 years. The 
Climate4Wood project will seek to answer in more depth why some 
early seventeenth-century doors have smaller shrinkage cracks 
than others.

Comparison with old photographs

Jan van Mekeren is a famous dutch cabinetmaker from the 
seventeenth century. Cabinets attributed to him survive in various 
large museums, probably with good environmental controls, such 
as the Victoria & albert Museum, Metropolitan Museum of art 
and rijksmuseum, but also in Castle amerongen, a seventeenth-
century house with no environmental controls. the Van Mekeren 

Figure 7. an 
exploded view of 

the construction of 
the left door of the 

cabinet of Figure 6. 
Google Sketch up 
drawing made by 

iskander Breebaart. 
rijksmuseum

Figure 6. Cabinet on 
stand, attributed to 
Jan van Mekeren, 
amsterdam, 
ca. 1695. Oak 
veneered with 
ebony, kingwood, 
and marquetry of 
indigenous and 
tropical veneers. 
rijksmuseum, 
BK-1964–12
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cabinets of the rijksmuseum and Castle amerongen were studied 
as part of a research project into climate conditions for furniture 
and panel paintings that the dutch Cultural Heritage agency, 
rijksmuseum, tU eindhoven, University of amsterdam and 
Kasteel amerongen started in 2009. the Van Mekeren cabinet in 
the collection of the rijksmuseum was treated in 1995 (Figure 6) 
[10, 11]. each door is constructed of two 8 mm-thick oak panels, 
glued onto either side of a frame, five horizontal stretchers and 
30 glue-blocks (Figure 7). each panel is made from three vertical 
boards. the doors are completely covered with marquetry of 
various veneers, with a background of ebony veneer. the doors had 
severe cracks, which distorted the marquetry design. around the 
large cracks, the glue bond between the boards and the frame and 
stretchers had failed. the marquetry was frail along the edges of 
the cracks and new cracks were visible next to a previous filling, c. 
0.5 mm wide. 

Conservation was carried out for aesthetic reasons as well as to 
prevent further loss of marquetry. Before the treatment started, 
the cracks were photographed in detail. during an earlier research 
project of the Netherlands Cultural Heritage agency (rCe), 
rijksmuseum and University of amsterdam, Bart ankersmit 
from the rCe suggested using old photographs as a reference. 
the comparison between detailed black and white photographs 
taken in 1963 prior to the acquisition of the cabinet, with the 
photographs taken prior to the conservation treatment showed 
that the condition of the marquetry had not visibly deteriorated 
between 1963 and 1995 (Figure 8). the shrinkage crack next to 
the filling, for example, already existed. Cracks had not become 
longer, and new cracks had not appeared. also hairline cracks in 
the ebony veneer remained unchanged. as the cabinet had been in 
the climate-controlled rijksmuseum environment, albeit probably 
not as strict as 52 % plus or minus 3 % rH, perhaps this is not 
a real surprise. We assume that the climate was between 45 to 
65 % rH, and further research is necessary to reconstruct the 
historic climate conditions more accurately. Unfortunately, data of 

Figures 8a and 8b. 
Left door of the 

cabinet of Figure 
6, h.110 cm, w.80 
cm, d. 3.5 cm. On 

the left the door in 
1963, on the right 
the door in 1995. 
the door has two 

large cracks, which 
did not change 

between 1963 and 
1995. the left crack 
runs from the top of 

the door and stops 
in the marquetry 

table-top. the crack 
on the right runs 

from the top to the 
bottom of the door
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the climate before conservation in 1995 have not been preserved.
interestingly, the condition of the Van Mekeren cabinet in Castle 
amerongen, housed in a very different environment, also seems 
to have been stable in the last decades. the construction of the 
cabinet is identical to that in the rijksmuseum. the condition 
of the doors is also very similar to that of the rijksmuseum 
cabinet before conservation. Comparison of the condition of the 
amerongen doors in 2011 with photographs from 1964 showed 
that neither the large cracks caused by the shrinkage of the oak 
construction have propagated, nor the hairline cracks in the ebony 
veneer. It is difficult to judge from the photographs if the large 
cracks have changed in width. around the large cracks, the boards 
are partly loose from the frame and stretchers. this might imply 
that those parts of the boards are less restricted and thus might 
be able to withstand larger fluctuations. The Climate4Wood project 
will use imaging techniques in situ to determine to what extent the 
boards move.

Conservation treatments

the Van Mekeren cabinet in the rijksmuseum was extensively 
treated in 1995. the original construction of the doors was taken 
apart in order to move the boards against each other to close the 
cracks. Subsequently, the original construction was re-glued. 
the movement of the front and back panel is now once again fully 
restrained by the horizontal elements of the frame, stretchers 
and glue blocks inside the hollow doors. after the conservation 
treatment the cabinet was put on display again and its condition 
is still in good order. the rH in the present position, where the 
cabinet has been since January 2004, fluctuates between 50 % 
and 60 % (Figure 9). One may conclude that possible stress to the 
construction due to the fluctuations in humidity is absorbed by the 
construction.

as mentioned above, the condition of the amerongen cabinet 
seems to be stable and conservation treatment is not deemed 
necessary at present. an interesting research question is whether 
the amerongen cabinet can be treated in the same way as the 
rijksmuseum cabinet, given the climate in an historic house. 
Which climate fluctuations can a fully re-glued and therefore 
restrained construction withstand? in this respect it is interesting 
to note that on both cabinets the joints between the boards have 
not fully cracked in the part where the front is covered across 
the grain with the veneer of the marquetry table-top. the higher 
amount of restraint provided by the cross-grain veneer has acted 
in the same way as the cross-grain mouldings of the cabinet 
mentioned above, dated 1607.

Climate inside cabinets 

the interior of a cabinet has a very stable climate, undoubtedly 
because the wood around it acts as a buffer (Figure 9). therefore, 
one would expect less damage caused by climate fluctuations 
in the inside than on the exterior of a cabinet. Surprisingly, this 
does not appear to be true. the back of the Van Mekeren doors 
for instance, has the same shrinkage percentage as the front. 
The shelves have also shrunk and even the drawers, which fit into 
a wooden compartment, show shrinkage cracks in the drawer-
bottoms. the same phenomenon is observed in other cabinets. it is 
not unusual to come across cracks in drawer-bottoms which have 
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been filled in the past and have since developed cracks next to the 
filling material. An explanation for this shrinkage is not apparent, 
and how and when the damage occurred are valuable research 
questions. does wood in the stable climate conditions that a 
cabinet interior provides indeed shrink to the same extent as the 
exterior of a cabinet?

Conclusion

Monitoring objects in relation to climate conditions has led to 
broader climate specifications. Further research is necessary to 
decide on a sustainable museum climate. New shrinkage cracks 
were only observed in very dry conditions with an rH below 30 % 
for a period of a week, but not all furniture is damaged in those 
conditions. Shrinkage cracks in furniture are often joints which 
have come apart, this means that not just the properties and 
ageing process of wood, but also those of glue should be taken 
into consideration. Wood is less prone to shrinkage when it is 
restrained by cross-grain wood, such as mouldings, veneer and 
near cleats. this restraint has to be included in climate research, 
and should be studied for the stability it can provide as well as the 
damage it may cause. even when wood is in the relatively stable 
climate of the interior of a cabinet, it seems to show the same 
shrinkage percentage as the exterior wood. to decide on safe 
climate specifications for furniture, one has to take into account 
the whole construction and the properties of every material used.
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Abstract

a continuous monitoring system was installed on the Oseberg ship, 
a large Viking age archaeological wooden object (oak), in order to 
determine the material response to the uncontrolled conditions 
at the Viking Ship Museum, Oslo, Norway. Four areas have been 
monitored since July 2009, two boards on the ship and two samples 
free to deform (recent oak and a sample removed from the ship). 
results, reported for 2010/11, showed that extent of deformation 
is related to extent of restraint. the greatest extent of strain 
(warping) was found for the recent oak sample, followed by the 
unrestrained archaeological sample. Of the restrained samples, 
that with greatest loading showed least strain.

Introduction

Museums worldwide are currently engaged in a lively debate on 
gallery climate conditions, namely acceptable levels of relative 
humidity (RH) and temperature (T) and acceptable fluctuation 
levels. the discussion on appropriate climate is of prime relevance 
to the conservation staff at the Museum of Cultural History (KHM) 
in Oslo since renovations to the Viking Ship Museum (VSH) are 
planned. the Viking Ship Museum, administered by KHM, is 
dedicated to the display of the Norwegian Viking age ship burials 
from Borre, tune, Gokstad and Oseberg excavated in the late 
nineteenth and early twentieth centuries. 

the collections on display are mainly of archaeological wood. the 
Viking Ship Museum was built in three stages (1926, 1932, 1956) 
without an active ventilation system. No major renovations have 
been carried out since then. Smaller objects are displayed in 
climate-controlled display cases; however the three large ships 
and several other wooden archaeological objects are displayed 
without enclosures. it is a listed building, meaning that any 
building changes must be approved by the national antiquary.

in light of the planned renovations, the conservation staff must 
decide whether the climate conditions (rH and t) at the Viking Ship 
Museum should be improved or left as they are; that is, should 
we opt for the installation of a full or partial actively-controlled 
climate system, or should we trust that the objects have become 
acclimatised to the existing climate? 

today many agree that the decision to improve a non-ideal 
climate by the installation of active control systems must balance 
collection preservation needs with energy consumption and the 
personnel resources required to maintain it, as well as considering 
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hygromechanical modeling
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the potentially disastrous consequences when such a system 
fails [1, 2]. Maintaining the status quo may outweigh the potential 
benefits of an active system in buildings that are not climate-
controlled.

the climate history of an object has become recognized as an 
important factor to consider regarding appropriate climate. the 
relatively recent european Standard for evaluating climate in 
museums and galleries for hygroscopic materials maintains 
that exposure to the same environment over many seasonal 
cycles may proof the objects, making them less vulnerable to 
the development of new climate-induced damage [3]. Before the 
assessment method described in the Standard may be applied to 
a particular collection, preservation professionals must undertake 
systematic investigations of the objects in question to ascertain 
that existing climate conditions are not causing new damage, and 
thus are acceptable. the authors read this as an explicit statement 
basically saying we have to start to think of the specific collection 
environment and not blindly rely on general recommendations. the 
Standard may also be interpreted as an implicit appeal to intensify 
systematic research on the effects of climate on hygroscopic 
materials; otherwise how will we be able to ‘evaluate’ whether 
climate-related damage has occurred or not? Which methods 
should be used to evaluate damage? Which parameters should be 
measured?

Finding the appropriate climate range in practice

the Viking ships have been subjected to an uncontrolled climate 
since their installation in VSH in 1926 and 1932. the display area is 
therefore influenced by seasonal changes in RH, which rise above 
70 % in summer, at times up to 80 % rH (May to October) and drop 

Figure 1. the 
climate (rH and t) 
measured in the 
Viking Ship Museum 
between 2011 and 
2012. Bottom and 
top target levels 
were calculated 
according to the 
procedure given in 
the eN 15757:2010 
standard [3]
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below 30 % in winter (November to april). annual temperature 
ranges from 9 to 25 °C, and can rise to 28 °C in summer for short 
periods. 

Relative humidity fluctuations in summer range from 10 % in half 
a day to 20 % in 1.5 days and in winter are approximately 10 % over 
the course of half a day to one day. Figure 1 illustrates the climate 
from January 2011 to March 2012, calculated according to the 
procedure given in the european climate standard, if we assume 
that the objects openly displayed are proofed [3]. the climate data 
is shown for a three-year period to demonstrate the rather regular 
climatic cycling between winter and summer seasons in the 
museum.

When conservation staff at KHM attempted to visually examine the 
condition of the archaeological wooden ships to determine whether 
the regular climate conditions had in fact proofed them, we found 
that it was difficult to assess whether existing cracks in the wood 
were of a recent nature, were the result of older acclimatization 
processes or whether they had originated from post-excavation 
drying stresses. We could, however, see relatively recent damage 
in the wood due to inadequate supports: sagging between the 
points of support. although it is known that dynamic short- and 
long-term rH and t cycling can contribute to permanent plastic 
deformation of wood under loaded conditions [4, 5], we were 
unsure whether the material itself, in areas where there was not 
much gravity loading, had become proofed. 

thus, there are two aspects to consider about the climate 
conditions at the Viking Ship Museum:

1.  the effect of the climatic variation on the material of the ships;
2.  The long term effect of the fluctuating climate on permanent 

deformation of the lower parts of the object under loading from 
gravity, as well as from the weight of supporting upper boards.

Preliminary results for the first aspect will be described in this 
paper. the second issue will be addressed in a future project. 

The monitoring project

Because plans for upgrading the Viking Ship Museum have been 
known for several years, conservation staff tried to anticipate the 
information which architects and engineers would need when the 
time came for starting the renovation process, such as climate 
specifications for the collection. There is little information available 
in the literature about wood-moisture relations for archaeological 
wood. this is probably because archaeological wood’s response 
to climate fluctuations can vary considerably, depending on 
its condition and how it had been treated prior to drying [6]. 
the authors were therefore unsure to what extent the existing 
literature on non-archaeological/un-degraded wood could be used 
to assess our ships with regard to their response to fluctuations in 
t and rH.

thus, in March 2009 a project was initiated at the Viking Ship 
Museum to monitor the effect of the uncontrolled display 
environment on the dimensional changes in the wood of one openly 
displayed archaeological wooden object, the Oseberg ship (Figure 
2). We were interested in understanding how current seasonal 
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and short term T and RH fluctuations affect dimensional changes 
of the wood making up the ship to eventually determine which 
fluctuations would be most important to avoid. We were also 
interested in seeing to what extent the data from the Oseberg ship 
was comparable to the information found in the literature (on un-
degraded wood). 

the Oseberg ship, dating from c. 820 ad [7], is one of the most 
important discoveries of the Viking age period in Norway. the fact 
that it consists of 90 % original material makes it a unique find. The 
ship is 21.5 m long, built with radially cut 2.5 cm thick oak planks 
and is 5 m at its widest. Originally the ship was built upwards from 
the keel in the ‘clinker’ type of construction, where boards are 
attached to each other in an overlapping fashion. 

in 1904 the waterlogged wood was conserved with linseed oil and 
creosote and allowed to air dry. in 1957 the surface was coated 
once again with linseed oil diluted in white spirit [8]. the ship was 
reconstructed in the same clinker fashion from over 2000 pieces, 
using both original and modern rivets, as well as screws, nails, 
adhesive and new wood. Steam had been used to shape the boards 
during reconstruction. it is currently supported at points placed at 
regular intervals along the lower boards of the ship. the support 
system is undergoing improvement.

the measurement campaign on the Oseberg ship started in July 
2009, and is still ongoing. due to the amount of data, the period 
from January 2010 to december 2011 will be presented here. 
To our knowledge, this is the first example of long term hygro-
mechanical [9] monitoring on an archaeological wooden artefact. 
the Oseberg ship can be considered representative of the three 
ships on display, since all ships are made of heartwood oak, and 
it was treated in the same way as the Gokstad ship (the tune ship 
was not treated at all). 

Figure 2. the 
Oseberg ship, 
openly displayed 
in the uncontrolled 
exhibition 
environment
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the technique used to measure dimensional changes on the 
Oseberg ship, described in more detail in the Methods section 
below, establishes a direct relationship between the hygro-
mechanical response of the wood to changes in its surrounding 
climate and involves continuous monitoring. this minimally-
invasive method has been successfully implemented on different 
types of works of art in various museums, and is a useful tool that 
gives solid experimental data for further analysis [10].  this paper 
presents a work in progress. Further developments need to be 
established.

Materials and methods
Materials

Four samples are involved in the monitoring project: two planks 
on the Oseberg ship and two samples free to warp, one of which is 
a sample taken several years ago for dendrochronological dating 
(dendro oak) and the other of recent oak (fresh oak). all four 
samples are of nearly radially cut oak heartwood. 

the dendro oak sample had been cut from the lower part of the 
reconstructed ship across the entire width of the board in the early 
1990s (Figure 3). its dimensions are 30 x 5 x 2.4 cm (length x width 
x thickness), with the grain direction across the short side.

the Oseberg boards (upper ship, lower ship) have a thickness of c. 
25 mm. the width of the boards is c. 300 mm. 

as already mentioned, the Oseberg wood was previously treated 
with linseed oil and creosote. examination of cross-sections 
of samples from the ship showed that the surface coatings 
penetrated the wood minimally across the grain, up to about 3 mm. 
the average mass density of the Oseberg oak samples is 0.605 g/
cm3 [11].

Figure 3. the 
dendro oak 

sample with the 
deformometric kit 

mounted on it. the 
two transducers 

making up the 
deformometric 

Kit (dK) are each 
connected to a 

datalogger, which 
also monitors rH 

and t
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the fourth sample is of un-aged seasoned oak (41 x 22 x 2.2 cm, 
mass density 0.632 g/cm3), and is termed fresh oak in the study. it 
has not been surface-treated.

the two smaller samples (dendro oak, fresh oak) had their end-
grain sealed by aluminum foil tape in order to eliminate water 
adsorption in this direction, since the boards measured in the ship 
do not have exposed end-grain.

The measurement system

the deformometric Kit (dK) is made up of two linear displacement 
sensors which are set up parallel to each other. the system is 
screwed directly into the sample. the parallel arrangement of the 
transducers allows for the use of basic geometrical equations to 
calculate different parameters from the data, including both in-
plane and out-of-plane deformation [10].

the transducers used in the kits have a maximum displacement of 
10 mm. the dK is approximately 150 mm in total length. as there is 
a linear relationship between the transducers’ output voltage (0 to 
2.5 V) and displacement (0 to 10 mm), the volt signal can be easily 
converted to mm by a simple calibration step, allowing a resolution 
of 10 μm/digit. 

the two transducers making up the dK are each connected to a 
channel in the 4-channel HOBO data logger. the remaining two 
channels in the logger record rH and t. the sample rate is 15 
minutes. the loggers are manually downloaded and the data are 
transferred into spreadsheets.

Figure 4. the dK 
mounted on the 
fresh oak sample
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Set-up of the measurement campaign

Four kits are used in the measurement campaign: two installed 
directly onto ship boards that are partially restrained by rivets and 
nails, but which are not in direct contact with the exterior support 
posts (upper ship and lower ship) and two installed on samples 
(Figure 3, 4) which are free to deform (fresh oak, dendro oak). the 
unrestrained samples were placed in the ship after the dK was 
installed.

the lower ship board carries more of the weight of the ship 
than the upper ship boards, since it is located lower down in the 
structure. the lower ship board is also aligned more parallel to 
the plane of the floor than the upper ship board, and is thus more 
affected by gravitational forces. 

the dK was installed across the grain on the nearly radially cut oak 
planks on crack-free, knot-free areas of the planks (as far as this 
was possible).

We have chosen to present data from January 2010 to december 
2011. results are expressed as % cupping arc length Δ across the 
width of the board. Measurements are reported for the concave 
side of the samples.

Results and discussion
Analysis of the data

the displayed values have the goal to represent the magnitude 
of the phenomena involved and cannot be extrapolated as 
characteristic values, directly comparable to other values that 
have been proposed in the literature [12, 13]. though the quality 

Figure 5. Percent 
strain across the 

width of the boards 
and eMC plotted 

vs. the timeframe 
2009/12
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of the measurements has been carefully verified, filtering out data 
that were disturbed by connection problems (as visible on the 
charts), the setup is not standard because of the constraints for 
the installation posed by the ship. the analyses presented here 
focus on the trends of the response of the chosen samples, which 
are obviously limited if considered in terms of an experimental 
population. Nevertheless, this is an aspect of the challenge of 
facing monitoring problems on real objects and, at this stage of the 
work, the results can be considered valid as a support for specific 
choices.

Generally, the response of the restrained samples is visibly different 
in relation to both sample type (recent oak vs. archaeological oak) 
and to the extent of constraint of the wood. the extent of % cupping 
arc length Δ is shown in figure 5 for each sample. results are also 
summarized in table 1. the values used for equilibrium moisture 
content (eMC) were calculated using the Hailwood-Horrobin 
equation, converting each couple of measured rH and t in the 
corresponding eMC value [14]. the choice of using the Hailwood-
Horrobin equation was based on the known assumption that 
wood also changes its moisture content (MC), even if in a smaller 
amount, under temperature variations at constant relative humidity 
values (Figure 6). 

the adopted parameter (eMC) takes a snapshot of the potential 
MC that a wooden sample would achieve in stable conditions but, 
as already proposed in a previous paper [15], it can be used as 
a synthetic parameter involving both temperature and relative 
humidity in a single, physically- and wood-related value.

Considering the previously described wide temperature fluctuations 
in the exhibiting environment, the potential loss of information 
deriving from using only the relative humidity parameter makes 
it worth using this approach. the Hailwood-Horrobin equation 
has been adopted because of its widely verified reliability, even if 
the authors are aware of the need for specific isotherms for this 
particular material. The need for more species-related specific 
isotherms is also declared in a recent paper by other authors [16]. 

Dendro oak vs. fresh oak

There were significant differences in the climate response of 
the dendro oak sample relative to the fresh oak sample. Our 
measurements showed that although both samples followed a 

table 1: Measured strain range is given as per cent values. Overall climate conditions in the exhibition hall at VSH 
between January 2010 and december 2011 had a temperature range between 9 and 27 °C and rH between 22 and 83 %  
* missing data from period 1/1/2010 to 25/1/2010, 16/2/10 to 3/3/2010, 23/9/2011 to 31/12/2011 – only 1 winter (2010) 
** missing data from period 4/4/11 to 3/5/11 

fresh 
oak

dates 
fresh

dendro
oak*

dates 
dendro

upper
Ship**

dates 
upper

lower 
ship

dates 
lower

Max 
swelling, 
min 
shrinkage 
and total  
% strain

max 0.404 13.09.11 
17:20

0.347 14.9.11 
18:22

0.200 04.10.11 
18:19

0.130 04.10.11 
18:16

min -0.439 31.03.11
08:18

-0.252 01.4.11 
03:03

-0.102 29.04.10 
02:23

-0.083 01.5.10 
09:08

Δ % 0.843 0.599 0.302 0.213
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similar trend, the maximum strain across the width of the boards 
for instance, is smaller in the dendro oak sample (0.605 %) than 
that found in the fresh oak sample (0.850 %). Our measured values 
are much greater than those reported by Klein and Bröker [13] but 
are similar to those reported by Brewer and Forno [12]. 

Klein and Bröker measured 0.2 % and 0.15 % strain across the 
grain in 15 mm thick radially cut fresh oak and aged oak (not 
archaeological) respectively, when the rH increased from 55 to 
85 %. they attributed the difference between fresh and aged oak 
to differences in the density of the two samples they measured. 
Brewer and Forno measured a 0.69 % strain in the unrestrained 
part of a 3.3 mm thick cradled panel made of radially cut oak 
(unaged) when the rH was increased from 33 % to 72 %. they 
also measured 0.47 % strain in an uncradled panel (unaged wood) 
when rH increased from 29 % to 80 %. the strain values in the 
latter study corresponded better to our dendro oak sample, while 
strain values for the fresh oak sample were much higher than in 
either study. the variation in results in the two studies compared to 
ours may be due to several factors: the extent of seasoning of the 
fresh oak sample or the measurement systems used, in addition 
to the fact that the dendro oak is chemically and structurally more 
deteriorated than fresh wood. 

Chemical analyses of the Oseberg oak showed that it is highly 
depleted in both hemicellulose and amorphous cellulose, which 
would theoretically make it less polar than fresh wood; the lignin 
is more oxidized than that found in fresh oak, making it more 
polar than that found in fresh oak [17]. Modulus and strength 
measurements in the grain direction showed that Oseberg oak had 
between 15 to 30 % of the bending strength and about 20 % of the 
modulus of elasticity compared to that of fresh oak [11]. 

Figure 6. the 
potential eMC 

variations under 
hypothetically 
stable rH and 

temperature 
fluctuating in the 

experimental range
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another factor to consider when comparing the fresh oak sample 
with the dendro oak sample is the treatment received by the 
Oseberg wood (linseed oil and creosote). to what extent does this 
surface treatment affect our results? It is difficult to answer this 
question without further analysis of the data, but when considering 
short-term fluctuations in RH, the surface treatment will most 
likely buffer the wood to some extent, however for long-term 
fluctuations (summer vs. winter) we observed that the fresh oak 
and dendro oak samples follow the same pattern.

Unrestrained (dendro oak) vs. restrained samples  
(upper ship and lower ship)

relative to the dendro oak sample, the maximum extent of % 
strain from the restrained samples were significantly smaller. The 
extent of maximum strain for the upper ship was 0.302 %, while 
that for the lower ship was 0.213 % (table 1). the difference in 
response of the restrained samples was expected when compared 
to dendro oak, since they cannot freely respond because they are 
riveted into place. 

What does this mean?

if we consider the threshold value of 0.4 % strain as the average 
yield point for un-degraded wood (when deformation becomes 
permanent) we can see that the measurements for both fresh oak 
and dendro oak samples go beyond this value (0.599 % strain for 
dendro oak). However, the strain at which the yield point occurs 
for the dendro oak may be quite different from 0.4 %. We must 
also evaluate whether strain hardening has occurred in a similar 
way as it would for fresh wood. Strain hardening of wood is the 
phenomenon observed after climatic cycling, where permanent 

Figure 7. the plot 
of % strain for each 
sample vs. eMC for 
the period 2010/11. 
Linear regression 
was calculated 
without taking into 
account the delayed 
response time
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(plastic) deformation occurs at a higher level of strain [18]. the 
presence of existing cracks must also be considered for the 
archaeological samples as they may contribute to the alleviation 
of the absorbed stresses, without necessarily affecting the 
dimensions of the gross sample. 

Estimating response time of the wood to climatic variation

the slope of the linear regression undertaken for each sample 
vs. eMC estimates their different hygro-mechanical reactivity 
magnitudes (Figure 7). the greater the slope of the regressed 
linear equation, the greater the warping sample response to 
climate variations [19]. the slopes obtained using this analytical 
tool show clearly the different magnitudes of reactivity of the 
samples: the fresh oak has the highest reactivity magnitude, as 
expected, followed by the dendro oak, at a slightly lower level. Both 
the upper ship and the lower ship have much lower slopes, with 
the upper ship having a slightly higher value. this difference can 
reasonably be related to the different constraint level.

the slope found for the dendro oak sample is about three times 
greater than those for the upper ship and lower ship. Since the 
material is reasonably similar in all samples, the differences 
in % strain could suggest the accumulation of stress due to 
constraint in upper- and lower ship samples. Figure 5 shows 
that the response of the wood samples to seasonal climate 
fluctuations are significantly delayed. By maximizing the coefficient 
of determination (r2) of the sample’s response relative to eMC, 
response time can be estimated. the estimated response times for 
each sample (as shown in figure 8) may then be used to generate a 
new scatter plot (Figure 9) which takes into account the response 
delay parameter, decreasing data dispersion. While the delay 

Figure 8. 
estimation of the 

response delay 
of the different 

samples using the 
maximization of 

the r2
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values obtained for the archaeological samples are very consistent, 
according to the different constraint level, it is unclear why the 
fresh oak delay is higher than the dendro oak. 

Conclusion

For both in-plane and out-of plane deformations, greatest changes 
were observed in the fresh oak followed by the dendro oak. the 
upper ship showed a greater extent of % strain than that measured 
in the lower ship. the results demonstrated that the extent of 
restraint affects the response, which was expected. the fresh oak 
sample was very reactive, showing large variations in % strain.

Has the material making up the ship stabilized after all these 
years in the same conditions? Has the object been proofed after 
being exposed to repeated annual cycling? an understanding of the 
general trend will be evident as we continue to monitor changes 
over the years. 

a further experimental setup has been designed and is planned 
to be implemented in order to determine the magnitude of forces 
absorbed by the restrained samples in the ship. in this way, long-
term hygro-mechanical effects of absorbed stresses in structural 
elements can be better understood. these data will eventually be 
used to validate a Finite element Model aiming to describe the 
hygro-mechanical behavior of archaeological wood.
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Abstract

Linderhof Palace contains its original neo baroque furnishings, 
which consist of a large variety of composite materials. these 
artworks are affected by adverse indoor climate conditions such 
as cold temperatures and high relative humidity, which constantly 
fluctuates due to the high number of visitors. Depending on which 
guidelines are used, analysing and evaluating the indoor climate 
of a historic building can lead to different and sometimes opposing 
results concerning potential risks to the collection. the amplitude 
of fluctuations or the duration of a fluctuation affecting a certain 
kind of artwork are not considered in these guidelines. Some of 
the guidelines are based on the mechanical behaviour of objects, 
though only certain types of undamaged composite materials have 
been tested. Furthermore, it is unknown what risk of new damage 
is posed by deviating from the established environmental targets.
 
a detailed condition report on Linderhof’s furnishings conducted 20 
years ago was used to assess the present condition and to estimate 
the extent of changes induced by the climate over the last two 
decades. Different microclimates were identified, some of which 
had increased the rate of damage to the collection, such as flaking 
of gilded ornaments or painted wooden surfaces. the collection 
directly exposed to the external climate was particularly affected. 

When these results were compared with an analysis of the indoor 
climate according to various recent guidelines it became apparent 
that many of the risks specific to each room at Linderhof were 
not covered by the usual statements of potential risk. therefore, 
general climate guidelines are of limited use in estimating the 
potential for damage. in order to predict potential damage there is 
a pressing need to integrate knowledge about the characteristics of 
composite materials, their positions in the room and the possibility 
of the existence of distinct microclimates.

Linderhof Palace – more than a tourist attraction

Linderhof Palace, built by King Ludwig ii is not only one of the 
most visited sites in Bavaria, it is also very interesting from a 
conservator’s perspective. Most of the immovable furniture and 
fittings date to when Linderhof was built (1869–1885). The king’s 
rooms on the upper floor are richly decorated with a large variety 
of materials (Figure 1), which respond in various ways to the indoor 
climate: painted ceilings, gilded stucco in the cavetto, oil paintings, 
gilded wooden ornaments on the walls and movable objects like 
tables and chairs, pastels, and textiles such as curtains, tapestries, 
and carpets, mainly produced by Bavarian artists. Little of the 
collection has been restored to date, with only a few repairs having 
been undertaken. therefore all changes visible on the objects are 
related to the history and use of the building. the second point of 

Comparison of indoor climate analysis according to 
current climate guidelines with the conservational 
investigation using the example of Linderhof Palace

Kristina Holl
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interest is that the indoor climate of the palace is strongly affected 
by the location of the building (Figure 1, 2) and by the high numbers 
of visitors, particularly in the summer. 

Climate in the Linderhof Palace

the climate in the Linderhof Palace is extreme all year round. 
Situated near the alps, the outdoor climate is affected by long 
periods of frost and snow in the winter, as well as by rapid weather 
changes in the summer. the temperature span is therefore very 
wide. in 2010, outdoor temperatures ranging from -17.3 °C to 30.5 
°C were measured. the relative humidity (rH) is constantly very 
high, in 2010 the average was 90.8 % [3].

Linderhof Palace has no air-conditioning system, so the indoor 
climate follows the outside climate, buffered to some extent 
by the building. therefore sub-zero temperatures in the state 
rooms occur regularly. in February 2012, -6 °C and 64 % rH were 
measured in the king’s bedroom, the coldest room in the building.
 
Daily fluctuations of temperature and relative humidity are 
especially frequent in the summer months. due to the high 
number of visitors, the windows are kept open to ensure adequate 
ventilation. During any 24-hour period, fluctuations of 30 % RH 
from the hourly mean may occur.1

the indoor climates of each room in the palace differ substantially. 
two rooms located at opposite ends of the palace were chosen 
to illustrate the differences. the Hall of Mirrors is south facing, 
and the Lilac Cabinet is at the northwest of the palace. Climate 
data were captured from loggers located in the middle of each 
room. the graph (Figure 4) shows data from 11 January 2011 to 
10 January 2012. the differences in temperature, relative and 
absolute humidity between both rooms are illustrated by the grey 
line. in the Lilac Cabinet, the relative humidity was always higher 
than in the Hall of Mirrors, while the temperature was always 
lower. the rooms have a mean difference in relative humidity of 9.7 
%, and a mean temperature difference of 2 K, but both have similar 
daily fluctuations as figure 3 shows.

Figure 1. Linderhof 
Palace in 1887, by 
Ludwig Sailer [1]

Figure 2. Historic 
furnishings in the 
Hall of Mirrors, by 
Franz Hanfstaengl 

c. 1890 [2]

1this is dependent 
on the method of 
analysing data. See 
this volume pages 
439–450

2 in this context, 
short term is taken 
to be daily
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Major risks for climate-induced damage to the Linderhof Palace 
collection

a literature review was conducted to evaluate the risks posed 
to the interiors and collection by the indoor environment. this 
identified the most hazardous characteristics as excessive relative 
humidity in general, frequent daily and seasonal fluctuations, and 
very low temperatures in the winter. 

Relative humidity above 70 %

the sorption isotherms of many organic materials, for example, 
animal glue, demonstrate a minor sorptive response between 
40 and 60 % rH, but a high change in dimension and mechanical 
properties above 70 % rH [5].

Furthermore, the higher the relative humidity, the more drastic 
the hydrolytic cleavage of cellulose [6]. this causes long-term 
degradation in composite materials like paintings or wooden 
objects. above 70 % rH, the risk of mould growth on artworks 
consisting of organic compounds is evident [7]. However, there 
are factors other than temperature and relative humidity which 
increase the risk of mould growth, such as substrate quality 
and the duration of coincidence. the american Society of 
Heating, refrigerating and air-conditioning engineers (aSHrae) 
recommends maintaining an rH of below 75 % as the most basic 
level of environmental control, class d [8].

Fluctuation of relative humidity

artworks consisting of organic materials swell and shrink 
with changes in relative humidity. depending on the length 
and amplitude of the fluctuations, it is likely that there will be 
deterioration over time. The definition of an acceptable climate 
varies according to the author and the classification of the building 
in question. The ASHRAE standards dictate that fluctuations 
above 2.5 % per hour and 5 % per day are too high for a museum 
to be classified as AA standard [8, 9]. For historic buildings 
like the Linderhof Palace, erhardt et al. assume, that short-
term fluctuations2 of 10 to 15 % above or below the monthly or 
annual average are still acceptable [6]. european Standard CeN/
tC 346 recommends that the target range of indoor climate 
(when conditioned) should be within the 7th and 93rd percentile 

Figure 3. Histogram 
of the daily variation 
of relative humidity 

by the hourly 
mean. Left: Hall 

of Mirrors; right: 
Lilac Cabinet. Both 

rooms show similar 
daily fluctuations 

of rH
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of measured values so that the driest and most humid extremes 
are avoided [10]. these guidelines mainly derive from theoretical 
approaches or from laboratory tests with un-aged materials 
combined with simulations.

Cold temperatures

Paintings, particularly in oil and acrylic, can be strongly affected 
by temperatures below zero due to their low glass transition 

Figure 4. Line 
diagram of 

temperature, 
relative humidity 

and absolute 
humidity in the 

Hall of Mirrors and 
the Lilac Cabinet 
compared to the 
outside climate. 

differences 
between both 

rooms are displayed 
in the dark grey line 

in each diagram
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temperatures. They can become brittle and flake. In this case, the 
effect of temperature is far more detrimental than the effect of 
relative humidity [11].

Evaluation of the indoor climate in the Linderhof Palace using 
different guidelines

in the following table, the three major risks related to the indoor 
climate in the Linderhof Palace are analysed according to various 
guidelines taken from the literature. data from the Hall of Mirrors 
and the Lilac Cabinet reflecting the indoor climate for a period of 
one year were used. as the guidelines referring to average indoor 
climates do not usually take into account local microclimates, 
data from the surface measurement in the Lilac Cabinet were 
used for comparison. the percentage of data exceeding the limits 
recommended in the literature are listed below.

the table shows that climate data values for the Hall of Mirrors 
are in line with thomson’s recommended range as well as that of 
aSHrae’s control class d. taking thomson’s guidelines for the 
Lilac Cabinet, however, the recommended range was exceeded by 
27.8 % of the data recorded in the middle of the room and by 33.5 
% on the surface. this is due to the higher relative humidity in the 
Lilac Cabinet. aSHrae’s control class d range was exceeded by 
8.6 % of the data measured in the room and by 16.9 % of the data 
collected from the surface. 

the data from all three locations fell beyond the recommended 
range established by deviation from the annual mean rH by plus or 
minus 10 to 15 %. each location fell beyond the range by a similar 
amount. assuming a ‘moderate rH region’ is around 50 to 55 %, 
the data falling beyond the plus/minus 10 to 15 % of this range 
increase for both measurement sites in the Lilac Cabinet: 50 % of 
the data on both measurement sites exceeded 55 plus or minus 
10 % rH; 23 % in the middle of the room and 30 % on the surface 
position exceeded 55 plus or minus 15 % rH. the comparison of 
climate guidelines does not lead to a clear result. interpreting 
the guidelines for relative humidity would imply that the historic 

Figure 5. diagram 
of sorption 
isotherms on 
organic materials: 
canvas, priming for 
canvas paintings, 
ochre in linseed oil, 
and dammar
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interiors in the Hall of Mirrors should be in a better condition 
than in the Lilac Cabinet. taking into account the data from the 
surface measurement it seems likely that more damage can be 
found on the collection situated near the outer walls. in terms of 
the low temperatures in the Palace, it is also likely that damage 
will be identified on artworks which have a low glass transition 
temperature as there are low temperatures in all rooms.

The impact of daily and seasonal fluctuations in temperature 
and relative humidity is not considered in sufficient depth by the 
guidelines, nor is there enough attention devoted to the varying 
responses of different classes of materials. depending on their 
physical properties, materials react to environmental changes very 
differently. Structurally dense, composite objects such as gilded 
or coated wood are much less responsive to climatic changes than 
more permeable materials, as the movement of moisture through 
the structure takes so much longer. the thickness of the various 
layers of material is also a major factor. 

it is vital to distinguish the particular material or composite 
materials to which these guidelines refer. For example, painted 
or gilded wooden objects are damaged severely by seasonal 
environmental fluctuations, which can cause cracking in the 
wood [13], while very sensitive materials like parchment react 
immediately and visibly to very short fluctuations of relative 
humidity. 

in summary, it is necessary to verify the estimates of risk implied 
by the data by investigating the actual condition of objects and 
interiors: 

•  What is the condition of various objects of different composite 
materials installed in the palace?

Literature Description Hall of Mirrors –
sensor in the
middle of the room

Lilac Cabinet –
sensor in the
middle of the room 

Lilac Cabinet –
sensor on the 
outside wall

Data exceeding  
the limit

Data exceeding 
the limit

Data exceeding  
the limit

thomson [12] 40 to 70 % rH 1.8 % 27.8 % 33.5 %

aSHrae, class of 
control d [8]

data should stay below
75 % rH

0.1 % 8.6 % 16.9 %

erhardt et al. [6]
aSHrae class of 
control B [8]

“Changes caused 
by environmental 
fluctuations ± 10–15 in 
the moderate rH region 
are generally reversible”

annual mean
56 % ± 10 % = 
46–66 % rH: 12.6 
% 

annual mean 
66 % ± 10 % =
56–76 % rH: 
6.9 % 

annual mean 
67 % ± 10 % =
57–77 % rH: 11.5 
% 

erhardt et al. [6] “Changes caused 
by environmental 
fluctuations ± 10–15 in the 
moderate rH region are 
generally reversible”

annual mean 
56 % ± 15 % = 
41–71 % rH:
1.2 % 

annual mean
66 % ± 15% = 
51–81 % rH:
2 % 

annual mean
67 % ± 15 % = 
52–82 % rH: 
1.4 % 

Mecklenburg [11] temperature below  
0 resp. 8 °C

< 0 °C: 0 %
< 8 °C: 26.5 %

< 0 °C: 1.4 %
< 8 °C: 35.5 %

< 0 °C: 2.4 %
< 8 °C: 15.8 %

table 1. indoor climate data from the Hall of Mirrors (air) and the Lilac Cabinet (air and surface) analysed by different 
guidelines taken from literature
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•  does the condition of furnishing and objects vary in different 
rooms? 

•  Does the location of the furnishing or object in the room influence 
condition?

Method of investigation of the state of preservation

Condition photographs were compared in order to evaluate 
deterioration and damage during recent years. a photographic 
condition survey of all immovable furnishings was undertaken in 
1992. Certain types of damage were identified in this survey. For 
example, flaking and cracks in gilded surfaces, which indicate 
climate-related deterioration, as well as water marks caused 
by historic water leaks or surfaces which had been abraded due 
to touching by visitors. this type of damage was described and 
photographs of particular examples were taken in every room. 
these images allowed the condition of the collection in the 1990s 
to be compared with the present condition. Oil paintings and gilded 
surfaces were selected for particular investigation as these were 
best documented. due to the risk of mould growth at high relative 
humidities, particular care was taken to examine corners with little 
air exchange or air flow.

the gilded ornaments were composed of wooden supports, glue 
layers, priming, bolus, covered with gold leaf and a coating. Only 
the gilded wooden decoration on the walls in the bedroom was 
created with a different technique, here the wooden support 
had very thin priming and the gold leaf was fixed with an oily 
binding media.3 the oil paintings had a thin priming, with a thin 
occasionally opaque paint layer, covered with a varnish.

Results of the in situ investigation

different observations can be made about the various materials 
examined. Fragile objects, for example pastels and textiles, 
were greatly affected by the climate. Materials insensitive to 
environmental changes, such as porcelain vases, were in a very 
good state of preservation. Furnishings located in the middle of the 
room had not changed significantly during the last two decades. 
damage like loss of gilded surfaces were already visible on the 
pictures from 1992 (Figure 6). 

The greater fluctuation in relative humidity caused by the use of 
the historic heating system when the king was attendant might be 
one of the causes of the pre-existing damage.4 

The cardinal direction of the room did not appear to influence 
condition. However, the surface condition of wooden gilded 
objects on the walls in the bedroom varied according to production 
technique. 

the biggest changes in condition were observed in gilded wooden 
decorations installed near to or on outer walls (Figure 7). Most 
notably the folding shutters, decorated with gilded sand-textured 
surfaces and wood carved ornaments, presented heavy losses and 
loosening. Paintings on canvas hanging on outer walls, as in the 
audience chamber, were heavily warped as a result of their exposure 
to severe environmental fluctuations. Only few craquelures were 
visible.

3 the bedroom has 
been adapted by 
Ludwig ii and was 
not finished before 
his death. this was 
realized only after 
the palace was 
opened to the public

4 Historic 
documents describe 
early repairs to the 
historic furnishing, 
for example 
cracked pieces of 
lapis lazuli on the 
fireside in the Hall 
of Mirrors
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5 in winter 2012 
three samples 

were taken to see if 
the mould growth 

identified was 
active. the analysis 

showed that no 
active infestation 

could be observed 
at that time.

Mould growth5 was found in many areas, particularly in corners 
where the air exchange was very low, such as in folded shutters 
and the state bed (Figure 8). Separated from the visitors by a 
balustrade, the wooden gilded bed, furnished with a coating made 
of glue, presents an ideal medium for fungi. in some areas the 
painted wooden surfaces, which have been painted over with an 
acrylic medium, are flaking probably due to temperatures below 
the glass transition temperature of the binder.

Combining the results from the in situ investigation with the 
estimates from the climate data analysed, it is possible to conclude 
that, in general, the prediction of little damage for the historic 
furnishing situated in the middle of the room was broadly correct. 
More in depth predictions, specific to particular composite 
materials, could not be made. It was not possible to confirm 
differences in the condition of the same types of furnishings 
located in different rooms. Surprisingly, the condition of the gilded 
surfaces on the walls in the bedroom, the room with the highest 
RH and the coldest temperatures, was very good. This confirms 
that the particular gilding technique, which was different from the 
other rooms, is a major influence in the preservation.

Conclusion and outlook

this comparison of predictions drawn from an analysis of 
environmental data with a conservation condition survey has 
demonstrated that the predictions derived from the climate 
data alone are limited. the results of the environmental data 
analysis differ according to the particular guidelines used, which 
undermines the efficacy of such an approach. A room never has 
one single climate, and there is most potential for damage in 
extreme local microclimates. When predicting future damage, it 

Figure 6. audience 
room, east wall, 
gilded ornaments 
on the baldachin: 
losses and 
loosening of the 
gilded surfaces 
have not increased 
during the last 20 
years
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Figure 7. Yellow 
Cabinet, western 

wall, heavy losses 
to the silvered 

ornaments

Figure 8. Mould 
growth on the 
gilded state bed in 
the King’s bedroom

is also necessary to take into account the specific characteristics 
of different composite materials. Last but not least, there is a 
considerable lack of knowledge about the risk of new damage 
posed by long-term deviation from the environmental guidelines. 
Fluctuations are not the only risk historic furnishings are exposed 
to. Light and pollutants have a major influence. In historic interiors 
it is not always easy to distinguish between single influences, and 
it is likely that there will be some deterioration factors which are 
interlinked and mutually dependent. 

Linderhof was an attempt to compare guidelines derived from 
analysed climate data with results from a conservation condition 
survey. More buildings should be investigated to produce more 
reliable predictions and results. in order to better understand 
the risks posed by environmental fluctuations to collections in 
real conditions, further investigations are necessary into material 
characteristics, for example, simulations of hygrothermal 
processes on different artworks and in situ measurements with 
infrared thermography or 3d digitizing investigations. 
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Abstract

this paper describes and applies a method to quantify and relate 
damage of painted wooden pulpits in 16 churches in Gotland, 
Sweden, to both the current and the historical indoor climate of the 
twentieth century. in addition, it demonstrates that the energy used 
to heat a church in the past can be measured and the study also 
points towards a relationship between damage and heat output. 
the results suggest that more damage is present in churches with 
a higher heat output and there is increased damage in churches 
using background heating compared to churches that do not. 
However, the method needs to be improved and a larger population 
is required to validate these results.

Introduction

One of the most challenging tasks today in the cultural heritage 
sector is to determine the influence of present and future 
climates on historic buildings, interiors and collections. Some 
of the objectives of the ongoing european Seventh Framework 
Program Climate for Culture (CfC), Work Package (WP) 4, damage 
assessment are to increase knowledge about the cause-effect 
relationship between indoor environment, relative humidity (rH) 
and temperature (t) and the state of preservation of collections. 
this includes determination of tolerable rH and t ranges for 
different materials as well as the correlation between the historic 
climate and state of preservation [1]. Laboratory studies [2], mock 
up studies in museums [3] as well as studies of single objects 
in historic buildings and modelling [4] have been performed. 
However, to further validate these results complementary 
surveys of larger numbers of object types in their actual historic 
microclimates are also needed. this is emphasised in the 
subproject, CfC WP 4.1, Statistical assessment of actual damages 
in relation to indoor climate in a representative population of 
historic buildings. Such surveys will add relevant information to the 
research area of climate-induced damage, but the subject is also 
very complex, which is probably one reason why they have been 
performed only in limited numbers. 

there are many possible uncertainties in the cause-effect 
relationship between the deterioration of organic materials and 
their indoor environments and so it is difficult to draw reliable, 
comparative conclusions. the cause, both the set point and 
short-term fluctuations of RH and T will have varied over time 
and cannot be isolated from other influencing factors such as 
light and air pollution. even if rH and t records are available 
from the churches over certain periods, there is no useful way of 
quantifying the indoor climate, either in the present time or from 
a historic perspective. the effect on objects of organic materials, 
their constituents, age, manufacturing techniques and history is 
the sum of the visible, permanent damage and change; hence the 

Quantification, the link to relate climate-induced 
damage to indoor environments in historic buildings

Charlotta Bylund Melin and Mattias Legnér 
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state of preservation of the objects as seen today is the sum of all 
those cumulative factors from the past. due to the lack of methods 
to quantify the historic and present indoor climate as well as the 
damage and change of objects, it is not possible to relate these two 
parameters to each other.

the island of Gotland is located in the Baltic Sea, about 90 km from 
the Swedish coast. its central position in the Baltic has made it an 
important harbour, which has promoted trading and resulted in 
long periods of great wealth. From the twelfth century until c. 1350, 
92 churches were erected on the island, constituting a cultural 
heritage of great value. Both the exteriors (Figure 1) as well as 
the interiors (Figure 2) of these churches have many similarities. 
the churches are all located within an area of less than 3184 m2 
and are exposed to the same oceanic climate. they are all made 
of local sandstone or limestone and all interior walls are rendered 
and the ceilings and floors are stone or partly of wood. In the late 
sixteenth century, pulpits and other furnishing associated with 
Lutheran liturgy were introduced to the churches. due to their high 
cultural heritage value, major works undertaken in the churches, 
such as restoration and renovation of interiors or the introduction 
of new heating systems, have been systematically recorded since 
the 1920s. When the objects in these churches are examined it 
is possible to observe damage which can be related to the indoor 
environment, although the extent varies between churches. this is 
particularly noticeable on painted wooden objects. One reason for 
this may be the differences in indoor climates between churches, 
but until now the heat output (energy used for space heating) over 
a long period of time has not been connected to the climate-related 
damage observed in churches. 

the aim of this pilot study is to propose an interdisciplinary 
approach to investigate whether a set of pre-selected damage 
patterns which are known to be caused by fluctuating and 
high rH and t (indoor climate indicators), in combination with 

Figure 1. Levide 
church, a typical 
Gotland church 
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documentation on historic heating can be used as proxies [5] for 
the historic indoor climate. 

the hypothesis is that by studying and comparing a large number 
of similar, immovable objects in indoor environments which do 
not accord with recommendations on museum climates [6] it 
should be possible to distinguish patterns of damage caused by 
different climate conditions. although the approach will give an 
approximation only, the damage will be able to provide indications 
of past and present indoor environments. 

From a research perspective, the Gotland churches are a good 
model base for population studies. the method used for this survey 
was to assess damage in 16 of the 92 churches. these particular 
churches were selected to represent the different heating regimes 
used in Gotland churches. Heating of the nave was first introduced 
in rural Gotland churches around 1900. the oldest kind of heat 
source was the Gurney´s oven (Figure 3). 

When central heating (CH) was introduced it was usually in the 
form of low-pressure steam that gave off an intense heat and was 
difficult to control. In the 1940s to 1950s, older CH systems were, 
with a few exceptions, replaced by either low-pressure hot water or 
electrical space heaters. 

the objects chosen for the survey were pulpits (Figure 5). they are 
commonly found in the churches and on Gotland they are made of 
local wood (normally pine). they were originally painted polychrome 
using oil paint [7]. in the majority of the churches they are located 
in their original positions e.g., the south-east corner of the nave, 
and have only on rare occasions been moved. the pulpits are fully 
or partly freestanding, avoiding microclimate conditions which can 
develop around objects in close contact with an exterior wall.

Figure 2. interior of 
Buttle church with 

the pulpit in the 
south-east corner 

of the nave 



314 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

Method

By studying a population of similar objects which have not been 
moved from their original environments it may become possible 
to relate specific damage patterns to certain indoor climates. In 
this context it becomes more important to study a large number 
of objects rather than looking at individual objects and buildings. 
This section will briefly describe the methods for 1) quantification 
of energy used for heating and 2) the survey of indoor climate 
indicators for wood and painted layers.

Heating 

Until now, the past heating of historic buildings has rarely been 
studied [5, 8]. evidence-based knowledge is largely lacking, despite 
the prospect of researching past energy use in churches being 
relatively good in Sweden [9, 10]. in general, data on past indoor t 
and rH in churches are not available, which is also the case for the 
16 churches studied. in order to document how the indoor climate 
may have fluctuated in a church, archival sources are used, which 
provide indications of what the climate was like. documentation 
on heating systems and historic fuel consumption is available for 
almost all of the churches. the information on heating systems 
is held by Antikvariskt-Topografiskt Arkiv (ATA) and can also be 
found in management plans kept at Gotland’s museum. in some 
cases when management plans proved incomplete, it was possible 
to use parish records to fill in the gaps. Parish accounts, which 
contain data on fuel consumption, are available through Visby 
arkivcentrum. 

The first step in this research was to identify the different kinds 
of heating used in the churches and map when alterations were 
made. the next step was to extract data on how much fuel (and 
energy) each system used. the accounts of each parish were 
consulted for this purpose. For each five-year interval, one year 

Figure 3. Fröjel 
church. Opposite 
the pulpit is a 
Gurney type of 
oven located in the 
north-east corner 
of the nave. Source: 
ata, the National 
Heritage Board 
(photographer: H. 
Faith-ell, 1931)
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was examined: 1900, 1905, 1910, etc. Fuel consumption in the 
parish accounts was then converted to efficiency, measured in 
watts/hour (kW/h). Each kind of fuel has a specific energy content 
given by the Swedish environmental Protection agency. 

Having established information on annual energy consumption, the 
amount of energy utilised (efficiency) then had to be estimated in 
order to quantify the output. Some of the energy consumed is lost 
in the process and does not add to heat introduced to the building 
[11]. in the end, these calculations give a total estimate of how 
much energy was added to the heating of the church between the 
years 1900 and 1990 (table 1). these values were then divided 
by the area of the church in order to compensate for the volume 
heated. As data on the volume of spaces was missing, floor areas 
were used instead. A large floor area indicates a voluminous 
church. Finally, the total heat output was multiplied by five since 
only every fifth year was examined. In the last column in table 1, 
the total heat output values are divided into three groups, low, 
medium and high so they can be compared. the estimates for 
background heating (table 1) should be viewed as approximate 
figures as the temperature has most certainly varied significantly 
in reality.

today, all churches are heated intermittently but there was no 
rH control in any of them before the 1990s. data on background 
heating, used in 11 of the 16 churches, was obtained from the 
parishes. The other five churches are allowed to cool down 
between the sermons. a sudden rise in heat output (Figure 6) 
indicates a drastic change of the heating regime, for example the 
introduction of background heating, or it could relate to one or 
several extremely cold winters. as seen in figure 4, the winters of 
the 1910s and 1920s were unusually cold, and the winters during 
World War ii (when churches were rarely heated) were very cold. 
there were also a few very cold winters in the mid-1980s. On the 
other hand, a considerable drop in energy output would indicate a 
shift in heating regime or one or more mild winters. 

Damage and selection of indoor climate indicators

damage assessments as well as risk assessments are used in 
the field of conservation to quantify the condition of collections. 
Both the terms ‘risk’ and ‘damage’ are related to a change in 
value and usefulness. However, these factors may influence the 
overall assessment and hence the outcome of the survey [12, 13]. 
Methods of using more focused indicators have been used for 
specific purposes by Bucklow [14], Brunskog [15, 16] and Bylund 
Melin et al. [17]. in the present damage assessment, the pulpits 
are regarded strictly as a population, subjected to climate-induced 
damage and the indicators are simply recorded and quantified 
without further interpretation. Observed examples of damage 

Figure 4. 
annual average 
temperature of 
Stockholm 1756–
2011 (reconstructed 
data). Source: SMHi 
(www.smhi.se)

www.smhi.se
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visible to the naked eye or by using a handheld microscope were 
utilised in the survey and the following indoor climate indicators 
for wood and paint were selected by the experience gained from an 
earlier pre-study. 

the pulpits consist of interlinking wooden elements, which can 
become visibly deformed as the elements can act as restraints on 
each other. Visible signs of mechanical deformation are cracks, 
open joints and shrinkage, as revealed by unpainted edges where 
the wooden elements overlap.

Flight holes from wood-boring beetles are common in wooden 
objects in the Gotland churches, although it is not always possible 
to judge infestations are ongoing or historic [18]. From the archive 
records, it is obvious that infestation has been a problem in the 
Gotland churches for decades or even longer and measures were 
regularly taken to remove them. 

Mould hyphae are visible on some pulpits and were recorded 
although strictly speaking the mould is causing the damage, it is 
not the damage itself. the visible hyphae can be, and have been, 
removed and so cannot be regarded as permanent damage.

Figure 5. the pulpit 
in Hörsne church 
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Originally the pulpits were painted with polychrome oil paint [7]. 
the extent to which hide glue, gesso grounds or varnish were used 
is uncertain. today, remains of a white ground are visible in some 
areas, while other parts of the same pulpit exhibit no traces. the 
pulpits have also been repainted and restored on one or several 
occasions, which is also supported by archive records. active 
delamination of the paint layers is only rarely seen. 

In contrast, a network of fine cracks (craquelures) perpendicular 
to the paint surface is often visible in the painted surface. drying 
cracks (developed during the drying of the paint) would show 
random craquelure patterns while aging cracks (developed in the 
older and more brittle paint layers) present craquelure patterns 
more parallel to the grain of the supporting wood [19]. Both these 
types of craquelures are present on the pulpits. as aging cracks 
can be related to the moisture movement of the wood, the two 
types were recorded separately. Mecklenburg [19] and Bucklow 
[20] have pointed out that oil paints containing different pigments 
have different rH-related mechanical and dimensional properties. 
it was clear that this phenomenon was present as adjacent areas 
of surface painted with different colours could show different 
craquelure patterns or amounts of craquelures. therefore the 
damage assessment was also performed using the craquelure 
patterns for the most common colours in the pulpits, e.g. white/
light grey, brown, black, red, skin colour (carnation), blue and 
green. each colour was not present on all pulpits and the size of 
each coloured area varied among the pulpits. 

it was important to quantify the damage so comparisons could be 
undetaken. Methods like detailed photographing of the painted 

Church Background 
heating T, 
(°C) 

Heat output 
(MWh)  
1900–1990 

Floor area 
of church 
(m2)

Estimated total heat 
output (MWh/m2) 
1900–1990

Low heat output < 8 
Medium 8–15
High >15 (MWh/m2)

akebäck 8   168 127   6,6 Low

alskog 6   430 224   9,6 Medium

Björke 9   672 162 20,7 High

Bunge None   773 319 12,1 Medium

Buttle 10   324 146 11,1 Medium

dalhem 8   746 370 10,1 Medium

etelhem 5   525 255 10,3 Medium

Fide None   143 153   4,7 Low

Fröjel 12   453 208 10,8 Medium

Hejde 7   458 205 11,2 Medium

Hörsne 6   459 175 13,1 Medium

Levide None   211 179   5,9 Low

roma 9 1738 430 20,2 High

Vänge 9   501 219 11,4 Medium

Öja None   509 369   6,9 Low

Östergarn None   234 280   4,2 Low

table 1. Present background heating and total heat output in the 16 Gotland churches. the estimated total heat output 
values (MWh/m2) are multiplied by five to compensate for the years that were not examined
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surfaces, computer monitoring and calculating of damaged 
surfaces in relation to undamaged etc. were discussed but were 
considered unhelpful because some areas were too small to 
register or did not have distinct borders. From the experience 
of the earlier pre-study of the pulpits it seemed possible for the 
examiner to make a subjective quantification. The quantifications 
were made as blind tests as the specific heating systems of the 
churches were not known during the assessment. Only the naked 
eye, an Led-torch and a handheld microscope were used for the 
inspections. it was decided to use four grades on a relative scale to 
quantify the damage: 

0 points = no damage 
1 point = small number of damaged areas
2 points = medium number of damaged areas 
3 points = large number of damaged areas 

each damage pattern was inspected on all sides of the pulpits 
before registering the score and an average of 20 to 30 areas were 
observed before deciding the final score. In some instances the 
incoming daylight from the south-facing windows had caused 
increased deterioration of the paint on one side of the pulpits so 
those sides were excluded from the survey:

Results 

it has been shown that the degree of heating in churches has 
varied over time, and that these variations can be tracked by using 
archival sources. this means that it is not necessary to speculate 
how a particular church was heated in the past. Figure 6 shows 
the fluctuation in heat output for each five-year interval in the 16 
churches. the general tendency is that there was a low and stable 
heat output during the first half of the century. After World War II 
there was a strong increase in heat output. it is also noticeable that 
the larger the total heat output, the larger the fluctuations. table 
1 shows that there is a relationship between present background 
heating and total heat output, e.g., churches without background 
heating generally show low heat output.

Figure 6. the heat 
output for every 

fifth year in the 16 
Gotland churches, 

1900–1990. the red 
curve is the average 

values of the 
churches with high 

total heat output
 (> 15 MWh/m2), 
the green curve 

is the average of 
the churches with 

medium heat output 
(8–15 MWh/m2) and 

the blue curve low 
heat output 

(< 8 MWh/m2), 
according to table 1
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table 2. the relation between the indoor climate and damage

the damage as an individual parameter or in combination 
was related to indoor climate variables as seen in table 2. it is 
known that permanent heating in historic buildings has caused 
incalculable damage to painted wooded objects [21] if the relative 
humidity is not controlled. 

When the different background heating temperatures were 
compared (5 to 12 °C) with the condition of the pulpits it had been 
assumed that higher temperatures would cause more damage. No 
relationship was identified, however. By dividing the churches into 
two simple groups, those with and without background heating, 
a clearer pattern emerged; more damage craquelures were 
observed in churches with background heating (Figure 7). 

this tendency was clear for all colours, except green, on all pulpits. 
Making the same type of comparison between the different colours 
and the total heat output did not show the same relationship. 
However, a comparison of the three levels of total heat output with 
the total damage scores for all craquelures of all colours for each 
pulpit showed lower damage scores in churches with lower heat 
output when compared with those with medium heat output (Figure 
8). the same relationship is also found in churches with and 
without background heating. there is also an increased frequency 
of paint delamination in churches with background heating.

No such relationship was identified for mechanical deformation 
of the wood. For mould, an increase was found in churches with 
background heating whereas flight holes were more frequent in 
churches without background heating. 

Discussion

there is a large number of variables among the churches such 
as volume, heating systems, presence of moisture-buffering 
materials and different air leakages due to the building envelope. 

Type of damage (indoor 
climate indicator)

The relationship between churches with 
and without background heating and 
damage

Relation between the total heat 
output (MWh/m2) 1900–1990 and 
damage

Mould Mould is more frequent in churches with 
background heating

None

Flight holes Flight holes are more frequent in 
churches without background heating

None 

Mould + flight holes None None

Cracks in wood None None

Open joints None None

Cracks + open joints None None

Paint delamination Paint delamination is more frequent in 
churches with background heating

None

Craquelures (aging) Slight correlation. Less damage in 
churches without background heating

None

Craquelures (drying) None None

Craquelures (aging + 
drying)

Yes, less  amount craquelures in churches 
without background heating (Figure 7)

Yes, less craquelures in churches 
with the least heat output (Figure 8)
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Figure 7. the relation between damage score of the different colours on 
the pulpits in the 16 churches with and without background heating. For 
all colours, except green, there are more craquelures (higher damage 
score) in churches with background heating (red bars) compared to 
churches without (blue bars). For red and carnation colours there are no 
craquelures in churches without background heating and hence no blue 
bars in the diagram 

Figure 8. the relation between the total heat output (MWh/m2) and total 
damage score for craquelures of all colours of each pulpit in each church. 
the group of red squares are the damage scores from pulpits in churches 
with high heat output as presented in table 1 (> 15 MWh/m2). Green 
triangles are pulpits representing medium heat output (8 to 15MWh/m2) 
and blue circles are low heat output (< 8 MWh/m2). the two outliers, 
dalhem and Björke churches showing low damage scores have pulpits 
which were repainted by the same painter, C. W. Pettersson, as late as the 
beginning of the twentieth century and therefore craquelures may not yet 
have developed
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Furthermore, the variety of the pulpits in terms of age, method 
and number of restorations and the lack of knowledge about the 
exact constituents of the paint layers and so on could be used 
to argue that a survey like the one presented in this paper is not 
valid. Despite this, slight relationships have been identified which 
suggest that the approach of relating past indoor climate to indoor 
climate indicators is a method that could be further developed. 

Many questions have arisen during the survey; are all damage 
patterns studied here useful, should some be excluded or others 
included? the survey indicates that the craquelure patterns are the 
most useful of damage patterns explored as they present a large 
degree and range of quantifiable damage. It can be dangerous to 
make such assumptions as it also indicates that the damage in 
wood might prove useful if a larger population was incorporated. is 
it possible to neglect other agents of deterioration like light and air 
pollution from a survey like this? the light levels in the buildings 
should also be taken into account, as well as variations in outdoor 
climate conditions.

there seems to be a relationship between low damage scores 
and churches without background heating and with low total 
heat output. this supports the assumption that saving energy in 
the churches by not using background heating also benefits the 
preservation of the paint layers on the pulpits.

Perhaps the most important intention of this survey was to find 
an affordable and efficient method to make assessments of 
past indoor climate and damage inflicted that can be compared 
between a large number of locations. therefore the weakest part 
in this survey is the damage assessment. To find a method for 
quantification of damage that is both objective and reproducible, 
Bucklow [14] suggests having a set of reference standards which 
can be used even by inexperienced conservators or art-historians 
to assess craquelure patterns. Something similar may be 
applicable though it would need to be developed by experienced 
conservators. it would also be valuable to make similar 
assessments of other groups of materials.

Our study shows that there are many difficulties to overcome and 
that the method presented here should be further developed and 
improved. However, measuring both the cause and the effect 
allows them to be quantified and compared. Further studies 
relating actual monitored relative humidity and temperatures to 
known energy consumption and heat output in different churches 
would demonstrate if the archive records proxies were reliable. in 
this respect, simulations of the indoor environment could prove 
useful. For both the proxies as well as the indoor climate indicators 
a larger population would validate the methods as well as the 
results.

Acknowledgments

the authors would like to thank the Swedish energy agency. 
thanks also to the Swedish research Council, Syskonen Bothén 
stiftelse and Svea orden for funding parts of the research, and 
to painting conservators Carl-Henrik eliasson and Nadine Huth, 
Gotland, Jacques de Maré, department of Mathematical Sciences, 
Chalmers/University of Gothenburg, Uwe Nolt, vti, Hamburg.



322 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

References

[1] Climate for Culture website, http://www.climateforculture.eu/ 
(accessed 30 august 2012).

[2] Mecklenburg, M.F., tumosa, C.S., and erhardt, d., ‘the 
changing properties of aging oil paints’, Material research Society 
Symposium Proceedings 852 (2005) 12–24.

[3] van den Brink, O.F., eijkel, G.B., and Boon, J.J., ’dosimetry 
of paintings: determination of the degree of chemical change 
in museum-exposed test paintings by mass spectroscopy’, 
termochimica acta 365 (2000) 1–23.

[4] Bratasz, L., Jakiela, S., and Kozłowski, R., ‘Allowable thresholds 
in dynamic changes of microclimate for wooden cultural objects: 
monitoring in situ and modelling’, in iCOM Committee for 
Conservation, 14th triennial Meeting, Preprints, ed i. Verger, 
James & James, London (2005) Vol. ii 582–589.

[5] Cassar, M., and taylor, J., ‘a cross-disciplinary approach to the 
use of archives as evidence of past indoor environments in historic 
buildings’, Journal of the Society of archivists 25.2 (2004) 157–172.

[6] thomson, G., the Museum environment, 2nd edn, Butterworth, 
London (1986).

[7] eliasson, C-H., private painting restorer, Gotland, personal 
communication, September 2011.

[8] Legnér, M., ‘On the early history of museum environment 
control: Nationalmuseum and Gripsholm Castle in Sweden, c. 
1866–1932’, Studies in Conservation 56 (2011) 125–137.

[9] Legnér, M., ‘tracing the historical indoor climate of a Swedish 
church, c. 1800–2000’, aPt Bulletin XLiii (2012) 49–56.

[10] Legnér, M., and Geijer, M., ‘Heating regimes in old Swedish 
churches, c. 1880–1980’, in Paper for the 2nd european Workshop 
on Cultural Heritage Preservation, Oslo 24–25 September 2012 [in 
print].

[11] rietschel, H., and raiss, W., Lehrbuch der Heiz- und 
Lüftungstechnik, Springer Verlag, Berlin (1960).

[12] ashley-Smith, J., risk assessment for Object Conservation, 
Butterworth Heinemann, Oxford (1999).

[13] taylor, J., and Stevenson, S., ‘investigating subjectivity 
within collection condition surveys’, Museum Management and 
Curatorship 18.1 (2000) 19–42.

[14] Bucklow, S., ‘a stylometric analysis of craquelure’, Computers 
and the Humanities 31 (1998) 503–521.

[15] Brunskog, M., ‘Japanning in Sweden 1680s–1790s. 
Characteristics and preservation of orientilized coatings on wooden 
substrates’, Göteborg Studies in Conservation 11, acta Universitatis 
Gothoburgensis, Göteborg (2004) [dissertation].

http://www.climateforculture.eu


CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012 | 323

[16] Brunskog, M., ’Paint failure as potential indicator of cool 
indoor temperature’, in Postprints from the Conference energy 
Efficiency in Historic Buildings, Visby, February 9–11, 2011, ed. 
t. Broström, L. Nilsen, Gotland University Press, Gotland (2012) 
30–36.

[17] Bylund Melin, C., Bjurman, J., Brunskog, M., and von Hofsten, 
a., ‘Painted wood as a climate indicator? experiences from a 
condition survey of painted wooden panels and environmental 
monitoring in Läckö Castle, a dehumidified historic building’, in 
Multidisciplinary Conservation. a holistic view for historic interiors, 
rome 23–26 March 2010. iCOM-CC interim meeting, ed. M. 
Sawicki, iCCrOM, rome, http://www.icom-cc.org/54/document/
painted-wood-as-a-climate-indicator--experiences-from-a-
condition-survey-of-painted-wooden-panels-and-environmental-
monitoring-in-lck-castle-a-dehumidified-historic-building/?id=817 
(accessed 14 august 2012).

[18] Nolt, U., Johann Heinrich von thünen institute, Hamburg, 
personal communication, 12–13 May 2012.

[19] Mecklenburg, M. F., ‘determining the acceptable ranges of 
relative humidity and temperature in museums and galleries. Part 
1 structural response to relative humidity’, http://www.si.edu/
mci/downloads/reports/Mecklenburg-Part1-rH.pdf (accessed 31 
august 2012).

[20] Bucklow S., ‘Pigment-medium interaction: visible evidence’, 
in Deterioration of Artists´ Paints: Effects and analysis. A joint 
meeting of iCOM-CC Working Group Paintings 1 & 2 and Paintings 
Section, UKiC. extended abstracts of presentations. British 
Museum, London (2001) 49–52.

[21] tångeberg, P., ’Skador på måleri i svenska kyrkor. en 
lägesrapport. restaureringsprinciper’, Fornvännen 74 (1979) 
113–125 [in Swedish].

Authors

Charlotta Bylund is a conservator and currently a Phd student at 
the University of Gothenburg, department of Conservation. e-mail: 
charlotta.bylund-melin@conservation.gu.se

Mattias Legnér is associate Professor in Conservation at Gotland 
University, Visby. e-mail: mattias.legner@hgo.se.

Image credits

Figures 1, 2 and 5. Photographer: Charlotta Bylund Melin
Figure 3. Photographer: H. Faith-ell, 1931

Licence

this publication is licensed under a Creative Commons attribution 
– Noncommercial – No derivative Works 3.0 Unported Licence. to 
view a copy of this licence, please visit  
http://creativecommons.org/licenses/by-nc-nd/3.0/.

http://www.icom-cc.org/54/document/painted-wood-as-a-climate-indicator--experiences-from-a-condition-survey-of-painted-wooden-panels-and-environmental-monitoring-in-lck-castle-a-dehumidified-historic-building/?id=817
http://www.icom-cc.org/54/document/painted-wood-as-a-climate-indicator--experiences-from-a-condition-survey-of-painted-wooden-panels-and-environmental-monitoring-in-lck-castle-a-dehumidified-historic-building/?id=817
http://www.si.edu/mci/downloads/reports/Mecklenburg-Part1-RH.pdf
http://www.si.edu/mci/downloads/reports/Mecklenburg-Part1-RH.pdf
mailto:charlotta.bylund-melin@conservation.gu.se
mailto:mattias.legner@hgo.se
http://creativecommons.org/licenses/by-nc-nd/3.0/


324 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012



CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012 | 325

Abstract

this paper describes the development of damage functions 
for silver, copper and enamels using different representative 
environments in five historic buildings with a wide range of 
environments. 
the copper and silver corrosion rates were determined from 
Purafill Onguard 3 piezo-electric quartz crystals coated with 
copper and silver. the thermal deterioration of enamels has been 
of concern in conservation for some time. Such deterioration, 
occurring at the metal/glass interface, is difficult to assess visually. 
acoustic emission is an extremely sensitive technique that can 
detect micro-cracking in rigid materials. its use for enamels has 
been developed through a series of simple experiments. it was 
found that events are generated from the development of cracks, 
as small as 1 micron in length, at the metal/glass interface. a 
series of experiments in showcases with sensors attached to 
replica enamels with a conductive gel derived the damaging level 
of thermal shock, below which acoustic emission was not detected. 
replacing the tungsten lighting with Leds reduced the thermal 
load and no longer caused acoustic emission. Monitoring of historic 
enamel plaques (without the gel) replicated these results. two 
correlation methods were used to remove environmental noise.

damage functions are normally developed from periodic 
measurements of a material’s deterioration and a multivariate fit 
to environmental data. there are questions about how to deal with 
semi-continuous data such as temperature and relative humidity 
for this process. Semi-continuous measurement is now available 
for some damage types such as the Onguard copper and silver
piezo-electric quartz microbalances, resistance-based metal 
sensors and acoustic emission. the high sensitivity of these devices 
allows data to be collected at the same measurement interval as 
temperature and relative humidity logging (30 or 60 minutes). 

the development of damage functions provides an improved way 
to assess environmental data. it can allow a move towards more 
targeted standards, defining equal risk of deterioration, instead of 
the present prescriptive approach.

Introduction

the interpretation of environmental monitoring data in terms 
of risk to artefacts is a complex task. in historic buildings, the 
temperatures, relative humidities and pollution levels are much 
more influenced by external conditions than in air-conditioned 
spaces. The fluctuating environments encountered complicate 
the process significantly. In many institutions this assessment 
is undertaken by considering published materials science and 
experiences of the collections’ previous response. damage 
functions can allow a better-informed assessment and, if 

Development of damage functions for copper,  
silver and enamels on copper
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developed under appropriate exposures, can accommodate 
fluctuating conditions. 

Damage functions for copper and silver

damage functions were investigated for silver and copper in 
historic house environments. the silver and copper tarnish rates 
were measured using Purafil Onguard 3 loggers. The Onguard 
3 logger uses piezo-electric quartz crystals coated with either 
silver or copper. the crystals resonate at exactly 6 MHz. as their 
mass increases the resonant frequency decreases and the mass 
can be related to the frequency shift by the Sauerbrey equation. 
Purafil converts the mass increase to a tarnish layer thickness 
using an averaged tarnish layer composition and density for silver 
and copper. this technique is known to be temperature sensitive 
and the Purafil system includes circuitry to compensate for 
temperature differences. this is reported to be inadequate and a 
simple numerical correction has been proposed, which was used 
in this work [1]. the logger also records temperature and relative 
humidity. the crystals are covered with a perforated clear plastic 
cover (to physically protect them from handling). this has some 
impact on dust deposition on to the crystals.

Onguard 3 loggers were placed in seven locations in five properties 
for three years. the properties were selected to give a range of 
environments found indoors. the environments are described in 
table 1.

the properties are in very different environments: relatively 
polluted, clean, urban, rural and maritime. at apsley House the 
different types of mechanical conditioning in rooms give very 
different environments. the Waterloo Gallery has a full air-
conditioning system with activated charcoal filtration, having low 
pollution levels (compared to the environment). the Plate and 
China Room has mechanical ventilation with no chemical filtration 
and has high pollution levels due to the very close proximity of 
an extremely busy road junction. the dining room is naturally 
ventilated and falls between the two other rooms at apsley House. 

table 1. Conditions in seven rooms in five properties used for the exposure trials

Location Amount of time in RH band (%)
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apsley dining room 1.0 41.7 46.7 9.9 0.5 0.0 16.4 0.4 0.7 0.6 0.29 1.34 9.1

apsley Waterloo gallery 52.8 34.4 12.1 0.7 0.0 0.0 11.6 bd 5.7 1.0 0.02 0.28 1.0

apsley plate and china room 0.0 57.3 30.9 10.3 1.5 0.0 21.2 0.1 8.9 1.4 0.31 2.13 15.6

rangers bronze room 16.0 35.9 29.1 12.6 5.5 0.6 8.9 1.9 1.2 0.17 0.16 3.8

Brodsworth dining room 0.0 2.3 18.8 37.5 36.3 5.1 4.2 0.4 12.1 0.8 0.05 0.17 1.6

audley end dining room 0.0 15.4 48.0 36.6 0.2 0.0 2.0 0.2 5.0 2.0 0.24 1.3

Walmer dining room 1.3 18.7 31.1 20.8 25.4 2.6 3.6 0.2 7.1 0.9 0.13 1.14 94.4
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Pollution measurements were taken with diffusion tubes for four 
30-day periods, one in each season per year, a total of twelve in 
the three-year monitoring period. Previous annual measurement 
campaigns at rangers House, Chiswick House and Brodsworth 
Hall (with sequential monthly measurements) had validated this 
approach as representative of the pollution levels for nitrogen 
dioxide, ozone, and sulphur dioxide. Figure 1 and table 2 show the 
data for rangers House.

the doses calculated from all the data and using one month from 
each quarter are shown in table 2. the doses calculated from 
using the four quarterly month periods are within 7.7 % of those 
calculated from all the twelve months data. this is well within the 
errors for the diffusion tubes used.

the pollutants nitrogen dioxide, ozone, hydrogen chloride 
(measured as deposited chloride) and hydrogen sulphide were 
measured. the method for the commercially available hydrogen 
sulphide diffusion tube analyses was changed towards the end of 
the exposures, increasing the detection limit beyond that found in 
the properties and an alternative method devised by ankersmit 
was used [2]. this involved exposing a cleaned silver disc in the end 
of a diffusion tube. after exposure the amount of silver sulphide on 
the disc was analysed using cyclic voltammetry [3]. this amount 
was related to the airborne concentration of hydrogen sulphide 
using the published empirical calibration.

the monthly silver and copper tarnish rates from the Onguard 3 
loggers were regressed against the environmental data using the 
Minitab software package [4]. the regression equations calculated 
were for:

Silver

ag = 45.30 HS +1.46 NO + 3.90 SO + 4.81 HCl + 0.20 O3 +1.04 rH + 0.79 t

where
ag is the silver tarnish rate in Å (0.1 nm) per 30 days
HS is the hydrogen sulphide concentration in ppb
SO is the sulphur dioxide concentration in ppb
HCl is the hydrogen chloride concentration in ppb

Figure 1. Monthly 
nitrogen dioxide, 
sulphur dioxide and 
ozone concentration 
at rangers House



328 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

O3 is the ozone concentration in ppb
rH is the mean rH, %
t is the mean temperature, °C

Hydrogen sulphide has a very strong influence on the silver tarnish 
rate, with hydrogen chloride and sulphur dioxide also having some 
effect and the other environmental factors less so.

Copper

Cu = 5.71 HS + 0.35 NO +7.30 SO + 2.09 HCl + 1.24 O3 + 0.17 rH + 1.00 t

where Cu is the copper tarnish rate in Å per 30 days.

Copper tarnished to a much lower degree than silver; hydrogen 
sulfide has the strongest effect, followed by sulfur dioxide 
(although it is now present a very low levels in many western 
european locations), followed by hydrogen chloride, then ozone.

the damage functions cover a wide range of environments (table 1)
and should be suitable for use in many heritage situations. 
The lack of commercially available carbonyl sulfide sensors or 
diffusion tubes is limiting. Measurements in museums often 
detect carbonyl sulfide concentrations around three times the 
hydrogen sulfide concentration. Figure 2 shows a set of data from a 
London museum gathered from measurements by Oxford Brookes 
University with a diffusion tube method.

although silver is reported to be less sensitive to carbonyl sulphide 
than hydrogen sulphide, the higher levels mean it is likely to have a 
significant effect, unconsidered in the damage function. Additionally, 
dust is known to have a significant effect on silver tarnish and has 
not been considered in this work due to the design of the Onguard 
sensors, which significantly reduce dust deposition [5].

the Onguard 3 loggers’ batteries failed during some measurement 
periods over the summers (there is a battery indicator but it 
appears to be inaccurate at battery levels below 30 %; one logger 
failed during the exposures and had to be repaired). Hence 
although the data includes mean temperatures above 20 ºC, there 
is not a representative amount of data for the higher temperatures. 
Figure 3 shows the mean temperature plotted against copper 
tarnish rate. the damage functions derived may not fully account 
for the higher temperature periods.

Damage functions for enamels on copper

Many of the decay mechanisms of interest result from fluctuations 
in relative humidity or temperatures. these vary enormously in 

table 2. annual doses of pollutants calculated from 12 monthly measurements and estimated from subsets of the data

Dose ppm.month Calculated from 
all data

Calculated from Jan, 
Apr, Jul, Oct

Calculated from Feb, 
May, Aug, Nov

Calculated from Mar, 
Jun, Sep, Dec

Sulfur dioxide 6.5 6.6 6.0 6.9

Nitrogen dioxide 108.5 108.9 102.8 113.7

Ozone 26.2 26.6 24.7 27.2

ppm.month
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many heritage environments. Figure 4 and 5 show the distribution 
of daily temperature fluctuation and maximum rate of temperature 
change for a showcase containing Limoge enamels. the data is 
taken from a year’s monitoring, with some gaps due to poor data 
transmission of the radiotelemetry system used.

there is a lot of variation in the data. dealing with different rates of 
change has been recognised to be important in object response [6,7], 
but little work has been published on how to process such data.

enamels are known to be susceptible to damage by temperature 
fluctuations. De-bonding at the glass/metal interface is particularly 
problematic as it makes the enamel much more susceptible to 
further damage. It is also difficult to detect such de-bonding visually.

When rigid materials are flexed, micro-cracks occur. This 
process is accompanied by acoustic emission, which is high-
frequency sound generation. acoustic emission has been utilised 
for monitoring wooden furniture and panel paintings and the 
expansion of sulfate salts in stone [8 to 10]. application of the 
technique has been investigated for enamels under thermal stress. 
initial work was carried out as part of an Ma research project by 
Jenny Studer between english Heritage and the royal College of 
art and has been reported [11].

Figure 3. Copper 
tarnish rates and 

mean temperatures 
of measurements 
used to derive the 
damage function

Figure 2. Hydrogen 
sulfide and 

carbonyl sulfide 
concentrations in a 

London museum
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a physical acoustics Pocket ae2 with r15α (1 kHz to 1 MHz, plus/
minus 1.5 dB) sensors was used throughout this work. Simulated 
weathered enamels were kindly provided by Veerle Van der Linden 
and eva annys, royal academy of Fine arts, University of antwerp, 
Belgium. two sets of experiments were carried out. the enamel 
pieces with acoustic emission sensors held in contact with rubber 
bands and with and without a contact gel (Sil-Glyde©) were 
submitted to three-point bending tests and heating a water bath to 
43 °C. the enamel pieces had been pre-weathered and contained 
several cracks already. in several tests these were marked with 
black ink and the pieces examined for any new cracks under 
magnification after the first acoustic emission event in three-point 
bend tests. the minimum detectable crack length was assessed 
to be 1.2 μm with the contact gel and 3.1 μm without it. the initial 
tests had only detected crack lengths of 1.46 mm, indicating the 
technique would only detect very severe damage, the further tests 
confirmed its utility to detect the early stages of damage. Acoustic 
emission was observed in both tests, indicating the method was 
suitable for monitoring enamels.

Figure 4. 
distribution of 
daily temperature 
fluctuations in the 
Limoge enamel 
case at rangers 
House, London

Figure 5. 
distribution of 
maximum rate 
of change of 
temperature in that 
case
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rangers House in Greenwich, London displays the Werner 
Collection, which includes many Limoge enamels. the collection 
is on a hundred-year loan to english Heritage. Four showcases 
contain large numbers of enamels. the custom-built showcases 
are lit with both fibre-optic and tungsten lighting. The temperature 
distribution in the narrowest enamel showcase was assessed 
using eight temperature probes (aCr Sr002 loggers with eH-020 
a extension probes). Probes were placed in the centre and edge, 
back and front, top and bottom of the 1.6 m by 1.2 m by 0.4 m case. 
the edge and centre probes gave very similar readings. a 4.5 K 
temperature rise at the top front of the case nearest the tungsten 
lights was recorded, this reduces to 2.7 K at the bottom back. Full 
details have been published [13]. thermal imaging (inframetrics 
thermaCam PM290) indicated a temperature gradient of up to 2 K 
across the surface of some enamels.

acoustic emission measurements were carried out on both the 
simulated enamels with contact gel and the objects without contact 
gel. experiments with a variety of inert materials showed Melinex 
sheet (50 μm, non-coated) gave the best (closest to the contact gel) 
results and this was used between the acoustic emission sensor 
and glass or metal of the enamels. The deflection of the enamels 
was measured with a laser transducer (acuity ar600) to capture 
the movements causing any micro-cracking. environmental 
noise is an issue with acoustic emission and several approaches 
are available to correct for it. For wood, anti-correlation 
measurements with two sensors attached to the wood over 6cm 
apart have been used [8]. the acoustic signal will not travel more 
than 6 cm in the wood, hence signals measured at both sensors 
are environmental noise, whereas a signal measured at one sensor 
only is assumed to be due to acoustic emission from the wood. 
the signal transmission through copper was measured on a 2 mm 
copper sheet. this was found to be over 30 cm, larger than most of 
the Limoge enamel plates being investigated. two measurement 
geometries were used. 

•  One sensor pressed against the enamel glass surface using a 
g-clamp and Melinex between the sensor and the glass. a second 
sensor pressed against the backboard of the case (on which the 

Figure 6. acoustic 
emissions from 
enamel plaque 
plotted against 

daily temperature 
fluctuation
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enamels were mounted). acoustic emission was assumed to 
originate from the enamel if only the enamel sensor measured a 
signal.

•  One sensor pressed against the front glass of the enamel, a 
second pressed against the back of the enamel. the difference 
in measurement time was used to locate where the signal 
originated from. experiments with the simulated enamels were 
used to determine the transit times of signals through the 
enamel. Shorter time difference signals were assumed to have 
originated in the enamel.

The measurements showed significant acoustic emission 
originating from the enamel plaques during the daily heating cycle 
within the showcases. this evidence was used to argue for funding 
to change the lighting. the tungsten lamps were replaced with 
LED lamps. This reduced the temperature gains significantly and 
there was no longer any detectable acoustic emission, even from 
the simulated enamel samples with contact gel enhancing the 
sensitivity of the technique. the daily temperature increase in the 
showcases with the new lamps was less than 1.4 K.

the data set generated by acoustic emission from the simulated 
enamels and the temperature profiles causing that emission 
provide an ideal opportunity to assess threshold thermal 
fluctuations. Unfortunately, the visual impact of the sensors 
in front of the enamel plaques limited the duration of these 
experiments to a couple of daily cycles and most data were from 
the replica plaques, but some real plaque data were available to 
check the results. the number of acoustic emissions versus the air 
temperature increase is plotted in figure 6.

There is a threshold at a temperature fluctuation between 2.1 
and 2.5 K (considering the errors in the method). the Led lamps 
generated daily fluctuations of less than 1.4 K, well below this 
value.

Surface temperature would be a better measure for this than air 
temperature, particularly as the tungsten lamps produce an infra-
red radiance of 3.3 mW/m2 at the highest points in the showcases 
where enamels are displayed. an accurate measurement would 
require attaching a surface temperature sensor to the front glass 
of the enamel, which would be visually intrusive for long-term 
monitoring. infra-red surface temperature measurement would be 
extremely difficult for the enamel plaques in the showcases due to 
the narrow case geometry.

Damage functions with continuous data

damage functions are normally developed from periodic 
measurements of a material’s deterioration and a multivariate 
fit to environmental data. The periods tend to be quite long as 
materials deteriorate slowly and the measurements can be 
resource-intensive. Pollution data are most often collected using 
diffusion tubes, exposed for weekly to monthly periods. the 
difference in period makes the fit for the damage function difficult 
and pollution data often have to be accumulated. temperature and 
relative humidity are normally collected at half-hourly or hourly 
intervals during exposures. Mean values are generally used for the 
multivariate fits. Both variables are rarely normally distributed, 
particularly in indoor environments, therefore using the mean may 
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be problematic. additionally, the deterioration of many materials is 
known to follow parabolic or power laws for relative humidity, and 
mean values can seriously underestimate the effect [12].

More sensitive analytical methods have been developed and can 
be used to reduce the period between damage measurements, 
homogenising the data sets. Semi-continuous measurement is 
now available for metal corrosion, such as the Onguard copper 
and silver piezo-electric quartz microbalances and resistance-
based metal sensors [14]. the high sensitivity of these devices 
allows data to be collected at the same measurement interval as 
temperature and rH logging (30 or 60 minutes). the precision 
for the Onguard technique is 1 Å, which relates to 10 hours of 
corrosion in the most aggressive environment measured. the 
tarnish rates measured for silver varied between 1 a per week and 
16.5 a per week. the Onguard 3 output is not precise enough for 
a regression on a 30-minute time period. However the frequency 
shifts of the piezo-electric quartz crystals are much more precise 
with a 1 a increase in silver tarnish equating to a 39 Hz frequency 
drop. the frequency shift data was extracted from the Onguard 3 
loggers and more precise silver and copper tarnish rates calculated.

at four locations in apsley House and Brodsworth Hall continuous 
loggers for ozone (teledyne aPi M400e), nitrogen dioxide (200eU) 
and sulphur dioxide (2100e) were located in the rooms with the 
Onguard 3 loggers for two weeks each. No continuous monitors 
were available to the project for hydrogen sulphide or hydrogen 
chloride gases. Hydrogen sulphide continuous analysers can be 
made by adding a convertor to a sulphur dioxide analyser and 
fluorometric [15] and lead acetate tape-based analysers are also 
available. the 30-minute tarnish rates were regressed against the 
pollution, temperature and rH values as before.

Silver

ag = 0.08 NO + 0.86 SO + 0.06 O3 +0.33 rH + 2.77 t

where
ag is the silver tarnish rate in Å per 30 days
SO is the sulphur dioxide concentration in ppb
NO is the nitrogen dioxide concentration in ppb
O3 is the ozone concentration in ppb
rH is the rH, %
t is the temperature, °C

Temperature has a very strong influence on the silver tarnish rate, 
with sulfur dioxide and rH also having some effect and the other 
environmental factors less so. the damage function was derived 
from 5376 measurements, compared with 78 for those derived 
previously from monthly measurements. Hydrogen sulphide and 
hydrogen chloride where not measured and hence do not appear 
in the damage function. it is not possible to compare these short-
term damage functions with those derived previously due to this 
discrepancy.

Copper

Cu = 0.01 NO +0.35 SO + 0.30 O3 + 0.49 rH + 0.44 t

where Cu is the silver tarnish rate in Å per 30 days.
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rH, temperature, ozone and sulphur dioxide all had similar 
influences on the copper tarnish rate, nitrogen dioxide much 
less so and this was only just significant at a 0.05 % level in the 
regression.

Approaches to uncertainties

The figures produced by damage functions have limited value 
without an estimate of uncertainty attached. this aspect has 
not, on the whole, been addressed in the published literature on 
damage functions. a number of approaches are feasible. 

Where large amounts of data are available (such as the real-
time measurements described in the ‘damage functions with 
continuous data’ section above, the data can be split into a 
calibration and verification set. Ideally, the calibration set should 
range beyond, or at least as far as, the verification set in all the 
parameters used in the damage function. the values should also 
ideally be evenly spread over the range. the damage function 
can be developed from the calibration set and then used with the 
verification set at each group of variables. The estimated damage 
can then be compared with the measured damage for that set of 
values and errors calculated.

Large data sets are often not available due to the relatively 
long time periods required for accurate object-response 
measurements. For example, the raw Onguard output could not be 
accurately used for time periods below three weeks. the monthly 
data presented has 78 sets of data, which is approaching the bare 
minimum for the calibration/verification approach. An alternative 
is to treat the damage function as a multivariate linear calibration. 
the uncertainty can be estimated from the error estimates in 
the measurement parameters. in this study plus or minus 0.1 K 
for temperature, plus or minus 1 % for relative humidity (high 
accuracy probes were used), plus or minus 6.9 % to plus or minus 
10.3 % for the diffusion tube analyses (depending on the gas 
analysed, this can vary with the method). the error estimates are 
then combined with the error of the slopes and intercept values 
from the multivariate calibration to estimate the overall uncertainty 
at each calculated value.

Further work

the data will be further analysed using the partial least squares 
method. Correlation between the x-variables (environmental data) 
can cause multiple linear regression to fail. environmental data is 
often collinear and especially so in this instance with high humidity 
and all the pollutants ingressing from outside the properties. 
This ingress depends on atmospheric conditions (which influence 
pressure differences and air exchange rate) and open doors; high 
air exchange rates will transport all the pollutants. Partial least 
squares is not sensitive to collinearity and calculates components 
which effectively describe the covariance structure of the x data 
matrix [16].

the exposures will be continued for a further year to collect 
enough summer data. at the end of the exposure period, the 
tarnished silver and copper crystals will be analysed with x-ray 
fluorescence spectroscopy and cyclic voltametry to determine the 
tarnish layer composition. the composition will be compared with 
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the average value used by Purafil to determine the layer thickness 
and the values corrected if necessary. the resistance-based 
Musecorr sensors are about to become commercially available. 
a subset of the work will be repeated with them to determine the 
effect of dust deposition on the damage functions.

the acoustic emission method will be trialled with bone and ivory 
to determine their response to fluctuating relative humidity.
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Abstract

a great deal of cultural heritage exists inside enclosures of various 
kinds. a well-designed enclosure will protect against relative 
humidity fluctuations and the ingress of industrial pollutants, 
dust, mould spores and insects. However the concentration of 
internally-generated pollutants can pose a severe risk to some 
objects. Performance of enclosures can be difficult to assess, 
particularly in terms of the risk posed by internal pollutants. 
Here a decision-support model is developed to apply damage 
functions and measurement technology to assess enclosures 
and guide decision makers through the improvements necessary 
and possible. Case studies are employed to detail the process of 
the model. the decision-support model will assist and educate 
collection managers, enabling them to make a decision with the 
limited information they have available about pollutant mitigation 
for their collection.

Introduction

enclosures are often used in cultural heritage to protect 
collections, often in more than one way. their primary use is 
to increase security, but well-designed enclosures can have 
significant conservation benefits; all enclosures buffer relative 
humidity (rH) and they are often used to control it. air-tight 
enclosures reduce pollution ingress. Well-designed enclosures 
can prevent corrosion and other pollution-induced damage [1 to 6]. 
Unfortunately, they can also have adverse effects. 

an enclosure can concentrate internally-generated pollutants 
such as acetic acid, which is often emitted by wood products [2, 
7]. Pollutants are commonly found in both historic and modern 
enclosures, and can cause serious deterioration to certain materials, 
the most sensitive of which is currently thought to be lead, though 
there are numerous other examples of materials and pollutants [7].

there are a number of variables that can affect the performance of 
an enclosure with respect to conservation of historic collections. the 
most important variable is the air exchange rate (aer) [2, 6]. this 
controls a number of other factors that can be important in causing 
damage, such as the concentration of pollutant gases within the 
enclosure [2]. 

It is often difficult to assess the performance of an enclosure. 
in this paper, various options for improving enclosures from the 
conservation perspective will be described. a decision-support 
model will be presented to explain the options available to improve 
performance. 

the decision-support model will cover a wide variety of materials, 
utilising published data on the sensitivity of materials to specific 
pollutants and damage functions, where available. the model 

Delivering damage functions in enclosures

Paul Lankester and David Thickett
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will also cater for users with different levels of information, 
from no information all the way through to measured pollution 
concentrations and air exchange rate measurements.

Pollution

there are a number of airborne pollutants that can have adverse 
effects on historic collections within an indoor environment [7]. 
these pollutants can either originate from indoors or outdoors; 
some pollutant have sources both indoors and outdoors [7]. this 
classification can be important in understanding the performance 
of an enclosure. there is a core group of pollutants that are of 
greatest importance with respect to historic collections. those that 
are generated indoors are the carbonyl compounds, alternatively 
called the organic acids, of which ethanoic (acetic) acid, methanoic 
(formic) acid and methanol (formaldehyde) are the most common. 
There are also carbonyl sulfide and hydrogen sulfide that can have 
both indoor and outdoor sources. Nitrogen oxides, sulphur dioxide 

Pollutant Main source Effects
sulfur containing 
species, e.g., 
hydrogen sulphide 
(H2S), and carbonyl 
sulphide (COS)

wool fabrics, e.g., felt silver and copper, dyes, 
photographic materialsrubber adhesives

some mineral specimens

organic acids, e.g., 
formic acid and 
acetic acid

timber all, especially oak lead, copper, zinc, 
cadmium, magnesium, 
salt-laden stone and  
ceramic, shells, paper

timber composites MdF, plywood, blockboard, 
chipboard

paints often oil-based

adhesives polyvinyl acetate, some 
polyurethanes

varnishes

sealants some silicones

moth and rot proofing

organic materials specifically those degrading

formaldehyde adhesives urea and phenol formaldehyde high levels can attack 
most metals and organic 
artefacts under suitable 
conditions

timber all

timber composites MdF, plywood, blockboard, 
chipboard

fabrics, paints Lacks evidence

chlorides plastics PVC, PVdC copper, aluminium, zinc 
and ironfire retardants inorganic salts

nitrogen oxides plastics cellulose nitrate copper and iron, textiles, 
dyesexternal environment

sulfur dioxide some mineral specimens metals, dyes, paper, 
textiles, leather, 
photographic materialssulfur vulcanized rubber

external environment

ozone external environment rubber, dyes, 
photographic materials

office equipment

table 1. Pollutant sources and effects, adapted from [3], and expanded from [7]
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and ozone [3, 7] are generally from outdoors. the main pollutants, 
their sources and effects are shown in table 1.

Environmental monitoring

in order to assess the performance of an enclosure it is useful 
to understand a number of parameters that can have an effect 
on some of the variables. For example, the emission rate of a 
pollutant from a material is related to the temperature and relative 
humidity of the environment [8]. the temperature and relative 
humidity are also important for the reaction rate, for example, 
corrosion will occur faster at higher temperatures and higher 
relative humidities. Often relative humidity is controlled to a low 
level to prevent corrosion, for example, unstable archaeological 
iron is kept below 30 % rH and archaeological copper below 42 % 
[9]. therefore monitoring of the temperature and relative humidity 
is important; ideally the monitoring should be continuous.

it is also useful to measure the concentration of pollutants within 
an enclosure. this will allow for an assessment of whether 
the pollutants will pose a risk to specific collections. Pollution 
measurements are typically carried out over a set period 
using diffusion-based samplers; it is important that the period 
measured is representative of the worst environmental conditions. 
if temperature and rH increase this may result in increased 
concentrations of pollutants (Figure 1) [8]. 

the third variable that can be measured, although not 
environmental, is the air exchange rate of the enclosure; this is 
the most important variable when assessing the performance 
of a showcase [2]. the air exchange rate (aer) is important as it 
will have an effect on the concentration of pollutants within an 
enclosure [2]. it is important to assess the greatest risk posed to 
collections in order to determine whether the aer should be high 
or low; there are examples where each can be beneficial and often 
decisions need to be considered on a case-by-case basis.

Limited resources and lack of training mean that many organisations 
will not have measured, or cannot measure all of these variables; 
therefore, the decision-support model will feature case studies and 
mitigation options for those without the full range of measurements.

Figure 1. the 
measured ethanoic 
acid concentration 
across a year in 
an enclosure. 
Measurements 
were taken over 30-
day periods and are 
compared to mean 
temperature and 
relative humidity
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Damage functions

damage functions, or dose-response functions, relate 
environmental conditions to material damage [10]. if some of the 
environment variables are measured it is possible that these can 
be used with damage functions to estimate whether the current 
conditions are likely to cause damage, which in turn can indicate 
whether the enclosure performance is satisfactory or requires 
adaptation. examples of damage functions that are useful for 
collections within enclosures and include pollution data are 
available. the empirical work of tetreault for lead and copper can 
be used to assess concentrations of ethanoic and methanoic acid 
[11, 12] and rH; the work of Brokerhof for shells with ethanoic 
acid and rH is also applicable [13]. in this paper the recent work 
of Fenech [14] will be used, this describes the damage that 
can be caused to colour photographs, from the combination of 
temperature, relative humidity and acetic acid concentration. 
damage functions are particularly useful, as there are a number of 
variables to consider, therefore understanding the combined effect 
of the variables can provide a greater level of knowledge. this may 
prevent unnecessary adaptation measures where one variable 
indicates an unacceptable level. 

Decision-support model

Lack of information about pollution-induced problems and 
potential solutions were highlighted as critical impediments in 
a survey of 117 cultural heritage institutions in 12 countries. 
respondents often cited a very dispersed literature as an issue 
in this area. a decision-support model is being designed to help 
bring this information together in a simple question-lead form, 
to set out the available mitigation options for rectifying specific 
problems. the decision-support model begins with measurement 
of the environment’s corrosivity with the MeMOri dosimeter. 
However, the model can be used without measurement to 
explore the adaptation options for improving the performance of 
enclosures.

Figure 3. Part ii 
of the decision-
support model flow 
chart: pollutant 
mitigation options

Figure 2. Part i 
of the decision-

support model flow 
chart: pollutant 

measurement and 
effect assessment
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the decision-support model will allow addition of new damage 
functions, which are being defined within the project for the effects 
of organic acids on varnishes, pigments, leather and parchment, 
cellulosic materials and textiles, as well as other damage functions 
which may be derived in the future.
 
the initial step is the exposure of pollution monitors; there are a 
number of types available such as the eWO and GSd dosimeters 
[15, 16], or the MeMOri dosimeter, which is in development and 
combines the eWO and GSd dosimeters. it is important to expose 
the dosimeters correctly, and to consider the environmental 
conditions, whether these are measured or not. the emission 
of pollutants typically increases with temperature and relative 
humidity; therefore the dosimeters should be exposed when these 
variables are at their highest. 

Once the pollution dosimeter has been exposed, the results 
need to be considered with respect to the materials within the 
enclosure. Some materials are more sensitive than others, and this 
varies with the pollutant [7]. if the dosimeter response or pollutant 
concentrations are acceptable then no adaptation is required. 
Pollutant concentrations should be measured again if conditions 
change. if the concentration is too high and likely to pose a threat 
then the object should be assessed immediately and, if necessary, 
removed from the enclosure. the enclosure should then be 
assessed and modified to prevent potential for further damage. The 
process of the decision-support model described thus far is shown 
as a flow chart in figure 2.

three main options exist for preventing damage: the concentration 
of pollutant can be reduced, the relative humidity can be reduced, 
or the oxygen level can be reduced [7]. the options available are 
presented in figure 3.

Reduce relative humidity

Higher levels of relative humidity often increase the rate of damage 
by pollutants. therefore, reduction of relative humidity should 
slow rates of damage. if organic materials are present this option 
should be considered carefully as low relative humidity may cause 
damage through dimensional changes. 

initially it is important to monitor the relative humidity; depending 
upon the environment, only spot readings may be necessary. 
in order to reduce the relative humidity there are two common 
options, using silica gel or mechanical dehumidification [1]. The 
first requires a significant volume of gel in the enclosure and 
a low air exchange rate, the second needs power. Normally, 
dehumidification has a higher initial outlay of cost; however, this 
must be balanced against staff time in replacing and reconditioning 
silica gel. if either method is employed it is important to monitor 
the relative humidity to ensure it is working effectively.

It is also important to ensure that there is sufficient air circulation 
between the silica gel compartment and the object space [9]. 
For this to occur there must be sufficient gaps between the two 
compartments. research has found that holes of a 5 mm diameter 
were not sufficient, whilst 8 mm diameter holes were [9]. Silica gel 
has a limited lifetime, which will vary depending upon a number 
of factors, such as the room relative humidity, the air exchange 
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rate and the moisture buffering capacity of the silica gel [17]. it is 
possible to calculate the silica gel lifetime. 

Dehumidification supplies dry air to an enclosure to reduce the 
relative humidity. this may require adaptation of the enclosure to 
allow for connection of an air supply, which can be straightforward 
but may not always be possible, for example, if enclosures are 
historic. Different types of dehumidifier are available with different 
features and requirements.

Reduce pollutants

the second option for reducing the potential threat of damage is to 
reduce the pollutant concentration. There are five main methods: 
the pollutants can be avoided, blocked, diluted, filtered or sorbed 
[7].

Many materials emit pollutants; removing these materials from 
an enclosure and replacing with tested materials will avoid 
damaging pollutant concentrations. the standard method for 
testing materials is the Oddy test [3]. it is important that the Oddy 
test procedure is followed precisely as described. Unfortunately, 
removal of emissive materials is not always an option as 
enclosures may be constructed of the material, and could be 
historic, in which case another option such as blocking may be 
more appropriate. New enclosures may be an option. there are a 
number of important considerations, such as the air exchange rate, 
the construction materials, the enclosure type, location of doors 
and hinges, and silica gel capacity and location. 

It is sometimes possible to refit an enclosure to improve door 
sealing or block ventilation pathways to avoid infiltration of 
external pollutants. Fitting new door seals to ensure a tight seal 
or adjusting the door to ensure a good fit can be sufficient. It may 
also be important to test for other gaps, as often they cannot be 
seen. it is possible to introduce tracer gases within an enclosure, 
and then use an instrument that detects the tracer gas to identify 
where leakage paths may exist [12]. this option assumes that the 
potential damage threat is from outdoor-generated pollutants that 
infiltrate the enclosure and become concentrated. If the problem 
is associated with a pollutant that is generated internally, options 
that increase the aer should be chosen, such as dilution, or 
alternate methods such as blocking the pollutants.

another option for reducing the pollutant concentration is to block 
the emission of the pollutant, this typically concerns pollutants 
generated within an enclosure [7, 18]. Simple examples include 
covering wood with moisture barriers such as Moistop; aluminium 
foils can also be useful as can some lacquers [18]. these solutions 
should block any emission from entering the enclosure space 
where objects are stored or displayed. it is important to consider 
areas that are not visible but could still emit pollutants, for 
example wooden baseboards should be covered on both sides. 
Where areas are visible, such as the baseboard within a showcase, 
it could be covered with a fabric to ensure an acceptable level of 
presentation; it is important that this fabric has passed the Oddy 
test. this option is not always applicable as sometimes it can 
be an object that is emitting pollution. the method of blocking 
emitting materials is relatively inexpensive, and very effective. it is 
important, as with all methods of reducing pollution, to re-test the 
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concentration of pollutants after adaptations have been made, to 
determine whether the adaptation has been successful or whether 
further measures may be required.

if internally-generated pollutants are a risk, one option is to 
dilute the pollutants. to do this the air exchange rate needs to be 
increased, resulting in a lower concentration of pollutant within 
the enclosure [18]. One method to increase the aer could be to 
introduce holes into the enclosure, so that the room air mixes with 
the enclosure air; however, if the enclosure is historic this may 
not be an option. an alternative could be to introduce a fan, mixing 
the air between the room and showcase, diluting the internally-
generated pollutant. typically, the concentration of an internally-
generated pollutant within a room is very low, so mixing the two air 
spaces serves to reduce the concentration [7].

The final method of reducing the pollutant concentration is to 
remove the pollutant. This can be achieved either through filtration 
or sorption [7]. Here, filtration is defined as active removal, 
whereas sorption is a passive method. In filtration, the enclosure 
air is pumped through a filter that removes the pollution, this 
will require a power supply. alternatively, sorbents can be placed 
within the enclosure to remove the pollution; placement of these 
sorbents can be crucial [19]. For specific materials such as silver, 
the sorbents must be placed correctly so that pollutants do not 
first react with the silver surface, which is very reactive [19]. For 
example, if there is a known air pathway along a door seal, the 
absorbent should be placed along that gap [19]. different types of 
sorbents include activated charcoal cloth and corrosion intercept 
foam amongst others. Some products are pollutant-specific [19]. 
again, the aer is important as it will determine the quantity of 
absorbent required [13]; if the enclosure has a high air exchange 
rate then more infiltration of externally-generated pollutants will 
occur and a greater quantity of sorbent may be required.

Reduce oxygen

For some materials a zero-oxygen or anoxic environment will 
prevent damage from occurring. there are two methods for 
creating an anoxic environment, either passively or actively. 
the passive method uses an oxygen scavenger within a very 
low air exchange rate enclosure [20]. active systems are now 
commercially available for showcases. expert advice is required 
for this method and it has only been used for the most valued of 
objects due to the high expense.

Case studies 
Kenwood House

at Kenwood House, a property in north London, bookshelf cabinets 
were converted to display jewellery. the materials used within 
the enclosure were carefully considered and Oddy-tested. the 
tested paint for inside the enclosure was not deemed a suitable 
match to the room paint, which had not been tested, and was then 
used inside the enclosures. Within two months, very significant 
corrosion of the jewellery occurred and it had to be removed. 
diffusion tube analysis indicated formic acid concentrations of 
between 3000 and 6000 μg/m3 and this was attributed to the 
untested paint [18]. it was therefore necessary to modify the 
enclosures. 
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initially the option chosen was to dilute the concentration. as 
the enclosure was not historic, it was possible to increase the 
air exchange rate by drilling holes in the doors at the top and 
bottom, this takes advantage of the stack effect to maximise the 
air exchange rate [21]. Following this adaptation, the formic acid 
concentration was re-tested and was found to have been reduced 
to between 2000 and 3000 μg/m3. this concentration still posed 
a high risk of corrosion, thus further measures were required. 
Trials could not find a suitable way to remove the paint. The next 
approach was to block the emission of formic acid. Sealed MdF 
(Moistop 622 with 3M 425 tape, covered with a tested fabric) boards 
were constructed to tightly fit within the enclosure covering the 
painted surfaces. re-testing the concentrations of formic and 
acetic acid indicated levels below the detection limits of 42 and 
70 μg/m3 respectively. these concentrations are below the lowest 
reported thresholds for corrosion on any metal.

Corbridge Museum

Corbridge roman Fort Museum on Hadrian’s Wall displays 
archaeological finds, including a significant collection of 
archaeological iron. Over 80 iron and copper-alloy objects had to be 
removed from display due to extensive recent corrosion. therefore 
the showcases, which date from the 1990s, required adaptation. 

at Corbridge, the air exchange rate of the enclosures was tested, 
and found to be quite high. additionally, there was also a baseboard 
constructed of chipboard. Organic acids are known to accelerate 
archaeological iron corrosion [9]. The enclosure was refitted, by 
blocking the emission from the wooden baseboard and sealing 
all gaps. the baseboard was covered with Moistop and taped to 
the frame with aluminium foil tape. this blocked air exchange 
between the object compartment and storage below. the cases 
were constructed with hollow metal tubing and glass, with a slot 
running through them. Corrosion intercept foam was inserted into 
the metal frame, followed with silicone sealant, which had passed 
the Oddy test. The AER was significantly reduced. Two plinths were 
constructed from metal wrapped in a fabric, to hold silica gel. 
these adaptations allowed the showcase to maintain rH below 
30 % for six months and removed the acetic acid. environmental 
monitoring was installed to ensure that the silica gel was keeping 
relative humidity at a safe level. 

another example of reducing the relative humidity was at Battle 
abbey, where there is some archaeological iron and copper. the 
showcases are constructed of a Perspex cover, which is known to 
be permeable to moisture vapour. A Munters MG50 dehumidifier 
was installed. this was split between the two metal-containing 
cases, which required small modifications. 

Apsley House

apsley House is the former home of the duke of Wellington; it 
is located in London, beside Hyde Park, but also next to a very 
busy road. On the ground floor is the plate and china room, where 
there is a significant collection of silver and gilt objects. These 
are displayed within large display cases, some of which are 
historic, but some are more modern additions, in keeping with 
the historic cases. they are all constructed of wood and glass, 
and originally contained a woollen felt display fabric. Woollen felt 
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is known to cause tarnishing of silver [18], presenting the first 
problem. the location of the room, and its proximity to the busy 
road is also an issue because of high pollutant concentrations, 
which were confirmed with measurements within the room [18]. 
thus, adaptation of the display cases was required to reduce the 
potential for silver tarnish.

The first step was to avoid the emissions from the woollen felt; the 
material was removed and replaced with an Oddy-tested material. 
in addition to this, to help prevent the ingress of externally-
generated pollutants, any gaps were sealed using tested materials, 
and compression seals were added to each door edge. a leak 
detector was used to confirm effective sealing of the gaps. These 
measures resulted in a reduction of the air exchange rate from 
5.75 to 0.23 per day, and the silver tarnish rate was reduced by a 
factor of almost four [18]. although the tarnish rate was reduced, 
there was still some potential for damage so filtration has now 
been installed, which involves the air being pumped through a filter 
thus removing the pollutants.

Fountains Abbey

a number of lead objects are displayed in a showcase at Fountains 
abbey. these were found to be actively corroding, and had to be 
removed from display. the case required adaption before the 
objects could be returned. it was found that the display case 
was largely made from MdF, a known source of organic acids, 
and specifically acetic acid, which lead is very sensitive to [7]. 
the concentration of acetic acid was measured using diffusion 
tubes and found to be above the concentration which would cause 
damage to lead.

investigations of the showcase revealed that some sections 
constructed of MdF were inaccessible, thus removing the option 
of blocking emissions. in order to display the objects within this 
showcase it was decided that the showcase air would be diluted. 
a fan was installed, which works with the case lighting so is in 
operation during the day and off at night. this fan introduces 
room air and filters it through corrosion Intercept foam in order to 
reduce the concentration of acetic acid in the showcase and reduce 
the potential damage to the lead objects. the concentration of 
acetic acid was re-tested and found to be at a safe level for lead.

Swiss Cottage Museum

the wooden showcases at Swiss Cottage Museum date from 
the 1890s. Colour photographs are displayed within them. the 
concentration of acetic acid was measured at around 2000 μg/m3. 
the temperature and relative humidity is in the region of 6 to 23 °C 
and 60 to 70 % rH. this data was used with the colour photograph 
damage function [10]:

                                                         

this indicates a maximum colour change of 0.014 ∆erGB/year. Using 
the unacceptability threshold of Fenech [22], which is 0.43 ∆erGB/
year, this estimates a lifetime of 30 years for the photographs, 
which was deemed unacceptable in this instance. adaptation of the 
showcase was necessary. the effect of acetic acid in the damage 



346 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

function is very small, hence the decision has been taken to install 
dehumidifiers directly into the cases in order to reduce the relative 
humidity to a more acceptable range.

Discussion

the case studies have shown that a mixture of adaptation options 
is sometimes required as the initial response may not reduce the 
risk of damage sufficiently. This highlights the importance of re-
testing after any adaptation. On occasions where there is a mixture 
of problems, a solution may be required which combines several 
complementary adaptations.

different institutions have different technical capabilities. Some 
major institutions have almost comprehensive temperature and 
rH monitoring, a large amount of pollution monitoring and have 
measured the air exchange rates of many of their enclosures. 
Many institutions have some temperature and rH monitoring, 
very little or no pollution monitoring and no facilities to measure 
air exchange rates. the MeMOri dosimeter is designed to provide 
a method to address the pollution measurements. Many smaller 
institutions do not have temperature and rH readings. the model 
should be designed to cope with these three situations. 

Damage functions allow the first situation to develop quantitative 
modelling of the effect and potential mitigation strategies. 
Where air exchange rates are not available, a low aer and 
high aer situation will be modelled. these levels will be set 
by large numbers of aer measurements on representative 
types of enclosures, over 300 in total. a series of case studies 
will be provided with the model for those institutions with no 
environmental data to allow them to evaluate their situation by 
comparison with the case studies.
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Abstract

the risk modelling tool analyticatM has been used to develop a 
simulation of the fracture probability in a collection of various 
museum objects exposed to variable and repetitive fluctuations 
in relative humidity and temperature. the macro part of the 
model assumes a basic geometry of two attached layers, each 
with its own response to relative humidity and temperature. it 
allows the effect of flaws, notches, holes, delamination etc., to be 
incorporated as variable stress concentration factors. it calculates 
stress over time using viscoelastic behaviour. the micro part of 
the model has been developed for paint, based on an adsorbed 
layer that behaves differently from the bulk, in order to explain 
the sudden increase in stiffness and decrease in extension before 
break of high pigment volume concentration (PVC) paints, i.e., 
oil grounds. all variables in the model can be given a population 
distribution, and the model calculates final probability of fracture 
using a Monte Carlo approach, i.e., running the model thousands of 
times and rolling the dice for each variable each run. 

Introduction

Over 25 years ago, Michalski [1] published a review of the 
mechanical properties of painting materials. in particular, he 
organized available mechanical data on paints, glues, and varnishes 
into the standard viscoelasticity model of polymers. Within these 
generalized maps of glassy, leathery and rubbery behaviour, one 
could place the particular data on artists’ materials generated 
by our own field, such as that of Mecklenburg [2]. There was an 
optimism that we had enough knowledge to start modelling stress 
and fracture in real objects. But neither general models nor the 
systematic data they needed appeared, only further studies of 
inadequately characterized paints in special situations.

that situation is changing. Systematic work is beginning to appear 
on the mechanical properties of well characterized paints by 
Hagan et al. [3, 4] and moisture isotherm coefficients for many 
species of wood by Bratasz et al. [5]. this style of research provides 
the coefficients modellers need. 

The model
Models in general

table 1 outlines the three kinds of model used for mechanical 
damage. at the two extremes are those most widely used at 
present: simple damage functions (used widely by others in 
these proceedings) and complex Finite element Models, used in 
engineering research. this paper describes a middle ground using 
analyticatM software.

Stuffing everything we know about mechanical 
properties into one collection simulation

Stefan Michalski
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The physical model of objects in a collection

the physical model (Figure 1) is built on the following assumptions:

•  Mechanical vulnerability of an object to humidity and temperature 
fluctuations can be generalized as the restraint of a weaker 
component by a stronger component, one or both of which 
change dimension due to climate fluctuations. 

•  Stress relaxation over time at various temperatures can be 
calculated from plots of log (elasticity) versus temperature using 
the Williams Landel Ferry (WLF) equation. 

•  the effect of relative humidity (rH) on elasticity and stress 
relaxation can be calculated by treating moisture as a plasticizer 
which shifts these plots to a lower glass transition temperature. 

•  Stress in a viscoelastic system responding to complex 
fluctuations can be calculated using finite increments of time, 
treating each increment as a distinct event, calculating stress 
relaxation for each event, then summing stress from all events 
using Boltzmann’s principle of superposition.

•  Fracture of a restrained component occurs when and where 
stress exceeds strength, or strain exceeds elongation at break, 
whichever can be computed best.

•  Fatigue fracture by a complex mixture of variable cycles can be 
approximated by a cumulative damage model.

•  the variability in vulnerability of objects due to variable materials 
can be characterized by distributions in each of the relevant 
material properties.

•  the variability in vulnerability of objects due to variable 
geometry of the restrained and restraining components can be 
characterized by a distribution in the mechanical parameter 
called stress concentration.

Damage 
functions
D (RH,T,t)

Analytica Finite Element Modelling 
(FEM) with Multiphysics

Complexity Low complexity Medium complexity High complexity

Precision for a 
specified object

Low precision. 
assumes a 
single universal 
object

Medium precision for a specified 
object 

High precision for a specified 
object

applicability to a 
varied collection

Poor. 
Generalizes 
based on 
average 
behaviour of 
materials and 
a single simple 
geometry 

Good. allows detailed 
distributions for any variables 
considered significant

Poor. Would require 
assembling of multiple object 
models

Labour, expertise, 
and costs in 
developing and 
distributing the 
model

Low. easily 
applied by 
users without 
mechanics 
background. No 
software costs

Medium. Creating a model 
requires moderate familiarity 
with mechanics of materials, 
and some weeks training in the 
software (cost ~$1 k). Using 
a finished model to explore 
predictions from varied inputs can 
be performed by non-technical 
users using free reader software 

High. Creating the model 
requires an expert in 
mechanics of materials and 
the software (costs ~$10 k to 
50 k) Using finished models 
to explore predictions from 
varied inputs requires high 
expertise and the same 
expensive software 

table 1. Mechanical risk models, from simple to complex
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The mathematical model

the software is analytica™ by Lumina Systems™, widely used 
in risk analysis. it is designed for scientists who have forgotten 
their math, and it allows any variable to be given an uncertainty 
distribution, essential in modelling a collection of variable objects. 
Figure 2 is the top layer of the fracture model, each of these nodes 
contains an influence diagram within. Nodes in the final layer 
contain equations that calculate a value and pass it on to other 
nodes. 

The passage of time in the model

Complex systems such as an object responding to variable climate 
conditions and simultaneously stress relaxing cannot be solved 
using a traditional calculus approach. Only the brute force of 
calculating thousands of small time steps, each dependent on what 
just got calculated the step before, can predict the outcome. this is 
the essence of all simulation software. 
For the current model, memory in a personal computer limits the 
number of time steps to about 2000. Fortunately, 2000 steps is just 
enough to model daily sinusoidal fluctuations (20 steps each) at the 

Figure 2. the 
top layer of 

the analytica tM 
influence diagram. 

Orange – object 
and material data; 

Green – climate 
and strain inputs; 
Blue – calculating 

nodes (pale blue for 
those incomplete 

as of January 2013). 
arrows from the 

object and material 
properties box 

are not shown for 
clarity, since they 

enter almost all the 
blue nodes

Figure 1. the 
physical model. a 
weaker component 
(red) is restrained 
by a stronger 
component (brown). 
attachment of 
the restraining 
component 
(brown) can be 
as a substrate 
(upper figure) or 
as a perimeter 
(lower figure). 
the restrained 
component (red) 
has notches or 
flaws or a particular 
geometry that 
leads to stress 
concentration
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same time as simulating part of a seasonal drift, 100 days.
Shock events, such as dropping an object, need a resolution of 
milliseconds at the beginning of the simulation, but 2000 linear 
steps would only take the simulation forward a few seconds. to 
model years of relaxation from a millisecond event, the model is 
switched to exponentially expanding time units. 

Representing object variability in a collection

to explore a collection of variable objects, the model allows the use 
of a probability distribution in any variable. One then sets a number 
of runs of the model, for example 1000, and then for each run 
analytica randomly selects a value from each of the variables that 
has been assigned a distribution. 

Equilibrium moisture content calculations
Temperature sensitive GAB equation

The most widely used equation for fitting equilibrium moisture 
content (eMC) data is the Guggenheim-andersen-de Boer (GaB) 
equation. Applications in our field to date (and in most of those 
outside our field) use only the three-parameter GAB equation for 
data at a single temperature.
Our field, however, is well aware that temperature effects on 
the eMC isotherm has practical implications: it complicates rH 
control by buffers during transit, and it complicates retrieval 
of photographic materials from cold storage. a temperature-
dependent GaB equation [6] using activation energies for two of the 
GAB coefficients was located in the literature, and is used in the 
model. 

Response times of objects

the current model considers each component as having a thermal 
or moisture capacitance plus an effective surface resistance, i.e., 
heat transfer coefficient or moisture permeance (close to reality 
for objects such as coated wood). Heat or moisture transfer for 
each time step is then calculated using the rH or temperature 
difference between the outside and the inside of this effective 
surface. the model recognizes that materials respond slower at 
lower temperature, the permeance varies with temperature (as 
does the eMC/rH relation). 

A later refinement will be the partitioning of this single block 
model for rH response into a multi-layer model, so that internal 
stresses due to gradients can be determined. 

Strain calculations
Relative humidity strain

the model uses the calculated eMC to calculate strains due to 
rH. in isotropic materials, the strain is calculated from volumetric 
expansion due to eMC. in anisotropic materials, such as wood, 
specific coefficients for expansion versus EMC in each direction are 
used.

Thermal strain

The model uses the coefficient of thermal expansion for each 
material. in the case of polymeric materials, these are themselves 
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Figure 3. 
analytica output 
for modulus of 
elasticity of acrylic 
paint at various 
pigment volume 
concentrations 
(PVC)

temperature dependent, they are typically twice as high in the 
rubbery phase as in the glassy phase.

thermal strain is calculated after the strain due to eMC, i.e., it is 
the mix of moisture and polymer that responds thermally. Note 
that for a temperature rise at a fixed RH, the model first adjusts 
eMC (it drops, the material shrinks) and then it applies thermal 
effects (the material expands). For paints, the calculation sums the 
distinct contributions from polymer and pigment.

Elasticity calculations
Effective elasticity of viscoelastic materials

effective elasticity refers to the stress at some point in time divided 
by the applied strain. To fit available data exemplified by figure 3, a 
two parameter sigmoidal function (the logistic function) is used to 
generate the glassy to rubbery transition. Four more parameters 
are added to provide the height and slopes of the glassy and 
rubbery plateaus. 

the Williams-Landel-Ferry (WLF) time-temperature superposition 
equation [7] is used to derive effective elasticity at different times. 
the three WLF parameters are available for many industrial 
polymers, and working estimates for oil paints have been based on 
fits to available data.

Change of effective elasticity with EMC

Moisture can be modelled as just another plasticizer. Plasticizers 
affect elasticity by shifting the entire sigmoidal plot towards 
a lower temperature. the equation for the shift uses the eMC 
together with the plasticizer coefficient of water [7]. 

The micro model: Effect of pigment volume concentration (PVC) 
on elasticity

the best systematic data on the effect of PVC on the elasticity of 
paints versus temperature was compiled by Zosel [8] on acrylic 
paints. His data provided the benchmark family of plots that the 
model was built to simulate, and does so in figure 3. Later data by 
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Hagan et al. [3, 4] on artists’ acrylic paints are consistent with this 
pattern. the model assumes all paints follow the same general 
pattern of sigmoidal plots, which require eight parameters each. 
This allows one to fill in partial data sets, such as that of oil paint.

a relatively simple equation in the polymer literature for the effect 
of PVC below critical PVC (CPVC) was used to fit the set of curves in 
the glassy region. Later models will extend the model to high PVC 
using equations of elasticity versus PVC for gessos [9]. 

the simple equations for the effect of PVC in the glassy region 
cannot be applied directly in the rubbery region. Zosel [8] proposed 
an adsorbed layer on pigments particles that acts more as glassy 
than non-adsorbed polymer. the effective particle becomes the 
pigment particle plus adsorbed layer, shown in figure 4. assuming 
the dependence on the effective PVC in the rubbery region is the 
same as for PVC in the glassy region, one can deduce the thickness 
of the adsorbed layer: about 18 % of particle radius for Zosel’s tiO2 
in acrylic. This model works for PVC up to 40 %, but fails to fit the 
very different curve shapes of 45 % and 50 % PVC in the rubbery 
regime. 

Not only are these 45 % PVC and 50 % PVC curves the most 
problematic to explain, they are the most important to model for 
fracture prediction in heritage objects. this PVC range is typical of 
oil grounds and hard gesso, which are responsible for the highest 
stresses in paintings and polychromes. We suspect that grounds 
are where most cracks initiate. Our institute’s own data on oil 
paintings dominated by lead white grounds [10] can only be fitted 
to a long slow transition represented by 50 % PVC in figure 3. No 
models were found to explain this dramatic change at 45 to 50 % 
PVC, so the following micro model was developed. 

Given the 18 % adsorbed layer estimated earlier for figure 4, one 
can calculate that the effective PVC of a 45 % PVC paint is 74.3 %. 
Since the conventional CPVC derived from close packing of spheres 
of uniform size is 74 %, we find that the 45 % PVC paint has in fact 
just crossed the close packed threshold for the adsorbed layers. 
above this point of coalescence, the paint elasticity is therefore 
modelled as the original bare pigment particles inside a matrix of 
adsorbed and much glassier polymer. the effective glass transition 
of this adsorbed layer is fitted with an exponential dependence 
on distance for the particle surface. the long slow curves of 45 % 

Figure 4. a 
cross-section of 

idealized spherical 
particles at the 
PVC where the 

adlayers coalesce. 
the thickness of 

the adlayer in the 
example shown is 
18 % of the radius 

of the largest 
particles
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and 50 % PVC in figure 3 are in effect plots of the glass transition 
gradient of the adsorbed layer.

Stress calculations
The principle of additive events over time

Boltzmann’s principle of superposition [7] allows one to calculate 
stress from a complex series of incremental strains by calculating 
the stress independently for each increment and then adding them 
all together.

in the model, each time step brings a new strain event, an 
increment of strain which contributes not only its initial stress 
but also a long slow decay of this stress as it relaxes over all 
subsequent time steps. 

Stress concentration

the use of a stress concentration factor to calculate the 
increase in local stress due to notches, pre-existing cracks, and 
odd geometries in general has a long tradition in mechanical 
engineering. extensive collections of stress concentration factors 
are available in handbooks. Modern computations of complex 
shapes are used to generate even more of these factors.

Fracture calculations
Strength of the material

At the present time, single fixed values of strength in tension 
and in compression (where available) are entered for purposes 
of testing the fracture calculation. this node will be modelled in 
an analogous way to elasticity and figure 3, i.e., as a viscoelastic 
property dependent on temperature, humidity, and time (strain 
rate).

Elongation at break

Hagan [3] has shown that elongation at break can be fitted to the 
same kind of sigmoidal curves as elasticity in figure 3. this node 
will be modelled using this approach.

Single cycle fracture probability

this node acquires meaning because distributions are entered for 
variables that affect fracture. For example, if one sets the number 
of runs of the model to 1000, and there are distributions for PVC 
and for stress concentration, then the model randomly selects one 
PVC and one stress concentration (consistent with each distribution 
curve), runs the model, compares stress to strength, and assigns 1 
for fracture, i.e., if stress exceeds strength. this node then counts 
the number of fractures out of 1000. Figure 8 presents an example 
of results from this node. 

Fatigue fracture 

Fatigue data for engineering purposes uses “SN” curves of 
Stress to cause fracture (Y axis) versus Number of cycles (X axis). 
See for example Michalski [1] and Koslowski et al. [11]. data 
in fundamental studies of fatigue is presented as fatigue crack 
propagation (FCP) curves, which plot growth of the crack per cycle 
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(X axis) versus cycle number. in early work on practical approaches 
to fatigue in wood structures subjected to complex fatigue loadings, 
simplified fatigue models used a fractional increment of damage 
per cycle. the latter will be the basis of this node.

Exploring model predictions to date
The effect of RH on paint elasticity

the model’s prediction of the effect of rH on elasticity of oil paint 
is shown in figure 5. Note that these curves are not taken from 
elasticity versus rH data, they are predicted by combining: 

1. elasticity plots for dry polymer (0 % rH);
2. EMC isotherms for linseed oil films [12]; 
3.  handbook value for the plasticization coefficient of water in 

polymers. 

these predictions can be compared to elasticity versus rH data 
compiled by Michalski [1] which showed that the best fit to all 
available data on oil paints of unspecified PVC was a similar 
curve, where e dropped by a factor of 0.5 between 0 % rH and 70 
% rH. For oil paints, the model (Figure 5) gives a factor of 0.53 
for 40 % PVC and to 0.48 for 30 % PVC, excellent agreement. two 
unexpected predictions emerge from this plasticizer model. First, 
grounds (PVC of ~50 %) will be affected much less by rH, a factor 
of only 0.83 between 0 % rH and 70 % rH. this is the result of the 
adsorbed layer (Figure 4). Second, if the temperature and time 
conditions place the paint well into the glassy or rubbery plateaus, 
rH will have little to no effect.

Time shift of an object’s response during sinusoidal  
fluctuations in RH

in a paper by dionisi-Vici et al., elsewhere in these proceedings, 
the peak in dimensional response to seasonal rH change in a 
Viking ship (the Oseberg) is shown to occur approximately one to 
two months after the peak of summer humidity [13]. Such non-
intuitive delays in the response of an object can make it difficult 
for conservators to correlate the timing of damage with the 
timing of the humidity data. the idea of rH response time, and its 
experimental literature is well known, but the examples are all 
about the response to a sustained step in rH, and not the more 

Figure 5. analytica 
prediction for the 

effect of rH on the 
elasticity of oil paint 

at 20 °C, 10 s test
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nuanced response to repetitive and approximately sinusoidal 
fluctuations that occur in reality. We tend to slip back into ignoring 
the phenomenon when looking for cause and effect in noisy rH 
charts. this model allows exploration of the delay.

Figure 6 shows the response of various thicknesses of wood to the 
swing of seasonal rH between summer 70 % rH and winter 30 % 
rH, with spring taken as time 0. Consider the curve for 8 cm wood, 
the peak rH at ~90 days causes peak response at ~140 days, so 
~50 days delayed. the winter (negative) peaks are 270 days and 
~330 days respectively, so ~60 days shifted. this larger winter shift 
is close to the steady state shift that endless seasons produce 
when modelled. The first summer cycle here is not fully developed 
since the values were all set to 0 at this first Spring. The Oseberg 
ship perhaps has wood ~3 to 4 cm thick, but heavily impregnated, 
so that diffusion of moisture in and out is several times slower than 
bare wood, so it behaves as would ~6 to 8 cm of bare wood, so a 
one to two month delay, as found.

Visual bias when reading the risk from annual and daily 
fluctuations in RH

Other papers in these proceedings have noted the difficulty in 
assigning cause and effect when RH fluctuations are a complex mix 
of seasonal plus short-term fluctuations. Bichlmair et al. (in these 
proceedings) and others advocate moving average calculations [14]. 

Figure 7 compares the response to two extreme mixtures of 
daily and seasonal fluctuations, where the visual judgement of 
the thermohygrograph chart can be misleading. the lower rH 
graph looks more risky because our eyes are overwhelmed by the 
daily fluctuations, but when the model calculates the response 
of 1 cm of wood coated with a heavy layer of oil paint or lacquer, 
as in many pieces of furniture, it is the upper rH chart that is 
more risky, by a factor of 2, because only the change in seasonal 
average matters. the daily rH wave only causes a small ripple in 
the object response. Calculating moving averages with different 
averaging intervals is similar to using a Fourier analysis to obtain 
the RH fluctuation spectrum over the course of a year, but it has 
the advantage in detecting rogue waves, big fluctuations caused Figure 6. Strain in 

restrained wood 
(pine, radial) during 
an annual rH cycle 
with summer peak 
70 % rH and winter 
trough 30 % rH, at 
20 °C, for various 
thicknesses of 
wood. thicker wood 
responds less, and 
its peak response is 
shifted more relative 
to the rH cycle. 
Calculated with 
2000 time steps, 
5 per day. Started 
with 0 stress at time 
0. For simplicity, 
1-year rH cycle set 
to 360 days
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by otherwise random waves falling into sync. No method of rH 
graph reduction however, can predict risk if one does not know 
the response time of the object or, in the case of a collection, the 
distribution of those response times.

Fracture probability and object variability in a collection

Figure 8 illustrates the ability of the model to look at collections 
of various objects and predict the number of objects that fracture. 
the objects are layers of oil ground on thick wood (representing 
polychromes). the paint layer varies in stress concentration, either 
due to impasto effects, or flaws, or the non-uniformity of the wood 
grain below the paint. Four different degrees of variability are 
calculated.

The paint responds partially to the daily fluctuations, fully as the 
seasonal rH ramps down then up. response of the wood is slow. 
For the first 25 days the average tension in the paint is climbing, 
due to the slow drift down in rH. the wood has not started to 
shrink itself so as to counterbalance the effect. tension cracks 
grow in number between days one and 25, then stop. after 25 days, 
the shrinkage of the wood becomes significant, average tension 
in the paint drops, tension cracks stop. at day 50, wood and paint 
shrinkage are in balance. at day 100, maximum compression is 
occurring in the paint, although the minimum rH occurred 50 days 
earlier. Steps in the plot of number of cracks (graph d) result from 
the actual counting of objects out of 1000. the cracks all result 
from the long tails of the stress concentration distributions, where 
stress concentration is greater than 3. the collection with sd = 1.5, 
i.e., very little variability, very few flaws, has only 5 cracks. The 
results of figure 8 are preliminary, based on a fixed value of paint 
strength set at 3 MPa, an estimate taken from Mecklenburg’s data 
for strong oil paints [2], midway between the rapid value (~10 s 
tests, ~5 MPa) and the equilibrium value (~3 months, ~2 MPa). 

Figure 7. Modelling 
response of heavily 
coated furniture to 
daily and seasonal 
fluctuations. Only 

half a year is 
shown, autumn-

winter-spring. Zero 
stress assumed in 

autumn. Calculated 
for 1 cm pine, 

radial, coated with 
heavy oil paint or 

equivalent so as to 
increase response 
time to many days. 

Calculated with 
3600 time steps, 

20 per day. Started 
with 0 stress at 

time 0
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Conclusions

a model of a collection of various objects is being built that can 
calculate the probability of fracture formation during complex 
climate fluctuations.

The current model uses a fixed strength to calculate fracture 
probabilities. Until the strength node is built using viscoelastic 
principles, the fracture calculation is not accurate. 

data is missing for the viscoelastic parameters of aged materials 
– modulus, strength, elongation at break, all of which are known to 
change with age. to that end, a Getty Conservation institute project 
utilizing newly developed instruments for measuring mechanical 
properties at the micro scale will play an essential role in providing 
parameters for the model, so that the predictions are believable [15].

the goal of this model is not the simulation of all objects in 
complete scholarly detail, it is the search for a level of analysis 
that is appropriate to practical decisions about managing risk 
to collections. Once completed, the model can be distributed for 
others to play ‘what if?’ with their own collections and risk criteria. 
(analytica™ provides free reader software.)

Figure 8. Layer of 200 μm oil paint, 50 % PVC, on 10 cm limewood, radial 
direction, zero stress in the paint at time 0. For clarity, scales labelled only 
where essential. Daily sinusoidal fluctuation of plus or minus 10 % RH, 
plus a slow linear rH change from 50 % rH to 30 % rH over 50 days, then 
return to 50 % rH next 50 days. Graph a: eMC of the paint layer. Graph 
B: eMC of the wood. Graph C: resultant stress in the paint layer across 
the wood grain. Graph D: Resultant tensile cracks during first 50 days for 
four different collections of 1000 objects, each collection characterized by 
a different degree of variability (sd, standard deviation). Graph e: the four 
distributions of stress concentration used to represent the four different 
collections in graph d: all are log normal, mean = 1, sd as labelled
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Abstract

to better predict the preservational qualities of indoor climates in 
museums, a new method is presented to assess risks to museum 
objects: the specific risk assessment method. The main difference 
from existing methods is that the object’s response time is 
used to convert the measured indoor climate into the climate 
as experienced by the object. Four typical, well-defined objects 
are used in the analysis. For these objects four degradation 
parameters are determined: biological degradation by means of 
mould growth, chemical degradation by means of the Lifetime 
Multiplier and mechanical degradation by means of strain in the 
construction of an object (usually caused by slower changes in 
relatively humidity (rH) over time) and also by looking at stresses 
between construction and decorative layers (usually caused by 
faster changes in rH). 

the outcome of this method of risk analysis is a 4-by-4 matrix 
(objects versus degradation principles) that contains colours 
(green for ‘safe’, orange for ‘damage possible’ and red for ‘damage 
likely’).

the risk assessment method is applied to measurements carried 
out in various types of museum buildings in the Netherlands and 
Belgium, with a wide variety of climate systems. differences in 
object risks in all these buildings are shown.

it is concluded that the newly proposed risk assessment method 
is easy to use in the field. It also contains the newest insights in 
degradation research. in future, it may even be used instead of 
current climate guidelines such as aSHrae guidelines.

Introduction

Climate guidelines are used in museums to minimise the 
damaging effects of temperature and relative humidity. Museum 
objects might be affected by mould growth. they might also 
degrade due to changes in the object’s materials that are chemical 
in nature. Moreover objects tend to swell and shrink when 
temperature and/or relative humidity change over time. this may 
lead to tension or compression in the object’s materials; excessive 
tension or compression may eventually lead to damage. Current 
climate guidelines, however, are based on best practice and are 
very conservative. in a monumental building, trying to achieve an 
indoor climate that matches these strict climate guidelines is a 
difficult task which requires large climate systems, irreversible 
changes to the building and continuous energy consumption.

in the thesis of one of the authors [1] a new method is presented 
that helps determine the risks of temperature and rH to the 
deterioration of objects. This paper briefly introduces this method.

Climate risk assessment in museums

Marco Martens and Henk Schellen
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Background

temperature and relative humidity may lead to three types of 
deterioration. The first, biological deterioration, occurs when 
temperature and relative humidity are in the growth range of fungi. 
the second, chemical damage, is associated with the reaction 
speed of chemical processes which is influenced by temperature 
and humidity. the third, mechanical degradation, is related 
to changes in relative humidity (and temperature to a lesser 
extent), which cause materials to shrink and expand. each type of 
deterioration is discussed in more detail below.

Biological degradation

Fungal growth is one of the main deterioration processes in 
museums across the world. Long-term high relative humidity near 
surfaces is the cause for fungi to appear. according to Sedlbauer 
[2] the substrate material plays an important role in determining 
fungal growth conditions. a model is presented that combines 
temperature, rH, germination time and growth rate on different 
substrate types. temperature, humidity and substrate have to be 
available simultaneously over a certain period of time in order to 
trigger fungal growth. this is currently the most extensive model 
available. Figure 1 displays this so-called isopleths system: a 
combination of four graphs that determine whether fungal growth 
can occur and at which growth rate. 

the germination time is displayed in the left graphs: the 
time needed for spores to become active for combinations of 
temperature and humidity is given. Lines of equal germination 
time, isolines, are plotted; also a minimum is given which is 
marked LiM. the graphs on the right display growth rates for 
combinations of temperature and humidity. isolines are also given 
that connect equal rates. the top graphs are valid for surface 
material type i: biologically recyclable material. the bottom graphs 
correspond to type ii: non-biologically recyclable materials which 

Figure 1. Spore 
germination 

time (left) and 
mycelium growth 

rate (right) for 
material category 

i (biologically 
recyclable 

materials) and ii 
(materials with 

porous structure) [2]
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have a porous structure. type i acts as a nutrient for the fungi 
directly, while type ii is able to capture dust and other particles that 
can function as a nutrient.

the model is used in this way: once the condition near a surface 
of type i or ii is over the lower germination limit, spores slowly 
become active fungi. this takes time, which is displayed in the 
left graph: higher temperatures and higher rH values reduce 
germination time. Once the fungi become active, growth occurs at 
a speed corresponding to the right graph. When conditions over the 
limiting curve do not last long enough to lead to germination, this 
process stops.

Chemical degradation

Chemical deterioration processes in many objects depend on 
or are accelerated by water. the amount of water in materials 
increases as the rH increases, thus increasing reaction speed. 
this reaction speed decreases at low humidities. Usually the rate 
of chemical reactions is empirically described by the arrhenius 
equation. When comparing measurements on the degradation of 
paper at different temperatures and relative humidities, Michalski 
[3] concludes that the arrhenius equation has to be corrected for 
low rH by applying a power law in which n equals 1.3. the Lifetime 
Multiplier (LM) – which is defined as the number of time spans an 
object remains usable when compared to a condition of 20 ºC and 
50 % rH – can be calculated as follows:

(1)

ea is the activation energy, r the gas constant (8.314 kJ/mol); rH 
is relative humidity in percent, while t is temperature in Kelvin. the 
activation energy, the energy that must be overcome for a reaction 
to occur, depends on the type of materials the object consists of. 
according to [3], it ranges between 70 and 100 kJ/mol for most 
materials; 70 for yellowing of varnish and 100 for degradation 
of cellulose. When looking at formula 1 it can be seen that this 
activation energy influences the thermal part of the equation, not 
the hygrical part. the LM is especially important for paper; for 
other materials such as wood, the risks of chemical degradation 
are usually small when compared to the risks of mechanical 
degradation.

Mechanical degradation

Stresses occur in materials due to changes in dimensions or 
externally applied forces. Stresses lead to fracture when the 
fracture strength is reached. Stresses larger than the yield point 
of the material (but smaller than the fracture strength) lead to 
permanent deformation. Both fracture strength and yield point 
are material properties and are determined under laboratory 
conditions. the values are therefore known. in practice, both 
fracture and permanent deformation need to be avoided to prevent 
damage and loss of value of an object.

in stable humidity conditions, damage is encountered only if object 
components are too soft and lack proper support or adhesion or 
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Figure 2. 
dimensional 

change in cotton 
wood for adsorption 

and desorption [4]

Figure 3. the 
response of 

cottonwood to 
changes in rH – 

fully restrained in 
tangential direction 

[4]

are too brittle to cope with being handled. When the indoor climate 
is within the range for normal support of all materials, damage 
can occur due to fluctuations. For damage prediction, dimensional 
change for changing rH values is an important material property. 
Figure 2 shows an example of dimensional change for cottonwood 
(european poplar); most hygroscopic materials behave similarly.

in figure 2, the dimensional change of wood is plotted against 
relative humidity; the rH was increased from 7 % to 94 % (the 
material absorbed moisture) and decreased from 94 % to 7 % (now 
moisture was desorbed). dimensional change during absorption 
differs slightly from this behaviour during desorption; also the 
average curve is given. Smaller absorption and desorption cycles, 
e.g., from 40 % to 60 % back to 40 % result in a more horizontal 
graph, thus causing more uniform changes in dimension. For most 
materials the slope of the graph has its minimum around 50 % 
rH; near 0 % it is twice as steep and at high rH values even three 
times. This has two major implications: fluctuations in the middle 
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Figure 4. the 
response of lime 
wood to changes in 
rH; Step changes 
are displayed as 
solid lines, while 
sloped changes are 
dotted. data from [5]

region of RH cause less stress than the same fluctuations in a low 
or high RH range and if a fluctuation is twice as large the stresses 
caused by this fluctuation are more than twice as large. Please 
note that figure 2 only considers wood in the tangential direction; 
this is the direction in which wood responds the most. in radial 
direction the response is about half the values presented here; in 
longitudinal direction responses are small. But the dependence on 
rH as described above is the same for all directions.

Figure 3 is based on response to a step change in rH of 
cottonwood. For each combination of starting and ending rH, 
the resulting damage can be assessed. Changes in the elastic 
region (in between curves for yield strain = 0.004) do not cause 
degradation to paintings. Changes in the failure region immediately 
lead to cracks in materials. in between these regions, plastic 
deformation occurs which might lead to failure after several rH 
change cycles. response time of wood is not taken into account; 
moreover also fatigue and relaxation are neglected.

Jakieła et al. [5] modelled a lime wood cylinder with a diameter of 
13 cm that was in equilibrium with different rH levels. Step and 
diurnal changes were applied. dimensional changes and therefore 
stresses in the wood were calculated; these stresses were related 
to damage. Figure 4 displays the results. the step changes 
correspond to the solid lines while the diurnal changes correspond 
to the dotted lines.

While elastic deformation is considered to be a fully reversible 
deformation, larger deformation, in the plastic area, can lead to 
cracking of materials after some time. Bratasz [6] published figure 
5, showing which strain leads to cracks in the gesso layer applied 
to a lime wooden specimen. For lime wood, strains less than 0.15 % 
do not lead to damage, not even in the long term. a strain of 
0.45 % leads to cracking of the gesso after just one cycle. 
intermediate strains need a certain number of cycles before the 
first crack occurs; 0.4 % corresponds to 200 cycles. This means an 
expected time of 200 years for a first crack to appear in the object 
if this cycle has a period of one year; if there is a weekly cycle, this 
time is only four years.
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the response time of materials should also be taken into account. 
Very fast cycles are not noticed by the bulk of the material, so 
there can be no full response to these cycles. Bratasz [6] published 
figure 6, in which is shown for two lime wooden panels – 10 and 40 
mm thick – which amplitude leads to damage to the gesso layer 
when taking into account the duration of rH change. a period of 
100 years is taken into account, so if the duration of the rH change 
is one day, there will be 36500 cycles in 100 years; according to 
figure 5 the corresponding strain is 0.19 %.

the lines in figure 6 have a minimum; very slow changes lead 
to lower stresses and strains because of relaxation. this also 
corresponds to figure 5; step changes have a very short period 
while diurnal changes have a longer period, so diurnal fluctuations 
can be greater than step changes to cater for an equal amount of 
damage.

Figure 5. Number 
of cycles before 

strain leads to 
cracking; the 

horizontal dotted 
line represents a 

safe limit for which 
strain will not lead 

to damage. the 
vertical dotted 

line represents 
36500 cycles (daily 

changes lasting for 
a century) [6]

Figure 6. rH 
variations which do 
not cause damage 

to gesso on lime 
wooden panels of 

10 and 40 mm thick 
during a period of 

100 years [6]
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Figure 7. example 
of one week 

response, one 
month response 
and three month 

response to 
measured rH

it is important to note that results displayed in figure 6 are only 
valid for changes in rH around 50 % rH and for sine signals of 
constant amplitude and period.

Method

The object-specific risk assessment method consists of a 
determination of the magnitude of risk for each of the degradation 
principles for four well-defined objects. Instead of measuring the 
climate around the object, the climate experienced by the object is 
taken into account. the response time of an object to changes in 
rH is used to calculate this experienced climate.

Response time

Objects do not react instantly to changes in rH; it takes some time. 
Moreover, this response is not linear but exponential. therefore a 
definition of response time is needed. It is defined as the amount 
of time in between the actual change in rH and the object reaching 
95 % of that change. the response time can be used to calculate 
the rH that is actually experienced by the object out of the rH 
measured close to the object, as:

(2)

the running average rH at time i is determined by taking the 
previous running average rH (at i-1) and adding a small fraction 
of the current rH. this has to be divided by one plus that fraction. 
the fraction is 3/n, in which n is the number of data points in the 
response time. the 3 is caused by the choice to take the 95 % value 
as response time. When the response time is 2 days and hourly 
values for rH are available, n equals 48.

as you can see, formula (2) greatly depends on the previous value 
of rH. it is important for a good representation that a longer 
period is measured than the period analysed. Figure 7 shows 
the experienced rH for response times of a week, a month and a 
season.
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Four typical objects

to make an estimate for collection risk out of temperature and 
relative humidity data, more information about objects is needed. 
Materials, type of object and construction all play an important role 
in damage prediction. Objects are needed that are well defined, 
that represent part of most mixed collections in museums and 
that have already been researched in the past. Four objects were 
selected: i) paper; ii) a painting on a wooden panel; iii) a Japanese 
lacquer box and iv) a wooden sculpture. in this section these 
objects and their physical properties are described.

For paper objects, biological and chemical degradation are the 
most important mechanisms, since mechanical damage does 
not occur unless brittle books are handled without special care. 
response times for paper and opened books range from several 
hours to three days. a single piece of paper responds in minutes, 
while a book that is placed in a closed cabinet has a response time 
of six to nine months.

Painted wooden objects consist of various materials: different 
types of wood, hide glues, gesso composed of glue and gypsum 
or chalk and different kinds of paint and varnish. Paint itself can 
include wax, egg tempera, oils or combinations of these. Figure 6 
is used to check whether cyclic changes in relative humidity lead to 
damage to the decorative layer.

Small risk (green) Medium risk (orange) High risk (red)
Biological damage
Mould

SaFe
Germination factor ≤ 0.2

GerMiNatiON?
Germination factor > 0.2 & 
Mycelium growth = 0 mm

MM GrOWtH
Mycelium growth > 0 mm

Chemical damage
Lifetime Multiplier

LM > 1 0.5 < LM ≤ 1 LM ≤ 0.5

Mechanical damage
Base material

SaFe
in elastic region

daMaGe POSSiBLe
in plastic region

daMaGe LiKeLY
in failure region

Mechanical damage
Pictorial layer

SaFe
difference between rH 
experienced and annual 
mean < 15 %

daMaGe POSSiBLe
difference between rH 
experienced and annual 
mean > 15 %

daMaGe LiKeLY
amplitude and period 
of fitted sine function > 
‘gesso on 10 mm wood’

Degradation
Biological Chemical Mechanical
Mould growth Lifetime Multiplier Base material Pictorial layer

Paper Sedlbauer [2] 
(Figure 1)

Formula 1, ea=100 MJ/mol - -

Panel painting Sedlbauer [2] 
(Figure 1)

Formula 1, ea=70 MJ/mol Mecklenburg [4] 
(Figure 3)

Bratasz [7] (Figure 6)

Furniture Sedlbauer [2] 
(Figure 1)

Formula 1, ea=70 MJ/mol Bratasz [7] (not 
displayed)

-

Sculpture Sedlbauer [2] 
(Figure 1)

Formula 1, ea=70 MJ/mol Jakiela [5] 
(Figure 4)

-

table 2. determination of risks for each degradation principle

table 1. analysis method for each object and each degradation principle
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a 1-cm thick piece of wood that is varnished or painted has a 
hygroscopic halftime of six days, which corresponds to a response 
time of about 26 days. Near the surface (just under the varnish or 
paint) the halftime is about one day, corresponding to a response 
time of 4.3 days.

the Japanese lacquer box is an example of a very delicate piece of 
furniture. this box was made in 1640. it is the subject of research 
in the Victorian and albert Museum in the UK. it was completely 
restored; its physical properties were examined by Bratasz et al. [7].

There are two areas of restraint in the box. The first restraint 
corresponds to assemblies of cross-grained wooden elements. 
Secondly the lacquer is fully restrained in the direction parallel to 
the grain of the wooden panel it is glued to. in order to minimise 
degradation, strain in the materials considered should not exceed 
their yield points in either compression or tension. this yield point 
is estimated at 0.4 %, the same as in other multilayer components.

Moisture diffusion is not instantaneous; moreover, lacquer acts 
as an additional barrier for the wooden panel under the lacquer, 
thus minimizing the risks of short fluctuations in RH; risk of full 
response by drying or wetting of the entire panel remains. the 
response time for this full response is about 40 days. Bratasz uses 
a running average of two months to calculate the experienced rH 
from the room rH [7].

Figure 8. example 
of the specific risk 
assessment method 
for a museum
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Wooden sculptures are made of one or more pieces of wood, which 
can be of various types. Most wood carvings are solid. decorative 
layers, if applied, are usually thin and open to water vapour. the 
main problem regarding sculptures is a gradient over the wood. 
the outer layer responds fast to changes in relative humidity 
(response time of about 10 hours) while at a few centimetres 
depth the wood responds very slowly (about 15 days). differences 
in moisture content between inner parts and the surface cause 
stresses in the material. Cracking might occur if stress levels 
become too high.

Assessing the risks

For each object a slightly different approach is followed. table 1 
provides an overview of the analysis method for each object and 
type of degradation. Mould growth analysis uses the climate 
around the object (the room climate). Chemical degradation 
analysis uses the climate experienced just below the protective 
layer (varnish). For mechanical damage, both the experienced 
rH just below the protective layer and the bulk of the material is 
needed. table 2 shows how risks are coupled to the analysis of the 
deterioration types.

Results

Figure 8 shows the result for the specific risk assessment method 
in a heated room in a monumental building. there is no risk for 
mould growth on any of the four objects since no data can be found 
in the germination area (top left graph). 

the lifetime multiplier is larger than 1 for three objects; paper 
objects experience a shorter lifetime because of their higher 
activation energy. the top middle graph shows that during summer 
LM is low, while in winter due to low rH the LM is high. When 
looking at mechanical damage to panel paintings (bottom left 
graph), furniture (bottom middle graph) and wooden sculptures 
(bottom right graph) all data points are within the elastic area so 
risks of mechanical damage are small. Finally, when assessing 
damage to the pictorial layer of the painting, moderate risks are 
encountered: there is a yearly fluctuation of more than 15 % in RH, 
but this does not exceed the line for gesso on 10-mm wood (top 
right graph).

Figure 9 shows the same result but now in a simplified form. Each 
level of risk is represented by a colour.

Figure 9. example 
of the specific risk 

assessment method 
in simple form for a 

museum
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When this method is used in various types of building each using 
another climate system and set points, differences in risks can 
be seen instantly. in figure 10, the risks in three locations in two 
different buildings are displayed.

the left picture shows no risks at all. Yet this is an unheated room 
in a monumental building which, according to most standards, has 
an excessively wide temperature range (between 5 and 25 ºC) and a 
high rH (average 55 %, maximum 68 %). But because of the slowly 
changing temperature, rH is fairly constant through the seasons 
and poses little risks to the objects examined.

the middle picture shows increased risks of chemical degradation. 
In this building, heating, cooling and (de)humidification are used 
to keep a comfortable temperature (21 ºC) and constant rH (52 %) 
throughout the year. the chemical degradation is slightly higher 
when compared to 20 ºC and 50 %, which results in an increased 
risk.

the right picture shows the indoor climate in the same room as the 
middle picture, but now in a corner near the monumental envelope. 
Because of the lower temperatures near the envelope the rH is 
too high and causes fungal growth. the lower temperature reduces 
chemical degradation for paper, but risks for the other objects are 
moderate to high.

this example shows that low-risk indoor climates can exist, 
sometimes even without the use of climate systems. Moreover, 
using climate systems with set points that do not match the 
building and the outdoor climate might cause dangerous climates 
near the edges of the building envelope.

Conclusions

The specific risk assessment method calculates risks for four 
objects. the results are easy to interpret: colours indicate the 
amount of risk for each object. the response time of objects is very 
important for the determination of the climate experienced by an 
object. remember that damaged objects tend to have a shorter 
response time and therefore react differently from undamaged 
objects.

Climate guidelines usually are very conservative and based on best 
practice. By using the specific risk assessment method instead, 
indoor climates can deviate from these conservative guidelines and 
still pose little risk to the objects. this opens various opportunities: 
creating indoor climates that also limit damage to the building, use 
less energy and/or require less system capacity. 

Figure 10. Overview 
of the climate risks 
in three different 
locations: an 
unheated room 
(left), a heated and 
(de)humidified room 
(middle) and near 
the envelope in a 
heated and (de)
humidified room 
(right)
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Abstract

in the european project Climate for Culture we are trying to 
evaluate the risks for valuable historical objects exposed to 
changing indoor conditions due to external climate change. there 
is an extensive literature on the risks to objects exposed to varying 
indoor climate conditions. For some well-defined objects, like 
wooden paintings, experiments and computer simulations have 
led to descriptions of safe boundary conditions to prevent various 
types of damage such as mechanical damage. these results, 
however, have not yet been used in a systematic way to evaluate 
risks for objects exposed to existing or predicted indoor climate 
conditions.

Within the Climate for Culture project, we have investigated 
whether the results from literature can be used to construct 
so-called damage functions to evaluate the risks for objects. 
Furthermore, computer simulation models have been used to 
calculate the expected indoor climate of buildings exposed to a 
varying outdoor climate. this outdoor climate might be constructed 
from a historical data file (more than 100 years ago), the present 
(less than 50 year ago) or predicted future data from outdoor 
climate prediction computer models (for the next 100 years). 
the simulated indoor climate will create the input for the risk 
evaluation. the input might be coupled to damage functions to 
directly predict the risks for damage to objects. this paper deals 
with the modelling approach and shows the potential for damage 
risk evaluation. the historic, present and future indoor climate 
conditions in a characteristic historic building have been modelled 
and the damage risk to historical objects has been compared when 
the building is virtually placed in 468 different locations in europe. 
in this way, the impact of future climate change on the indoor 
climate conditions in a building and the damage potential to its 
collection can be assessed for areas across europe. 

Introduction

Future outdoor climate scenarios indicate that the outdoor climate 
is changing and will continue to do so in the near future. this 
change might greatly affect vulnerable historic buildings and their 
valuable interiors and objects. in the european project Noah’s ark, 
the impact of global climate change on european built heritage 
and cultural landscapes was analysed [1]. this project mainly 
focused on the damage potential of outdoor climate change to 
historic building façades. the results indicated that buildings may 
be at risk in many areas in europe due to increased amounts of 
precipitation as well as longer periods of consecutive precipitation. 
Within the european project Climate for Culture (CfC), we want 
to assess the impact of climate change on the indoor climate 
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risks of damage to objects exposed to varying indoor 
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in historic buildings. We have used outdoor climate data from 
historical and recent weather files and numerical weather 
prediction models, provided by our partners in the CfC project, 
to analyse outdoor climate changes. The outcomes are data files 
with (hourly) values of the historical, present and future outdoor 
climate. We had already developed building physical computer 
simulation models to predict indoor climates of buildings, using 
(hourly measured) weather data files compiled by meteorological 
institutes over the past 50 years. For example, Meteonorm [2] 
provides weather data files for over 100 weather stations across 
europe that represent an average climate for that location for a 
period of one year. Up to now, these data have generally been used 
to predict the indoor climate and energy use of buildings in the 
design stage of a building, or later. the impact of future climate 
change on historic buildings was considered and modelled in a 
study that compared the future indoor climate within a historic 
house for several locations in europe and coupled the results 
with damage functions for paper and salts [3]. the authors of this 
article derived a linear transfer function between the indoor and 
outdoor climate for each month during their research period. 
However, these transfer functions may not consider variable 
internal heat loads due to irregular use of shading devices and 
differences in building use, and the functions cannot accurately 
take into account climate control systems. With hygrothermal 
building simulation models it is possible to vary internal heat 
loads, ventilation rate and climate control set points per hour 
to obtain an accurate prediction of the indoor climate. two 
preliminary studies that used hygrothermal building simulation 
models to predict the impact of future climate change on two 
historic buildings in Western europe and compared the present 
indoor climate conditions in a historic church for different 
locations in europe can be found in [4] and [5], respectively. in the 
current paper, historical, present and future outdoor predicted 
climate data are used as input for building simulation models to 
predict the changing indoor climate in a historic building all over 
europe. Based on these predictions we have tried to estimate 
the possible damage to valuable objects using so-called damage 
functions. damage functions are determined by placing objects in 
a laboratory environment and subjecting them to artificial indoor 
climate conditions. From the way the object responds (the damage 
caused to it), we can then predict possible damage to valuable 
artefacts in the future. 

to date, there is little literature providing a coherent approach from 
outdoor to indoor climate, microclimate and predicted damage 
on objects. in this paper we attempt to provide and evaluate such 
an approach. in the next section we will describe the computer 
simulation method that was used to predict the indoor climate 
as a result of the outdoor climate and building properties, the 
meteorological data that were used and the historic reference 
building that was investigated. We will then go on to describe 
the damage functions used to evaluate the risk of deterioration 
of valuable objects induced by indoor climate conditions. 
Furthermore, we will describe results from one case study using 
the simulation approach for the indoor climate evaluation in the 
past, present and future. Finally, the conclusion and discussion will 
be set out.
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Method
Simulation model

the indoor climate simulation model HaMBase [6] was used to 
evaluate the climate conditions within a historic building. With 
HaMBase, the thermal and hygric indoor climate and energy use 
for heating and cooling of multi-zone buildings can be simulated 
using building material properties, outdoor air temperature and 
relative humidity (rH), diffuse solar radiation on a horizontal 
plane, direct normal radiation and cloud coverage. the programme 
makes use of a standard weather file with boundary conditions for 
air temperature, rH, wind velocity and direction, solar radiation 
and cloud cover. these data are usually derived from measured 
weather data from meteorological weather stations. in our case 
the data were obtained from the royal Netherlands Meteorological 
institute (KNMi). We made use of hourly measured data from 
1960–2012 in a standard format, delivered by KNMi [7]. For these 
so-called recent past files, the meteorological data already stored 
are: diffuse solar radiation [W/m2], air temperature outside [°C], 
direct solar radiation (plane normal to the direction) [W/m2], 
cloud coverage [1–8], rH outside [%], wind velocity [m/s] and 
wind direction [°]. the indoor climate (derived from HaMBase) is 
characterised by three properties that are assumed to be uniform 
in the zone: air temperature, radiant temperature and rH. 

Artificially generated historical climate data

to evaluate the effects of climate change over a much longer 
period, we can make use of historical measured handwritten, 
and afterwards digitised, weather data. From the KNMi database, 
ancient climatic data from the 1850s can be obtained for six 
weather station locations in the Netherlands. these data consist 
of meteorological data that involve wind directions, wind pressure, 
temperatures, daily precipitation, surface air pressure, cloud cover 
and rH which were manually recorded three times a day. However, 
to use these data in a simulation model we need semi-continuous 
data with time intervals of an hour. So the manually recorded 
data had to be interpolated to hourly data. the interpolation 
was calculated based on hourly data available in the measured 
data file from KNMI over the years 1971 to 2005: the recent past 
files. In general, the MATLAB interpolation function balances the 
smoothness of the missing data in the ancient files with the recent 
past files. As mentioned previously, the data in the ancient files are 
based on three time intervals, and the interpolation will estimate 
the values that are in between these known data points to match 
the unknown missing data with known data from the recent past 
files. The data were selected on the basis of a best fit in a period 
in the recent past files, comparable with the period during the 
examined year, i.e., with comparable sun elevation and azimuth. 
the interpolation searched for the same value at certain time 
within the same time interval of the given available data in the 
ancient climate file. In this way, historical outdoor climate data 
files for the years 1881 until 1896 were created. For example, on 1 
January 1881, the cloud cover at one of three recorded times was 5. 
So, in the weather file of 1971 to 2005, also on 1 January, the data 
would look for the same value of cloud cover of 5 in a comparable 
time interval. this cloud cover value was used to calculate the ratio 
of the solar radiation in the historical weather file. The missing 
hourly values for temperature and rH were calculated by linear 
interpolation.
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Present meteorological data

Meteorological data from the regional climate model reMO of 
the Max Planck institute for Meteorology [8] were used to analyse 
the outdoor climate in europe. the reMO model is based on the 
former europe model: a numerical weather prediction model from 
the German Weather Service [9]. reMO can be used for weather 
forecast and future climate simulations on a grid with a minimum 
horizontal resolution of approximately 10 km. in reMO, climate 
data from the reference period 1961 to 1990 were used for a control 
run. the weather forecast, however, could not be predicted for 
individual days, but it is possible to generate an assumption for the 
average conditions for an area and the probability and magnitudes 
of the deviations from this average. the general averaging period 
is 30 years. reMO data for air temperature, surface temperature, 
rH, precipitation, wind speed and direction and global radiation 
were provided with a temporal resolution of one hour. For the 
evaluation of the present climate, a dataset was composed of 
climate measurements in multiple weather stations throughout 
europe from 1960 until 1990 to represent characteristic climates 
for the different regions and locations. the meteorological data 
were then interpolated on a regular grid over europe. Figure 1 
shows an overview of locations and altitudes of the 468 grid points 
which were used. Some weather locations are located at very high 
altitudes (> 1000 m). The weather data provided for these locations 
may considerably differ from weather data from nearby stations 
at lower altitudes. the alps and dolomites are examples of such 
locations.

Future outdoor climate scenarios

reMO recently produced ‘future’ outdoor climate scenarios for two 
31-year periods: near future (2020–2050) and far future (2070–2100) 
for all 468 grid locations over europe. the scenarios were based 
on the intergovernmental Panel on Climate Change (iPCC) a1B 
emission scenario for the period 2001 to 2100 [10]. this emission 
scenario assumes a world of very rapid economic growth, a global 
population that peaks in the mid-century and rapid introduction of 
new and more efficient technologies that balance between fossil-
intensive energy sources and non-fossil energy sources.

Figure 1. Overview 
of the locations 
and altitude of 

the modelled 
meteorological 

datasets on a 
uniform grid over 

europe
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Reference building

Three requirements have been defined for the reference building: 
it has to be a historic building, it has to represent a typical building 
style that can be found all over europe and it has to be in use for its 
original function. a small church near eindhoven, the Netherlands, 
was selected (Figure 2). the church, which was built in the 
nineteenth century, has been registered as a state monument 
since 1968. the building is frequently used for services, marriages 
and funerals. 

Continuous on-site measurements of the air temperature, surface 
temperature, and rH at various locations in and around the 
church were started in March 2011. in addition, measurements 
of the air exchange rate and heat flow through the walls were 
carried out. these data were used to validate the HaMBase model. 
a comparison between the measured and simulated indoor 
temperature, rH and humidity ratio is presented in figure 3. it 
should be noticed that in the simulation model, the number of 
visitors during ceremonies was kept constant and only ceremonies 
on Sunday morning were taken into account. the simulated 
temperature generally varied within plus or minus 2 K of the 
measured temperature, rH was predicted within plus or minus 
10 % of the measurements and the humidity ratio was predicted 
within plus or minus 2 g/kg of the measurements. 

Damage functions

Martens [11] developed a new method to assess damage in objects 
due to the indoor climate. His method is based on the indoor 
climate an object is experiencing. this climate is derived from the 
measured indoor climate, using the response time of the object 
according to:

(1)

Figure 2. the 
historical reference 

building
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The response time is defined as the time needed for an object to 
react by 95 % to a step change in RH. A 95 % response is defined as 
95 % of the end value the object will reach, i.e., (fx-fstart)/(fend-fstart) = 
0.95. n equals the number of measured data points in the response 
time. in the formula rHresponse of an object at time i is determined 
by taking the previous rHresponse at (i-1), adding a fraction of the 
current rH in the room and dividing by 1 plus that fraction. For a  
95 % reaction, the fraction equals 3/n.

Biological degradation

a method of Sedlbauer [12] is used to determine biological 
degradation by fungal growth. Combinations of temperature and 
rH determine whether the fungus germinates or grows.

Chemical degradation

the concept of the Lifetime Multiplier (LM) is used here to describe 
the time an object is usable, compared to a reference indoor 
condition (20 °C and 50 % rH). apart from t and rH, the LM also 
depends on the activation energy, which is a material property 
[13]. A small risk of chemical damage may occur when LM > 1, 
a medium risk may occur when 0.75 ≤ LM < 1 and a high risk is 
predicted when LM ≤ 0.75. 

Mechanical degradation

Hygroscopic materials react to changes in rH by absorbing or 
desorbing moisture from the air. the changes in moisture content 
imply dimensional changes of the materials. if these materials 
are not free to expand or contract, stresses occur in the object, 
which may lead to damage by mechanical degradation. as panel 
paintings are representative objects in many historic buildings, 
the hygroscopic and mechanical behaviour of panel paintings 
have been the subject of a number of extensive studies, e.g. [14 
to 16]. in this paper, therefore, panel paintings are chosen as 
reference objects for mechanical degradation. For this kind of 
painting, two types of mechanical damage are important: damage 

Figure 3. Validation 
of the indoor 

climate simulation 
model of the 

sanctuary in the 
reference building 
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to the wood support and damage to the pictorial layer. damage to 
the wood support may occur when the entire object responds to 
a slow change of rH over time. the dimensional changes of the 
object may be hindered by the construction of the object and lead 
to damage, such as cracks. damage to the pictorial layer may 
occur when rH variations last longer than the response time of 
the panel. the moisture content within the panel changes and the 
object will swell or shrink. as the response of the gesso layer to 
rH variations is very fast, the mismatch in the response of gesso 
and the unrestrained wood support can lead to fracturing of the 
pictorial layer. 

Results
Predicted historical indoor climate in the reference building 

a prediction of the historical indoor climate in the reference 
building was generated by combining the indoor climate simulation 
model with the artificially generated historical climate data as 
described in the Method section. in the simulation model it was 
considered that the building remained unheated and that weekly 
ceremonies on Sunday morning were attended by 50 people on 
average. the estimated temperature, rH and humidity ratio in the 
year 1882 are shown in figure 4. 

it is predicted that the minimum indoor temperature is slightly 
below freezing point and that the maximum indoor temperature is 
around 25 °C. High rH values are predicted: rH remains above 60 % 
for most of the year and regularly exceeds 90 % in winter. 

Present indoor climate in the reference building, virtually placed 
all over Europe 

the calculated meteorological data and damage risks were 
interpolated to a grid over europe. the grid used has a resolution 
of 376 x 226 data points and covers the area between 30 °N to 
75 °N and 28 °W to 45 °e. the mean indoor temperature and 
humidity ratio in the recent past (1960 to 1990) are shown in figure 

Figure 4. Predicted 
historic indoor 
climate conditions 
inside the church in 
1882
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5. the mean temperature inside the church when it is virtually 
placed all over europe varies between -4 and 28 °C, while the 
mean humidity ratio varies between approximately 3 and 11 g/
kg. in northern europe, the average indoor climate in the 31-
year period is characterized by low mean temperatures (-4 to 10 
°C) and mean humidity ratios varying between 3 to 6 g/kg, which 
leads to high mean rH values (80 to 90 %). the indoor climate in 
the Mediterranean area is generally warm (12 to 20 °C) and has a 
mean humidity ratio of 4 to 7 g/kg inland and 7 to 10 g/kg in coastal 
areas, leading to a medium mean rH (40 to 60 %). in between, the 
area around the United Kingdom and ireland shows a temperate 
climate (10 to 15 °C) and a medium mean humidity ratio (6 to 7 g/kg) 
leading to a high mean rH (75 to 80 %).

Future indoor climate in the reference building, virtually placed 
all over Europe

the impact of future climate change on the indoor climate 
conditions in the reference building was predicted by calculating 
the difference in mean temperature and humidity ratio between 
the recent past, near future and far future. Figure 6a shows that 
in the near future, the average indoor temperature may increase 
by approximately 1 K in western europe and 1.5 to 2 K in southern, 
eastern and northern europe. a small increase in the mean 
humidity ratio is predicted in all areas, varying between circa 0.2 g/
kg in southern europe and 0.5 g/kg in eastern europe (Figure 6b). 
Consequently, the mean rH may slightly decrease in most areas, 
in particular in southern europe. Larger changes are predicted in 
the far future: the mean indoor temperature increase in western 
europe is approximately 2 K, while a mean indoor temperature 
rise up to 4 K may occur in northern and southern europe (Figure 
6c, please note that the scale differs from figure 6a as it has been 
adjusted to the minimum and maximum value in the figure). The 
predicted mean humidity ratio change is highest in eastern europe 
and the coastal areas (1 to 1.5 g/kg) and smallest in Great Britain, 
Norway and in the inlands of southern europe (Figure 6d). 

Damage functions

the previously described damage functions were used to 
predict the risks of fungal growth and chemical and mechanical 

Figure 5. Mean 
temperature and 

humidity ratio 
inside the sanctuary 

when the church is 
virtually placed all 

over europe
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degradation, based on the calculated indoor climate for the 
unheated reference building in the recent past, near future and 
far future. For the recent past weather data, an average amount of 
mould growth over 100 mm per year is predicted in Great Britain 
and the coastal areas of western europe and Scandinavia. Mould 
growth may considerably increase in near future and far future in 
and around these areas, while the predicted mould growth risk in 
southern europe remains low (Figure 7a). the LM in the recent 
past is larger than 1.0 for most areas in europe, except for part of 
the coastal areas in southern europe. the LM gradually decreases 
in the near future and far future, which causes an increased risk 
of chemical degradation of objects particularly in coastal areas 
in southern and western europe (Figure 7b). there is no location 
in europe where the indoor climate conditions in the reference 
building may prevent mechanical degradation of the wood support 
or pictorial layer of panel paintings. damage to the wood support is 
likely in some areas in northern europe in the three periods, but no 
consistency is found between the locations where this high damage 
risk is predicted (Figure 7c). damage to the pictorial layer is likely 

Figure 6a. Mean indoor temperature change from 
recent past to near future (a positive change means a 
temperature increase in near future)

Figure 6c. Mean indoor temperature change from recent 
past to far future (a positive change means a temperature 
increase in far future)

Figure 6b. Mean indoor humidity ratio change from recent 
past to near future (a positive change means an increasing 
humidity ratio in near future)

Figure 6d. Mean indoor humidity ratio change from recent 
past to far future (a positive change means an increasing 
humidity ratio in far future)
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Figure 7a. Predicted average annual mould growth [mm] in recent past, near future and far future 

Figure 7b. Predicted average annual lifetime multiplier in recent past, near future and far future

Figure 7c. Predicted mechanical degradation of wood support in recent past, near future and far future 

Figure 7d. Predicted mechanical degradation of pictorial layer in recent past, near future and far future
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in the recent past and near future in many areas in northern, 
eastern and southern europe. in the far future, damage is likely in 
almost all areas (Figure 7d). 

Conclusion and discussion

this study presents a modelling approach to predict the historical, 
present and future indoor climate conditions in a historic building, 
when it is virtually subjected to an outdoor climate at various 
locations across europe. the predicted indoor climate conditions 
were calculated from a building simulation model. Based on the 
predicted indoor climate conditions, the damage potential of 
biological, chemical and mechanical deterioration were evaluated 
for the three periods of interest. 

the preliminary results show that it seems to be possible to predict 
the indoor climate conditions and risk for damage in a building 
over a large area, using regional climate data from the past, 
present and future. Based on the applied future outdoor climate 
scenario, a small increase in indoor temperature and humidity 
ratio is predicted in the near future, while a considerable rise 
in temperature and humidity ratio may occur in the far future. 
damage evaluation shows that there are no places in europe where 
no damage to objects is to be expected in the recent past, near 
future and far future. in cold, humid climates, the risk for chemical 
degradation is regularly low, while the risk for mould growth and 
mechanical damage is rather high. in contrast, in warmer dry 
climates, mould growth risks are rather low, while chemical and 
mechanical degradation are more important. Climate change 
may considerably increase the mould growth risk in northern and 
western europe. additionally, a higher risk of chemical degradation 
may occur particularly around coastal areas in western and 
southern europe. No consistent impact of climate change on the 
predicted mechanical degradation of panel paintings was found. 

One of the most critical problems in using this approach is 
the uncertainty in people’s use of the building and its heating, 
ventilation and air conditioning systems. also the fact that 
materials will adapt to the long-term local situation is not taken 
into account. in addition, the current outdoor future climate 
scenario is based on only one iPCC emission scenario, which 
means that there is a high uncertainty in these data. in the near 
future, more generic building types for different areas in europe 
will be selected to acquire more appropriate reference buildings 
for each location. Furthermore, the microclimate around objects 
could have an essential influence on the risk evaluation of objects 
and should be a subject of future research. More objects will be 
included in the potential damage analysis, e.g., wooden organs, 
and the impact of climate control systems and climate adaptive 
measures will also be investigated. the risk maps presented are 
not yet suitable for climate management in historic buildings, but 
should be seen as illustrative examples of potential impacts and 
risks. 
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Abstract

Predictions of future indoor climate and damage are presented 
for Knole, a historic house with collections on open display. the 
process of applying damage functions is discussed, particularly 
with reference to their application with future climate data, where 
it is not practical to read off the damage associated with the 
corresponding temperature and relative humidity from a graph. 
results suggest summer months will be warmer but less humid 
in the future, and winter months warmer and slightly more humid. 
damage to paper is predicted to increase, as it the risk of mould 
growth and insect pest activity. damaging dimensional change 
events of wood are predicted to decrease. 

Introduction

damage functions are commonly used in conservation science; 
they help relate environmental conditions to material damage. 
these environmental parameters often include temperature, 
relative humidity (rH) and pollution concentrations. they 
are particularly useful for assessing an environment for its 
preservation potential, or the risk of damage it may pose. a typical 
use of a damage function is to apply it to measured data to predict 
the level of damage expected to occur. this may be carried out for 
a number of reasons, for example to assess possible locations for 
new storage areas, or to understand the potential damage that has 
been caused to a collection over time.

recent work, such as that by the NOaH’s arK group and the 
authors here [1 to 4], has applied damage functions to future 
climate predictions. it is widely accepted that the future outdoor 
climate will change. Predictions suggest that temperatures 
will rise, along with changes in other important environmental 
variables [5]. Previous work has considered the impact that climate 
change will have upon cultural heritage outdoors, but it is only 
recently that the focus has shifted to assessing the possible impact 
of climate change on the indoor environment [3]. typically indoor 
environments are seen as more stable than outdoors but usually 
the most sensitive objects are stored indoors. additionally, many 
historic properties lack active climate control, thus their indoor 
environments can be heavily influenced by outdoor climates. 
therefore, a future changing outdoor climate may impact upon the 
indoor climate, and collections on open display in historic houses 
may be susceptible to these changes [3].

Methods

the focus of this paper is to consider the application of damage 
functions to predicting future damage from a changing indoor 
environment, however, it is important to describe the process 
of predicting the indoor climate. to summarise, future outdoor 
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climate predictions from a climate model are coupled with building 
simulations to predict the future indoor environment. these 
predictions can be used in conjunction with damage functions to 
forecast future damage, and compare how this changes from the 
baseline.

Climate

Future climate output was taken from the United Kingdom climate 
projections (UKCP09) weather generator, which uses Hadley 
model HadCM3 output [6]. the weather generator output has a 
very high spatial resolution, covering an area of 5 × 5 km, allowing 
for assessment of specific sites. The output is in the form of 
statistically plausible daily time series for 30-year periods, there 
are eight of these 30-year periods. The first is the baseline period, 
1961–1990, and this is followed by periods centred in the 2020s, 
and for each following decade to the 2080s [3, 6]. Climate models 
are driven by emission scenarios, which describe how emissions 
will change in the future; due to the uncertainty of the emissions 
scenarios, a number of possible climate model scenarios are 
generated. the weather generator has three possible emission 
scenarios, corresponding to the SreS, which are the scenarios 
developed by the intergovernmental Panel on Climate Change: 
the low (B1), medium (a1B) and high (a1F1) scenarios [7]. the 
weather generator runs 100 times, allowing for an assessment of 
the uncertainty of predictions [3]. the scope of the UKCP weather 
generator is limited to the United Kingdom; previous work has 
used the underlying Hadley model, HadCM3, to assess locations 
beyond the UK although this has not been entirely successful [1, 3].

the work in this paper focuses on Knole, a historic house run by 
the National trust near Sevenoaks in Kent. Observations of indoor 
climate (temperature and relative humidity) are available at Knole 
for the period Jan 2001 to dec 2009. Unfortunately, as the outdoor 
observations are incomplete the record from Gatwick (30 km 
away) was adopted, as it correlates well with the available outdoor 
observations at Knole [3]. two rooms at Knole are considered, the 
Cartoon Gallery and the Leicester Gallery, both contain a mixture 
of collections and both are unheated spaces. 

Building simulation

typically, building simulation is used for new buildings but it 
has also been applied to historic buildings previously [8]. Often 
complex building simulation programmes are used, requiring 
a considerable amount of parameterisation, which can be 
problematic. For example, it is not always possible to determine 
the cross section of a historic wall. in this work it was decided to 
use a simple transfer function to estimate the indoor temperature 
and relative humidity. the transfer function mathematically 
relates the indoor environment and outdoor environment, thus 
simplifying the building simulation process. One of the drivers 
behind this was to make building simulation more widely available 
to heritage organisations, thus the process had to be simpler and 
easier to define. Complex building simulation models usually 
require great expertise and usually a building scientist, and even 
then sometimes assumptions must be used within the models [8]. 
although the transfer function is more simple, it is still accurate 
[3]; in the process of predicting future indoor climate the greatest 
uncertainty lies in the climate models.
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the relationship between the indoor and outdoor environment is 
described by the simple linear form y = ax+b, where x is the daily 
outdoor temperature or specific humidity, y the indoor temperature 
or specific humidity and a and b are the regression coefficients. 
the transfer function is calculated on a monthly basis to allow for 
seasonal changes in climate and changes in the pattern of room 
use [3]. The temperature and specific humidity are combined to 
estimate the relative humidity. at Knole the prediction of the indoor 
environment over the nine-year period accounts for more than 90 % 
of the variance, and gives satisfying indoor predictions [3].

two rooms from Knole are compared to highlight the individual 
nature of the indoor environment between two similar rooms in 
the same building. there are a number of factors such as solar 
gain and humidity buffering potential that can be different between 
rooms. therefore, it is important that the transfer function is 
applied to each room individually [3].

Damage functions

a number of damage functions applicable indoors are available 
in the literature [9 to 22], some of which have been used in this 
project to predict the impact that climate change could have on 
historic interiors and collections. damage functions are typically 
designed for use with current environmental monitoring data, for 
example, there may be an associated damage value related to a 
particular set of environmental conditions. Sometimes continuous 
data can be used although some functions require adaptation if this 
is to be the case. the use of damage functions with data sets that 
span centuries can bring additional problems. For example, some 
paper damage functions use the notion of a lifetime, however when 
the lifetime is shorter than the period of time considered this can 
be confusing. Other important considerations are the constants 
employed in damage functions. the Lipfert damage function of 
stone recession uses a constant that relates to the concentration of 
carbon dioxide [23] however, CO2 levels are predicted to change in 
the future so this is not appropriate for use in forecasting damage. 
Care must be taken when using functions to ensure they remain 
correct [24].

Chemical degradation

this work used four damage functions that estimate damage 
to paper through chemical degradation. the isoperm method 
of Serbera [21] was used, along with the tWPi method of the 
iPi [20] and the method described by Zou et al. [22, 25]. these 
three methods follow a similar principle; a fourth method, which 
attributes greater importance to relative humidity was also 
investigated, as described by Pretzel [19]. in addition to the paper 
methods, the recent work of Luxford has adapted the isoperm 
method for estimating the chemical degradation of silk [14]. 

these damage functions typically report results as a relative 
lifetime, however this was changed to a relative degradation rate. 
the function of Zou et al. uses moisture content instead of relative 
humidity, as it is the moisture content that actually determines 
damage. in this case, a moisture sorption curve was utilised to 
allow relative humidity to be converted into moisture content. it 
is also worth noting how the damage function normally reports 
results so this can be taken into consideration. With the Zou et al. 
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function a lifetime, t, defined as time was used, but nowhere was 
the unit of time defined. Investigation determined the unit of time 
to be days. This raises two points. The importance of defining every 
point of the damage function to allow for its effective use, which is 
particularly important when constants could change in the future 
as described earlier. in addition, it is important to understand the 
unit that is being reported, to enable adaptation of this as required; 
here a lifetime in years was used, before being converted to a rate. 

salts

For this project, the work of Benevente [10] was used, which 
estimates the number of thenardite/mirabilite salt transitions 
that cause damage, defined by exceeding a pressure of 10 MPa. 
this method determines whether two pairs of temperature and 
relative humidity change sufficiently to result in the phase change 
from thenardite to mirabilite, but it also considers the pressure 
caused to determine whether this is damaging. this method was 
adapted in the project to investigate other salts. For example, the 
critical relative humidity of a number of salts is known, and it is 
possible to determine the critical relative humidity of a mixture of 
salts [26]. taking the critical relative humidity at which salts move 
into and out of solution, it is possible to determine the number 
of transitions across this critical value, therefore estimating the 
potential for damage.

Mould

in total, three different mould damage functions were investigated. 
One of these was split into two parts to investigate the difference 
between using simply a critical value of relative humidity and the 
actual process of germination. Critical values below which relative 
humidity should be maintained are often stated in the preventive 
conservation literature, when in practice it is possible that these 
limits can be exceeded and no mould will grow, although other 
damage mechanisms are likely to become important at high 
relative humidity levels. 

the damage function described by isaksson et al. predicts the 
onset of mould growth in two species of wood, spruce and pine 
[12]. this method developed around the lowest isopleths of 
mould (LiM) concept of Sedlbauer [27]. the method is based on 
experimental data, and is adaptable for other materials where 
data is available, which could be very useful in the conservation 
of historic materials. the method is designed for use with 
continuous environmental data, and calculates a running dose. in 
this work, the number of days where the total dose exceeds the 
level for germination is reported. this can be simple for annual 
results, but requires careful consideration for seasonal results 
as there is a process that builds up to germination so the data 
must be handled correctly to ensure a valid result. this requires 
careful consideration when dealing with the large amounts of 
data associated with climate predictions, and programming 
that minimises the computation required should be used. For 
example, a program such as Matlab would take some considerable 
time to execute these types of calculations, however, a simple 
programming language that reads one line and does not store 
that in the memory before moving on to read the next line. could 
process the associated large amounts of data very quickly. in this 
work the ancient, but effective, language of aWK was used.
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another method used for predicting mould growth is described 
by Hukka and Viitanen [11]; this follows a similar method to the 
isaksson function, using equations to describe the process of 
mould germination. The final mould damage function used was 
that of Moon and augenbroe [18]. this method is somewhat 
different from the previous two and required additional work. the 
method presents a graph of temperature and relative humidity, 
with five ellipse shapes imposed, defining the number of days until 
germination. these ellipses are based on experimental data; visual 
assessment of a pair of temperature and relative humidity allows 
for classification into one of the groups. From here a method 
is employed to determine whether enough consecutive days of 
ideal conditions occur to meet the requirements for germination. 
For example if the category is defined as requiring two days to 
germination then two consecutive days of this or a higher category 
would be sufficient. This method required considerable work 
to allow for its general use. if there are only a small number of 
temperature and humidity pairings then it is relatively quick to 
determine the classification. However, in this work there are 
millions of pairings of temperature and relative humidity, thus the 
graph had to be defined computationally to allow for a program to 
carry out the classification process. The equations of each ellipse 
were estimated, and incorporated into a program that takes each 
pair of temperature and relative humidity and determines the 
highest class to which it belongs. 

Dimensional change of wood

a number of different damage functions were also used to 
estimate the damage to wood caused by dimensional changes. 
One example was the function described by Michalski [17], 
which states a number of different humidity fluctuations and the 
associated vulnerability of wooden artefacts to these fluctuations. 
to apply this damage function, the change in relative humidity 
between readings, typically from one day to the next, was counted 
and reported either monthly or yearly. The humidity fluctuations 
include 5, 10, 20 and 40 %, with each percentage having a varying 
degree of associated damage depending upon the vulnerability 
of the object. the work of Jakiela et al. [13] was also utilised to 
investigate an additional humidity fluctuation of 30 %. 

the research of Mecklenburg et al. was employed as a contrast 
to the other functions, as despite focusing on wood it also relates 
to other materials typically found with wood, such as paint [15]. 
experimental work has determined the point at which a relative 
humidity fluctuation causes stresses that exceed the yield point 
(0.004), thus causing permanent deformation [15]. the point at 
which the yield point is exceeded can depend on a number of 
variables, for example, whether humidity is increasing (adsorption) 
or decreasing (desorption), the orientation of the wood, and the 
species. Mecklenburg has produced a number of graphs that define 
the yield points for specific materials and wood species. As these 
are in the form of line graphs the equation for each section of the 
line where the gradient is constant was determined. the equations 
are shown in table 1; these calculations interpret the graph to 
enable a program to replicate it. the current and previous relative 
humidity is read by the program, which determines whether this 
change in relative humidity produces stress that exceeds the yield 
point. if so, this is read as causing permanent deformation and one 
damaging event is recorded, which can be reported as required. 
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as with the mould function, which employed a similar technique, 
this allows for rapid evaluation of environmental data to determine 
whether a damaging event may take place.

Degree days

the concept of degree days is to count the number of degrees 
above a baseline value (here 15 °C was used) and sum these over 
a period. the concept has been used in a number of disciplines, 
including heating and ventilation and in relation to pests in the 
agriculture sector [28] but there has been little use in relation 
to insect pests in the heritage field. The base temperature was 
chosen because it is often referenced as the lower temperature 
limit for insect activity [29, 30]. the majority of insect pests are 
dependent upon relative humidity, which this method neglects, 
however there are some species such as the webbing clothes moth 
and biscuit beetle that do not depend upon the ambient relative 
humidity. this is particularly important as the webbing clothes 
moth has recently become a significant problem within the heritage 
field [31]. Some research has attempted to relate the degree day 
method to insect pests and an estimation of 490 degree days has 
been suggested as the requirement for one life cycle of the biscuit 
beetle (Stegobium panaceum), in comparison to experimental 
life cycle data [28]. While this does not go as far as predicting the 
population of a specific insect, or the potential damage that might 
be caused, it is an indicator for the possible activity of insect pests, 
which are not dependent upon rH. Further work in this area aims 
to develop a life cycle model for the webbing clothes moth, to take 
into account other factors that are neglected using the degree day 
method. 

Results
Indoor climate

the predicted impact of climate change on the indoor 
temperature and relative humidity are shown in figures 1 and 2. 
the temperature is predicted to rise by 3 K across the century 
in the Leicester Gallery, less than that predicted outdoors. the 
temperature indoors is warmer than outdoors, although there is no 
heating in these rooms, so this is attributed to solar gain [3]. it is 
evident that assessing individual rooms is important, as each has 
a slightly different prediction despite the similarity of the spaces. 
although not shown here, there is little difference between the 
future predicted annual average relative humidity of the two rooms 
compared to the baseline. each gallery is about 3 % different from 
the other, with the Leicester Gallery predicted to be more humid. 
the seasonal prediction of relative humidity is shown, however, 

table 1. White Oak 
critical relative 
humidity changes 
for deformation, as 
[27]

adsorption Desorption

Initial RH Critical RH Initial RH Critical RH

10 ≤ rH ≤ 30 1.5 x rH+1 10 ≤ rH ≤ 30 0.8 x rH-3.33

30 < rH ≤ 40 1.0 x rH+18 30< rH ≤ 50 0.6 x rH+3.33

40 < rH ≤ 50 0.5 x rH+38 50< rH ≤ 60 0.9 x rH-12

50 < rH ≤ 60 0.4 x rH+43 60< rH ≤ 70 2.0 x rH-78

60 < rH ≤ 90 0.8 x rH+19 70< rH ≤ 80 1.6 x rH-50

80< rH ≤ 90 1.05 x rH-6
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as it was discovered that the annual average which presented 
little change was hiding a change in seasonality. in future, it is 
predicted that during summer the indoor environment at Knole will 
be less humid, and in winter slightly more humid; this could have 
significant impacts on potential damage. 

Damage
Paper

as expected, with the predicted increase in temperature the paper 
degradation rate increases, resulting in a reduction in lifetime. 
this is shown in figure 3 for the Cartoon and Leicester Galleries, 
over the coming century, using the Zou damage function [22]. 
the predicted change is predominantly driven by the increase in 
temperature.

salts

Figure 4 shows the predicted annual average number of 
thenardite/mirabilite salt transitions that will cause damage over 
the coming century. a slight decrease is predicted for each room, 

Figure 1. 
Predicted median 
temperatures 
for the period 
1960–2100 outdoors 
at Knole and in 
the Cartoon and 
Leicester Galleries. 
error bars show the 
interquartile range

Figure 2. Seasonal 
relative humidity 
for the baseline and 
2085 periods in the 
Cartoon Gallery. 
the enclosed region 
represents the 
interquartile range, 
derived from the 
weather generator. 
the initial value at 
the start of the year 
is a replication of 
the final December 
value
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but it is difficult to attribute the significance of this change, as it is 
uncertain how much damage is caused per transition.

Mould

the predicted impact of climate change on mould growth in the 
two rooms at Knole is shown in figure 5. the predictions are 
very different in the two rooms: the Leicester Gallery has a high 
baseline level which increases slightly in the future however, 
the Cartoon Gallery has a low initial risk. this difference is due 
to the slight difference between the relative humidity in the two 
rooms, with one falling below and one above the critical value. this 
illustrates that even small differences can be significant, thus it 
is important to assess each room individually. into the future, the 
relative humidity changes with season in the Cartoon Gallery so 
that it crosses the critical value of 75 % more frequently, resulting 
in an increased mould germination risk. the medians for each 
period are statistically significant. 

Dimensional change of wood

the predicted shift in dimensional change events to wood is shown 
in figure 6 as a seasonal change. as an annual average, this 

Figure 3. 
Predicted annual 

average chemical 
degradation rate of 
paper as described 

by the Zou 
damage function. 

For the Cartoon 
and Leicester 

Galleries at Knole, 
from 1960–2100. 

the error bars 
represent the 

interquartile range

Figure 4. the 
predicted impact 

of climate change 
on the number 

of damaging 
thenardite/

mirabilite salt 
transitions in 

the Cartoon and 
Leicester Galleries 
at Knole. the error 
bars represent the 
interquartile range
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Figure 5. the 
predicted impact of 
climate change on 
the risk of mould 
growth in the two 
galleries at Knole, 
as described by the 
isaksson damage 
function. error 
bars represent the 
interquartile range

Figure 6. the 
predicted seasonal 
shift in damage 
to wood caused 
by dimensional 
changes, for the 
baseline and far 
future periods in 
the Cartoon Gallery 
at Knole. error 
bars represent the 
interquartile range

damage function predicts a decrease in the number of damaging 
events. Figure 6 indicates that this is due to changes in the spring 
and summer months, when the relative humidity is predicted to be 
lower in the summer. in relation to the damage function, a lower 
relative humidity moves towards a safer region, where a greater 
fluctuation in relative humidity is allowed before damage occurs 
from stresses that exceed the yield point. 

Degree days

the cumulative number of degree days for the baseline (1975) and 
far future period (2085) is shown in figure 7. this demonstrates 
that the annual total for the baseline period is surpassed before 
the end of July in the far future. the annual number of degree 
days in the far future (900) is more than double the value for the 
baseline period (370). this is likely to lead to an increased number 
of lifecycles for insect pests such as the webbing clothes moth and 
biscuit beetle, which are virtually independent of relative humidity. 
this may result in increased populations and potentially a greater 
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level of damage. it may also cause an earlier onset of insect pests 
and possibly longer periods of activity. 

Discussion

the different results presented here have shown that there 
are a number of important considerations when predicting the 
impact of climate change in the future. First, it has been shown 
that it is important to assess each room individually, as very 
slight differences can be significant with respect to damage and 
can amplify potential damage. it has also been shown that it 
is important to consider seasonal predictions, which could be 
particularly relevant where preventive conservation measures 
are in place as some of these may be seasonal according to 
the opening of the property. it is possible that some preventive 
conservation measures may need to be adapted to ensure 
prevention of damage. 

the damage function used and its limitations are also vital 
considerations. even two similar damage functions can result in 
different predictions. the two functions to predict dimensional 
change to wood actually describe two different things. the function 
presented here predicts a decrease in these damaging events 
in future, however, the alternate function actually predicts an 
increase in events. thus, it is important to consider the type of 
damage that may be significant to a collection or object and select 
the most appropriate damage function accordingly. it is imperative 
to fully understand each of the damage functions being employed.

Perhaps the most paramount consideration is the significance of 
these predictions. For example, if the number of salt transitions of 
thenardite/mirabilite increases by 10 transitions in the far future 
compared to the baseline period, the important point to consider 
is actually how this is likely to cause damage. it is known that each 
salt transition is damaging but the magnitude of this damage is 
not known. therefore, it is not possible to determine whether this 
increase in the number of transitions is significant in terms of its 
potential to cause damage. the same is true for the majority of 
damage functions: very few actually quantify damage. attributing 
significance to future predictions it therefore difficult. The situation 

Figure 7. the 
predicted impact of 
climate change on 
degree days in the 
Cartoon Gallery at 
Knole. Presented 

here as the average 
cumulative total 

of degree days 
each month. error 
bars represent the 
interquartile range
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is more clear if there is a specific example, say a wooden sculpture, 
with no current damage as it would be possible to conclude that 
any future dimensional change event is likely to be significant. 
However, examples are rarely so clear-cut. damage functions that 
fully describe the damage caused are required, such as the Lipfert 
function, which describes surface recession of stone. this function 
explicitly defines the loss of surface in mm/year, a measure which 
can be easily interpreted to attribute significance. Further work is 
required to explore the issues surrounding significance; however, 
an increase in the number of quantitative damage functions would 
help. a number of the functions described previously are semi-
quantitative, and some qualitative, with each step making it more 
challenging to attribute significance to a predicted change. 

Some initial work has attempted to quantify the predictions of the 
paper damage functions, both between different damage functions 
and between different locations using the same function. in figure 
8, the baseline degradation rate has been normalised to one, and 
the future rates normalised as a proportion of the baseline rate. 
While the rates are relative, this process results in the absolute 
rate increase that is predicted. the relative rates may have no 
bearing the on actual rate, however the relationship of how these 
change is the same. therefore the absolute rate increase is the 
same as the rate increase between the two relative rates. in figure 
8, each location has an increase in rate of approximately 1.5 times 
by the year 2085. Comparison between the three similar paper 
damage functions shows that each predicts a 1.5 times increase in 
chemical degradation of paper by the year 2085.

Conclusions

Predictions of the impact of climate change on historic interiors 
suggest that indoor temperatures will increase in the future, 
though less so than outdoors. Changes in relative humidity remain 
largely unchanged annually, however, seasonal shifts are predicted 
at Knole. Winter months are predicted to be warmer and slightly 
more humid, with summer months becoming warmer and less 
humid. damage to paper by chemical degradation is predicted 
to increase in the future due to higher temperatures. damaging 
dimensional changes of wood as described by Mecklenburg are 
predicted to decrease. Salt transitions of thenardite/mirabilite are 

Figure 8. 
Comparison of 
the normalised 
predicted 
paper chemical 
degradation rates 
using the Zou 
damage function 
across four UK 
locations. error 
bars are excluded 
for clarity, but 
overlap in the future 
periods
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largely unaltered, while mould risk is predicted to increase, along 
with the number of degree days and perhaps, as a result, pest 
activity.

Careful consideration of all limitations is important when 
interpreting these results. First, the damage functions must be 
understood, along with their limitations and second, the uncertainty 
of future climate models should be taken into account. the building 
simulation used to predict the indoor climate also has limitations. 
When using a new damage function with future climate data the 
function must be fully understood in case any modifications to 
constants or conversions of reporting units are required.

Predictions of future damage help assess future risks. even if 
only an increase or decrease in damage can be predicted, it can 
be a useful exercise. the predictions allow collection managers 
to prepare well in advance by introducing preventive conservation 
measures in sufficient time to prevent any damage increase. This 
helps to preserve our collections for future generations to enjoy.
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Abstract

A significant amount of uncertainty is generated in the process 
of combining projections of future climate, building simulations 
and damage functions to produce risk maps for historic buildings. 
the objective of this paper is to identify and qualitatively describe 
the main uncertainties in the production of such maps. the main 
sources of uncertainty for each modeling step are identified. It is 
concluded that the level of uncertainty in risk maps is so high that 
deterministic approaches have severe limitations, and that further 
research is needed to assess the levels of uncertainty introduced 
by each modeling step.

Introduction

Climate change projections and building simulations can be 
combined to produce scenarios of future indoor climates in historic 
buildings. risks to the building or the interiors related to the 
indoor environment can be assessed with damage functions. the 
european Climate for Culture project (www.climateforculture.eu) 
uses this approach and applies it across all of europe. instead of 
using specific, actual buildings, a set of generic buildings are used 
to transfer outdoor conditions to indoor conditions. in this way 
it is possible to produce maps of future climate-induced risks to 
historic buildings and their interiors. the information can be used 
for climate change impact assessment and for adaption planning 
of the built cultural heritage. A significant amount of uncertainty 
is generated in the process of combining projections of future 
climate, building simulations and damage functions. in this paper 
we attempt to disaggregate the sources of uncertainty involved in 
this process.

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 e.g., [1]. Building 
simulations and damage functions do not only propagate 
uncertainties in the climate scenarios but also add new elements 
of uncertainty. 

in a review of probabilistic approaches for climate change impact 
studies on buildings, Wilde and tian [2] conclude that although 
there are strong reasons for such studies to be of probabilistic 
nature, only a few studies consider uncertainty explicitly. With an 
unknown, but presumably high level of uncertainty, the results 
might be practically useless. 

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 
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performance. these changes may overshadow the impact of 
climate change and therefore limit the applicability of climate 
change impact and adaption studies to buildings [2]. Historic 
buildings, particularly if they are unheated, change less in these 
respects than standard commercial or residential buildings. 
Climate change impact and adaption studies therefore seem 
particularly useful for historic buildings. Generally, cultural 
heritage management aims at preserving for the far future, which 
further motivates the study of the impact of climate change. 

the approach of simulating the future indoor climate of historic 
buildings based on regional climate projections has been used in a 
number of recent studies [3 to 7]. essentially these studies present 
a method. the uncertainty in the results is not dealt with, with the 
exception of Lankester and Brimblecombe [5], who compare three 
different emission scenarios.

if the propagation of uncertainties is not dealt with there is a 
risk that data will be used in ways that cannot be 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 [8]. the 
way forward is to address the uncertainties in every step by means 
of reduction, quantification and communication. A natural starting 
point for this is to analyze the sources of uncertainty throughout 
the process. 

the objective of this paper is to identify and qualitatively describe 
the main uncertainties in the production of risk maps based on 
predicted indoor climates and damage functions. 

Uncertainty in risk maps

Much effort has been made to describe and categorize uncertainty 
in climate change impact and adaption studies e.g., [9, 10], and a 
consistent and transparent treatment of uncertainty is a prioritized 
task for the climate change research community e.g., [11]. 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, ālea, 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. [9] suggest a third 
kind of uncertainty, ambiguity, which ‘results from the presence 
of multiple ways of understanding or interpreting a system’. to 
some extent, it is possible to represent both epistemic and aleatory 
uncertainties with probabilities; this is not the case with 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 1. the sources of uncertainty in each step will be 
discussed in the following sections.
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Uncertainty in forcing conditions

Changing concentrations of greenhouse gases and aerosols 
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. Changes in the intensity of 
solar radiation and large volcanic eruptions also have an impact 
on the climate. Historically, it is clear that anthropogenic forcing 
agents have dominated over the last centuries and that the result 
is global warming [12]. the uncertainties are comparatively small 
concerning the influence of greenhouse gases while they are much 
larger for the aerosol forcing and also, relatively, for changes in the 
solar insolation.

For the future, uncertainties in the forcing conditions are related to 
all of the forcing agents mentioned above. emission scenarios like 
the ones suggested in the Special report on emissions Scenarios 
(SreS) [13] from the intergovernmental Panel on Climate Change, 
or the more recent representative Concentration Pathway (rCP) 
scenarios [14] all represent 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. 

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 km in regional 
models implies that phenomena at smaller scales, including for 
instance clouds and turbulence, cannot be treated explicitly in 

Figure 1. the 
uncertainty cascade 
in risk maps
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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 a potentially 
strong impact on the results [15].

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 and different regional details in the climate, including 
extreme conditions. Furthermore, different climate models 
respond differently to changing forcing conditions. 

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, the climate will undergo 
changes. Such variability is referred to as internal variability and 
it can be associated with different phenomena such as the el-
Nino affecting a large part of the Pacific Ocean and surrounding 
continents e.g.,[16]; or the North-atlantic Oscillation that has a 
profound impact on weather and climate in much of europe [17]. 

as climate models are designed to simulate the climate system 
they also include internal climate variability e.g.,[18]. an 
implication of this is that in simulations when external forcing is 
changing over time, as in the twentieth and twenty-first centuries, 
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 it can reduce it.

Climate model integrations often span the time range from c. 
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 to 2060 in the multi-
model ensemble used in the fourth assessment report by the 
intergovernmental Panel on Climate Change [19].

Uncertainty in building simulations

Based on projected future outdoor climate and building properties, 
the future indoor climate is predicted through building simulation. 
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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 unrealistic 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.

Lankester and Brimblecombe use a linear function [3, 5]

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. [4] also use the same kind of transfer function but they 
introduce a time delay for temperature. Nik et al. [20] 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 fit methodology provides a first-level approximation but 
there are other methods that better reproduce hysteresis cycles, 
especially the daily one. in an approach used by Camuffo et al. [21] 
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 flux in terms of the current 
temperature and the past histories of both temperature and heat 
flux.

Huijbregts et al. [6] 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, but there is still a significant error.

to produce 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 [22]. although this methodology seems to 
have potential, it has not been widely used and the common approach 
is to use selected case study buildings [2]. essentially, there are 
three sources of uncertainty in building simulation, irrespective of 
the complexity of the used model [23]: 

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 
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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. [20] 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 of an area, which have to be 
downscaled to a specific location. This additional downscaling 
adds further uncertainty, which can be high, particularly 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 in the building envelope. any model 
validated for the present conditions will thus be more or less 
valid for the future. 

in summary, it is clear that the use of generic buildings and 
transfer functions, as opposed to real buildings and whole building 
simulations, introduces more uncertainty. despite the added 
uncertainty it seems as if this approach is the most viable option 
for the production 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.
 
Uncertainty in damage functions

in this paper 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:

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 behaviour of one single material and are 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, have high or 
low lignin content and be in the form of a single sheet or a book. 
all these factors would affect the response, but they may not 
be included in the damage function. the uncertainty of input 
data arises 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. 
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another problem is that in hygroscopic materials several 
deterioration mechanisms e.g., swelling-shrinking, hydrolysis, 
corrosion, mould growth, hydration and mineral transformation, 
depend on 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 the temperature of an object 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 the 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.

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., 
[24]. 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 



412 | CLiMate FOr COLLeCtiONS | StaNdardS aNd UNCertaiNtieS | MUNiCH 2012

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 [25]. 

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. With the current 
state of knowledge this is more or less guesswork.

this overview has pointed at possible sources of uncertainty in 
damage functions but not discussed their magnitude. although the 
sources are many, it is not the case that most damage functions 
are saturated with uncertainty. Many damage functions which 
are derived from laboratory work perform well when tested on 
heritage objects in a museum environment. 

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 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. A common definition of risk 
is probability times consequence. actually the term risk map 
is misleading for the type of map discussed in this paper, if the 
aspect of probability or likelihood is excluded. 

an intuitive direction of research to bridge this gap would be 
to quantify uncertainties for the whole chain. in this vein, tian 
and Wilde [26] outline the methodological steps needed for a 

Modeling step Major source of uncertainty Dominating nature of uncertainty

Forcing conditions Socio-economic pathways ambiguity, epistemic

Climate models Model deficiencies epistemic

internal variability randomness in nature aleatory, epistemic

Building  
simulations

Specification epistemic

Model epistemic

Scenario ambiguity, epistemic

damage functions input epistemic

Deficiencies of the function epistemic, aleatory

interpretation ambiguity

table 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. adapted from [9]
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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 [27]. 

However, it is only possible to quantify a limited part of the whole 
uncertainty range, as shown in figure 2. in effect, there will always 
be a large amount of residual uncertainty left, despite the best 
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 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 [28], 
uncertainties about future climate change will always be subjective 
and conditional, and further research might actually increase 
uncertainty as new unknown uncertainties are discovered. this 
is a strong argument that adaption planning should not 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 [29, 30].

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 [31]. 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 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 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 [31, 32]. 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.

A final question is how risk maps should be designed and 
selected, given the high level of uncertainty involved. to answer 
this question, there is a need to define who the likely end-users 
are. if politicians are the intended audience it may be necessary to 
conceive a few generic risk combinations that summarize changes 
due to climate change. Conservation students would want as many 
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maps devoted to hazard-material interaction as possible. the 
stakeholder with administrative responsibility for a given site or 
group of sites would probably not need the generalized output of a 
map but require specific data about that one location, as maps can 
only give generalized views over large geographic areas. 

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 [33]. How uncertainties should be communicated 
in risk maps is a further topic of study. effective communication 
of uncertainty is a challenging task, even when full probability 
distributions are known [34].

Conclusion 

the objective of this paper was to identify and qualitatively describe 
the main uncertainties in the production of risk maps based 
on predicted indoor climates and damage functions. the main 
sources of uncertainty in each step of the modeling process were 
disaggregated and discussed. The key findings are that:

•  the level of uncertainty in risk maps is so high that deterministic 
approaches have severe limitations. as an alternative, 
uncertainty could be addressed by the use of a probabilistic 
approach. However, there will always be a significant amount of 
residual uncertainty that cannot be quantified.

•  each modeling step introduce significant uncertainty, and the 
relative levels of these uncertainties need to be further studied. 

Although the final level of uncertainty in risk maps will be high 
regardless of whether a deterministic or a probabilistic approach is 
used, risk maps based on state-of-the-art scientific knowledge are 
valuable as indicators of future risks to cultural heritage and they 
will play an important role in informing mitigation and adaption 
planning at different levels.
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Abstract

insect pests that attack museum collections are small and have 
a very large body surface area compared with their volume. this, 
combined with their habit of inhabiting microclimates within 
the general environment, make them very responsive to local 
temperature, humidity and other climatic factors. Small variations 
in these factors, often unnoticeable to the human occupants, 
can radically affect their behaviour such as their ability to move, 
mate and fly. In the longer term, climatic conditions affect the 
length of life cycles, the spread of the habitat and other factors 
that can turn a minor attack into a major infestation. through 
a better understanding of the insect pest species involved and 
their lifestyles, better preventive and control measures can be 
introduced.

Insecticides and the Law

With the introduction in the United Kingdom of the Control of 
Pesticide regulations act 1986 (as amended 1997) [1], the country 
saw most of the very effective, but hazardous, pesticides banned. 
insecticides such as mercuric chloride, ddt, pentachlorophenol 
and arsenic, which had traditionally been used on museum 
specimens for decades, were now no longer available. although 
their legacy remains! it was no longer legal to treat large quantities 
of infested material with effective fumigants such as ethylene oxide 
and hydrogen cyanide. More recently, the Montreal agreement [2] 
has restricted the use of methyl bromide as a fumigant owing to its 
ozone-depleting properties. the european Union’s Biocide directive 
1998 [3] is regulating all pesticides in an attempt to harmonise 
pest control measures in the 27 member countries, and many 
that are not registered are being banned. again, many traditional 
pesticides and repellents such as naphthalene and citronella are 
now no longer available. Worryingly, the Biocides directive covers 
‘active substances intended to destroy, deter, render harmless, 
prevent the action of, or otherwise exert a controlling effect on any 
harmful organism by chemical or biological means’. as the testing 
for recognition and registering of such a substance is expensive 
(up to 250,000 €) many companies are not doing so and therefore 
the material is de-registered and so banned in the eU. Substances 
under investigation include pheromone attractants, repellents 
such as lavender and cedar wood and generic insecticides such as 
borax.

in the UK many other legal issues affect the use of chemical 
and biological insecticides such as the Control of Substances 
Hazardous to Health 2002 regulations, Health, Safety and Welfare 
1992 regulations and many others. in the conservation profession, 
the British Standards institute has recently issued two documents 
which have an effect on insect pest control, namely Pd5454:2012 
Guide for the Storage and exhibition of archival Material [4] and 
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PAS 198:2012 Specification for Managing Environmental Conditions 
for Cultural Collections [5]. Other countries have similar legislation 
and guidelines.

integrated pest management (iPM) is increasingly concentrating 
on non-chemical means for monitoring and control of insect 
pests in historic buildings and heritage collections. exclusion of 
pests is an obvious starting point, but with museums, galleries 
and historic buildings being open public spaces with people and 
material constantly moving in and out, total exclusion of insects 
is impossible. regular monitoring for the presence of insects is 
vital and necessary, but this is no more that a monitoring exercise, 
not a control treatment. even enhanced trapping methods using 
attractants such as sex pheromones will not control an infestation. 
An understanding of the specific environmental requirements of 
insects will allow the museum to provide conditions inimicable 
to insect development and therefore minimise or prevent their 
establishment in the museum structure of collections.

Insects: conditions for life
The effect of temperature

the majority of insect pests affecting historic collections exist 
happily at temperatures between 15 to 30 °C. all activity stops at 
temperatures below 5 °C [6] but many insects, such as clothes 
moth can survive at these temperatures. in nature, many insects 
survive over winter by developing glycol based anti-freeze 
mechanisms and can even survive freezing.

at temperatures above 15 °C insects tend to become increasingly 
active and the following general observations can be made:

At below 15 °C insects are sluggish, cannot fly and can only move 
in a limited area. Mating is possible but egg-laying is localised. 
Larvae grow slowly so commensurate damage to objects is limited. 
time spent as a pupa is extended so the insect has an extended 
life cycle. Some smaller moths can attempt to fly by vibrating their 
wings to warm up.

At above 20 °C insects increasingly have the ability to fly, therefore 
spreading infestations wider and higher. House longhorn beetle 
(Hylotropes bajalus) and other woodborers can only fly at 
temperatures above 25 °C [7]. Higher temperatures increase 
the insect’s metabolic rate, so that its life cycle is dramatically 
shortened. Webbing clothes moth has a natural annual life cycle 
outside. indoors in centrally heated buildings, it may have two or 
three life cycles in a year. this is because the eggs hatch more 
quickly, the larvae can eat faster, the pupal stage is shortened and 
the adults can fly and mate more quickly.

at above 30 °C many insect pests become uncomfortable and start 
to die [8]. Some can survive short periods of high temperatures 
by evaporating their body moisture, but over a longer period will 
desiccate and die. Furniture beetle (anobium punctatum) cannot 
survive, as essential yeasts consumed by the larvae are killed at 
temperatures above 26°C.

High temperatures. it is generally accepted that insects at all life 
stages will be killed at temperatures above 52 °C when exposed 
for longer than one hour [9]. allowance has to be made for the 
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insulation effect of the material the insect is inhabiting to allow the 
heat to penetrate through it.
 
Insects moving north

With a combination of global warming, warmer buildings and high 
comfort temperatures, many insect pests that could formerly not 
survive in the colder northern climates, now can. the northward 
trend of subterranean termites is well documented with a long-
term trend up through France and in the USa, and incidental 
established infestations in the UK from imported infested timber 
[5]. in the UK the surge northwards of the Guernsey carpet beetle 
is instructive. the chronology is this [7]:

•  Guernsey carpet beetle, Anthrenus sarnicus, first recorded in 
Guernsey, Channel island, 1961

•  recorded in London, UK, 1963
•  Found in the British Museum (Natural History) in 1973
•  recorded in Liverpool in 1982
•  reported in royal Museum of Scotland, edinburgh in 1991 [10].

Similar observations of other pest insects have been reported 
in many countries. recently, another carpet beetle species, 
attagenus smirnovii, which originates from Kenya has become 
well established in the UK and other countries in europe [9]. 
Other insect pests making their debut in cooler countries include 
reesa vespula, which is becoming a major pest owing to it 
being parthenogenic (that is no males are needed for breeding). 
Countries such as Scotland, previously free of some pests such as 
death watch beetle (Xestobium rufovillosum), now have them.

The explanation is two-fold. The first is warmer internal and 
external temperatures from natural climatic and central heating 
causes. Secondly, many insects have the ability to acclimatise to 
different environmental conditions. the cockroach is known to be 
able to exist and thrive in both very cold conditions or extremely 
hot ones, but cannot survive if transferred from one to the other. 
Warmer conditions also increase insect development with faster 
breeding, a greater ability to move and fly, all of which contribute to 
the spread of insect pests.

The effect of humidity

insects, like all animals, are primarily composed of water. Having 
such a large body surface area compared with their volume, 
they are very vulnerable to drying out, which causes death. this 
is prevented by the insect having a waterproof outer waxy layer 
covering the epicuticle, and by limiting water loss by evaporation 
through the breathing spiracles and anus [11]. 

it is estimated that most insects have an internal moisture content 
equivalent to a surrounding relative humidity (rH) of 99.5 % [11]. 
insects can obtain their moisture requirements in a number of 
ways. Some adult beetles such as the australian spider beetle 
(Ptinus tectus), and some cockroaches, need liquid water. these 
adults can often be found near water sources including pot plants, 
water leaks, etc. Some, such as the biscuit beetle (Stegobium 
panaceum) and the webbing clothes moth (tineola bisselliella) 
have larvae that can metabolise water from their food. this 
explains their ability to colonise material of low moisture content 
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(MC) and surrounding relative humidity. Webbing clothes moth can 
happily thrive in relative humidities (rHs) as low as 30 %, and this 
is a reason for its success as a major museum and domestic pest.

However, most insects get their moisture from the food the larvae 
eat or directly from high localised rHs. Many insects such as 
the woodborers, furniture beetle, death watch beetle and house 
longhorn beetle need moisture content in the wood of above 15 %. 
this corresponds to a surrounding rH of above 65 %. Below this 
level, eggs will desiccate and die and larvae cannot exist. Other 
insects such as silverfish and booklice feed on microscopic moulds 
growing on cellulosic material. these moulds need localised rHs 
of above 80 %, so lowering the rH to below this limit kills both the 
mould and the insects [12]. in general, keeping rH levels below 65 
% inhibits much of insect development and is in keeping with other 
preventive conservation measures.

The effect of light

Many pests have two different approaches to light and ultra-violet 
radiation (UV). at certain times of their life cycle they are attracted 
to light and at other times they seek darkness. in general, insects 
look for light to find a mate and then the females look for quiet, 
dark, food-attractive areas to lay their eggs. Some will seek dark 
indoor areas to hibernate (such as cluster flies and harlequin 
ladybirds) and be a pest when they try to return to the outside with 
the warmth of spring.

Carpet beetle adults (anthrenus and attagenus spp) feed on nectar 
and mate outside on certain flower specie (such as Spirae). They 
are therefore found on windowsills in early summer or can be 
captured on light traps in dark stores. death watch beetle adults 
are thought to be attracted to UV light and can be caught in great 
numbers on UV electrocutor traps so long as the temperature is 
high enough for them to fly [7]. 

The effect of insecticidal treatments

Most insecticidal treatments are more effective at higher 
temperatures. Monitoring with blunder or pheromone traps is 
most effective at temperatures above 20 °C when the adults are 
active and flying. Tests with webbing clothes moth pheromone 
traps found the optimum to be placing the traps at 1.5 metres high 
in temperatures around 25 °C [13].

Some insecticides, including some of the chlorinated 
hydrocarbons, such as ddt and Lindane (ɣHCH), are more effective 
at killing at lower temperatures (below 20 °C) but suffer the 
disadvantage that the insects, being less active, may not come 
into contact with them. Most insecticides are contact insecticides 
so rely on the insect coming into contact with them. Higher 
temperatures mean greater mobility and thus more contact and 
efficacy of killing.

insecticides which rely on high levels of metabolic activity are 
more effective at high temperatures. So fumigants, such as carbon 
dioxide and sulfuryl fluoride and anoxic measures using nitrogen, 
are often ineffective under 25 °C, and may need several weeks of 
treatment.
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Altering the environment to deter insect pest development

in general by lowering temperatures and relative humidities insect 
development can be slowed. Storage areas only intermittently 
visited by people can be allowed to cool naturally in winter without 
the need for human comfort heating. By allowing the ambient 
temperature to drop to a minimum of 5 to 10 °C considerable 
energy savings can be achieved and satisfactory relative humidities 
maintained. Lower temperatures are inadvisable owing to the 
possibility of localised condensation.

temperatures maintained below 15 °C for most of the year will 
effectively prevent most insect development and, when it occurs, 
limit its growth both by extending the life cycle and restricting 
movement.

relative humidities of below 65 % will generate moisture contents 
in organic materials below 15 %, provided no other water source 
is present. Localised high humidities and related moisture 
content can exist where there is damp from leaking pipes, water 
penetration through walls and floors or by being adjacent to cold 
surfaces. in the northern hemisphere internal cold north-facing 
walls, which receive no solar warming, are classic sites for finding 
mould growth and insect pests.

Low relative humidities and moisture contents will restrict pests of 
cellulosic material, such as the woodborers, silverfish and booklice. 
However the keratinous feeders, including clothes moths and carpet 
beetle, can survive in lower humidities down to 30 %, but are slow 
to develop. Optimum growth for the webbing clothes moth (tineola 
bisselliella) occurs at temperatures of 25 to 30 °C and a rH of 70 %.

Use of light and UV traps at appropriate times in an insect’s life 
cycle (usually after adult moth or beetle emergence from the pupal 
stage) can be valuable as both a monitoring, and to some degree, a 
control measure.

Conclusion

Preventive conservation is designed to minimise deterioration of all 
museum materials, both inorganic and organic. Low temperatures 
slow down all chemical reactions (the arrhenius effect). Most 
deteriorative reactions involve water, including metal corrosion 
and biological growth. therefore by strategically lowering relative 
humidities and associated moisture contents, deterioration 
mechanisms can be slowed or even stopped. integrated pest 
management by controlling the environment around insects to 
limit their growth is an integral part of a preventive conservation 
programme.
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Abstract

the indoor climate conditions of monumental buildings are very 
important for the conservation of their collections and the building 
themselves. Simplified models capable of simulating temperature 
and humidity are needed, which may be applied to real situations. 
in this paper we research state space models as a methodology 
for the inverse modeling of climate responses of unheated 
monumental buildings. this approach proves very promising for 
obtaining physical models and the parameters of indoor climate 
responses. Furthermore, state space models can be simulated 
very efficiently: to simulate 100 years of hourly data takes less than 
a second on an ordinary computer. 

Introduction

the effects of climate change on ecosystems and on the global 
economy have been researched intensively over the past decades 
but almost nothing is known about the influence on our cultural 
heritage. although historical monuments are exposed to extensive 
stress from stampedes of visitors, there are many other factors 
involved in the deterioration of World Heritage Sites. the impacts 
of climate change are a long-term and substantial menace to the 
sites. Many monumental buildings are used as museums or stores 
for paintings, books and artefacts. the indoor climate conditions 
of monumental buildings are very important for the conservation 
of these objects [1]. The influence of the changing external 
environment on the indoor climate of monumental buildings is 
unknown. Because of this lack of knowledge it is impossible to 
prepare adequately for the future by anticipating changes and 
adapting arrangements [2]. this places buildings and collections 
at risk. Furthermore, the worldwide energy problem is also a 
significant factor. Due to ancient building techniques historic 
buildings are often poorly insulated, meaning energy consumption 
is high. 

Current methods of researching the effects of climate change 
on monumental buildings and their collections mainly consist 
of performing computer simulations and analysing the results. 
Three problems can be identified with these methods: (i) due 
to the long time periods being considered (100 years with time 
steps of one hour), combined with the detail of the physical 
models, the simulation run-times are long; (ii) the detailed 
modeling of the buildings requires considerable effort as they  are 
old and protected, blueprints may not be readily available and 
destructive methods to obtain building material properties are 
rarely countenanced; (iii) the modeling approaches used do not 
facilitate simple characterisations of the buildings nor their energy 
efficiency. 

Inverse modeling of climate responses of monumental 
buildings  

Rick Kramer, Jos van Schijndel and Henk Schellen 
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Simplified models capable of simulating both temperature and 
humidity are needed, which may be applied to real situations. the 
objective of the current research is the successful application 
of inverse modeling on a simplified thermal and hygric building 
model in order to determine parameters with physical meaning. 
The simplified model should be capable of predicting indoor 
temperature and humidity and of characterising the building and 
its energy performance. 

the paper is organised as follows: we begin with a literature study 
on simplified models. The methodology of the inverse modeling 
development for climate responses is then presented and 
applied to a group of four unheated monumental buildings in the 
Netherlands and Belgium. Finally, the approach is evaluated and 
conclusions are drawn.  

Literature

due to developments in information technology, research into 
simplified models has decreased. However, over time it has 
become clear that simplified models have several benefits over 
complex models including user-friendliness, ease of application 
and speed of calculation [2, 3]. the response factor method and 
lumped capacitance method are suitable for simplified modeling. 
More recently, linear parametric models and neural network 
models have also been used.

Neural network models, e.g. [4] can be classified as black box 
models. their parameters have no direct physical meaning, but 
their output is generated by hidden layers (black box) from the 
input. Some models are referred to as grey box models. Linear 
parametric models are examples from the field of simplified 
building models [5]. the linear model itself is a black box model, 
but the parameters can be determined using physical data [6]. 
Some researchers stress the importance of simplified models 
with physical meaning [7], so called white box models. the lumped 
capacitance model can be classified as a white box model. Another 
advantage of this approach is the representation of building 
elements using r (resistance) and C (capacitance), according to the 
electrical analogy, which makes a graphic representation of the 
model possible. Most of the simplified building models are based 
on this approach. 

There are three approaches to create a simplified model: (i) create 
a detailed comprehensive model from known building properties 
and then perform a model order reduction technique, e.g., [8]; 
(ii) create a simplified model directly from building properties, 
e.g., [9]; (iii) create a simplified model and identify the parameter 
values with an inverse modeling technique [10]. The first technique 
is obviously the most labor-intensive: detailed construction 
properties have to be identified together with a methodology for 
simplifying an existing model. the lumped capacitance model can 
be used for this model order reduction [4] and neural network 
models can be used to filter out unimportant parameters [5], 
a stage known as pruning. the second technique is faster, but 
requires a validated strategy to identify appropriate parameters; 
it is therefore difficult to achieve good results. A methodology 
for incorporating multiple walls into one single order model has, 
however, been demonstrated [11]. The final approach is not labor-
intensive and identification of the model parameters is achieved 
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with an optimization algorithm. this technique can be used with 
the lumped capacitance model [12] neural network model [5], and 
linear parametric model [13]. The final technique is used for the 
work in this paper. 

State space models 

A linear model is often sufficient to accurately describe the 
system dynamics and, in most cases, is the first to be applied [14]. 
State space models are linear time invariant (Lti) models. State 
space models are models that use state variables to describe 
the system dynamics by a set of first order differential equations. 
to understand the concept of state space, think of the system as 
spanning a space where the axes (i.e., dimensions, i.e., orders) 
represent the state variables. even if some of the system’s 
differential equations are higher order, they should be converted 
to multiple first order equations. The state of the system can be 
represented as a vector within that space. The system of first order 
differential equations can be represented according to: 

ẋ(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + du(t)

The first part of this equation is known as state equation where x(t) 
is the state vector and u(t) is the input vector. the second equation 
is referred to as the output equation. a is the state matrix, B is the 
input matrix, C the output matrix and D the direct transition matrix. 

the main advantage is that the calculation speed is very rapid, 
especially compared to solving the differential equations with 
a variable step algorithm (e.g. ode23 in MatLaB). to show this 
advantage, a first order RC-network is simulated as a state space 
model and with the ode23 routine for different simulation periods. 
the results are shown in table 1.

the results show the huge advantage of the state space model 
regarding simulation time. While the simulation time increases 
almost linearly when using the ode23 routine to solve the 
differential equation, the simulation time of the state space model 
is less predictable. However, the state space model has a very 
limited calculation time of half a second on an ordinary computer 
(i5-processor), particularly if the task requires a repeated 
simulation for a long period, e.g., 100 years. 

the next stage is the thermal and hygric modeling. due to limitations 
of space, the work of Kramer is summarised [15]. He investigated 
several thermal models including solar irradiation. Several hygric 
models have also been developed and tested. in this paper, we 
present the optimal models from Kramer’s perspective [16].   

1 month 1 year 10 year 100 year
time [s] time [s] time [s] time [s]

Ode 23 5 89 - -

State space 0.016 0.016 0.050 0.45

table 1. Calculation time of state space and ode23 for different periods in 
MatLaB
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the thermal model is shown in figure 1. there are thermal 
capacitances for the interior (Cint), indoor air (Ci) and envelope (Cw). 
the sun irradiation is connected to Cint (interior) and Ci (indoor air). 
thermal resistances represent ventilation (1/Gfast), wall to external air 
(1/Gw), wall to indoor air (1/Gi) and indoor air to interior constructions 
(1/G ). See the appendix for the Odes and state space matrices.

the hygric model is shown in figure 2. the hygric capacitances and 
resistances are analogous to the thermal network, but the driving 
force is vapor pressure rather than temperature. See the appendix 
for the Odes and state space matrices.

Inverse modeling 

inverse modeling is the inverse of traditional modeling. in 
traditional modeling, the system is known and the output is 
unknown. By modeling the system, the output can be simulated. in 
inverse modeling, the output is known (e.g., measured), but little is 
known about the system’s parameters. the objective is to identify 
the parameter values of the model by repeatedly trying different 
parameter values and comparing the simulated output with the 
measured output. 

the goal is to minimise the simulation error, formulated as an 
objective function (e.g., summed squared error). the process of 
finding the parameter set which minimises the objective function is 
called optimization. if the solution space includes multiple minima, 
the goal is to find the global minimum, called global optimization. 

there are many different solvers, each having advantages and 
disadvantages. One important aspect is whether a solver is 
gradient-based or gradient-free. Gradient-based solvers are the 
most efficient at finding a minimum quickly. However, the solution 
space should be smooth and continuous. if not, the solver fails. the 
second aspect is whether the solver handles constraints or if it is 

Figure 2. the hygric 
model

Figure 1. the 
thermal network
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only intended for unconstrained problems. the inverse problem in 
this research is a typical example of a constrained problem since 
all variables are not allowed to be negative. Moreover, constraining 
the problem helps in finding the global minimum since it scales 
down the solution space. the third aspect is whether a solver is 
deterministic or stochastic: all solvers are deterministic except for 
the Genetic algorithm. 

to maximize the speed of the optimization process, see figure 3, 
all calculations which do not need to be repeated are executed in 
the initialization step: preparing climate data, include measured 
data, set constraints and set initial values. then the optimization 
algorithm determines the parameter set, the first time it is the 
initial value vector, and passes the parameter set to the function 
file: the function file includes the model and simulates the model 
with the given parameter set and calculates the objective function 
by comparing the simulated output with the measured data. the 
objective function is passed to the Global Optimization algorithm 
that calculates the new parameter set which is likely to minimize 
the objective function.

Subsequently, the identified building model can be used: (i) for 
simulations with other outdoor climate files; (ii) to assess the 
influence of adding insulation by adjusting a parameter; (iii) to 
assess the energy performance with different climate installations 
by coupling the identified building model to heating, ventilation and 
air-conditioning models.

Results for a group of unheated monumental buildings 

an important validation method is the performance assessment 
of the developed models on multiple buildings: by fitting both 
the thermal and hygric models to these buildings, their general 
performance is tested. General applicability is an important aspect 
in this study. it is important to choose a strategic set of buildings 
and rooms to gain maximum added value from this validation 
method. the following were included in the set: (i) a room 
surrounded by a water canal; (ii) a room with a large thermal and 
hygric mass; (iii) a room with significant sun irradiation; (iv) a room 
with sun irradiation on the roof but without windows; (v) rooms with 
ground contact and no sun irradiation. 

the physical aspects of the buildings and rooms and the 
reasons for their inclusion are explained in the next section. the 
performance per room is visualized in graphs and then explained. 
the performance of the rooms is compared by three performance 
criteria (Mean Squared error, Mean absolute error and Goodness 
of Fit) at the end of the section. Figure 4 presents the monumental 
buildings involved in the study.

Figure 3. applied 
work flow for 
optimization 
process
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Castle of Amerongen – Washing room

the washing room is situated in the basement of the castle of 
amerongen. the castle is surrounded by a canal and the external 
walls of the washing room are in direct contact with water. the 
basement has been flooded many times. The performance of the 
thermal model is shown in figure 5 (top). the model performs well 
over the seasons resulting in a good fit. The detail at the right side 
of the figure shows that the delicate fluctuations of the measured 
signal are not reproduced by the model, which is beneficial: the 
sensors have an accuracy of plus or minus 0.5 K meaning that 
the observed fluctuations are covered by the uncertainty of the 
measurement. The reason for these delicate fluctuations is unclear 
and considered to be unimportant for the performance assessment 
of the model. the performance of hygric model 3 is shown in figure 
5 (bottom). there seems to be a problem analogous to the thermal 
model observed earlier: the signal lies occasionally above but 
mostly below the measured signal. the result is that the model 
cannot be fitted accurately. A new parameter was introduced for 

Figure 4. the 
monumental 

buildings involved in 
this study. From left 

to right: Castle of 
amerongen, Castle 

of Gaasbeek, Castle 
Keukenhof and 

St. Bavo cathedral 
with measurement 

position in south 
transept

Figure 5. the 
thermal model 
(top), hygric model 
with additional fixed 
vapour pressure 
node in model 
(middle) and hygric 
model without fixed 
pressure (bottom) 
fitted to washing 
room
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the hygric model, which is analogous to the thermal model: a node 
with a fixed vapour pressure. The performance of this hygric model 
with fixed vapour pressure is shown in figure 5 (middle). The fixed 
vapour pressure improves the fit significantly. The necessity of such 
a fixed vapour pressure suggests the existence of a vapour source. 
Physically, the external wall connected to the canal is analogous to 
the thermal situation with ground contact.

Castle of Gaasbeek – Scockaert chamber

The Scockaert chamber is on the second floor of the castle of 
Gaasbeek (Belgium). It has windows which allow a significant 
amount of solar radiation into the room. the room is richly 
decorated with antique furniture, which adds to the thermal and 
hygric capacity. The difficulty here is the irregular disturbances by 
visitors. Because this effect cannot be captured by a linear time 
invariant model, the Scockaert chamber is a good candidate for 
the model’s performance assessment. the result of the thermal 
model is shown in figure 6 (top). the overall performance is good 
but some incidental measured peaks are observed which are 
not reproduced in the model. these peaks might be a result of 
internal heat sources like visitors. the result of the hygric model 
(with fixed vapour pressure node) is shown in figure 6 (bottom). 
the same observation holds as for the thermal result. the 
overall performance is good, but identical series of peaks are not 
reproduced. these peaks are due to inputs which are not included, 
e.g., moisture production by visitors.

Castle of Gaasbeek – Gothic chamber

The Gothic chamber is also situated on the second floor of the 
castle of Gaasbeek. the room is richly decorated and contains a 
large suite of furniture and decorations which contribute chiefly to 
the hygric capacity, but also to the thermal capacity. this room is 
also frequently visited by tourists. the performance of the thermal 
model is shown in figure 7 (top). the incidental peaks are less 
intense compared with those in the Scockaert chamber, but are 

Figure 6. the 
thermal model (top) 

and hygric model 
with additional fixed 

vapour pressure 
node (bottom) 

fitted to Scockaert 
chamber
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still visible. The detail at the right side of the figure shows that the 
model reproduces the measured signal accurately. the delicate 
rapid fluctuations present in the measurements of the washing 
room are completely absent in the measurements of the Gothic 
chamber. 

the hygric model performance is shown in figure 7 (bottom). the 
overall performance is good, but small disturbances which are 
not reproduced are probably due to time-variant phenomena. 
the phenomena which could change over the seasons are not 
necessarily sources of error, such as the possible use of sun blinds 
in summer.

Castle Keukenhof – the loft

Castle Keukenhof is situated a few kilometers from the dutch coast 
and so is exposed to a sea climate. the room under consideration 
is the loft, directly beneath the roof. this room is interesting 
specifically because of the risk of it overheating in summer. This 
situation offers the potential to test the model rigorously as the 
influence of sun irradiation is significant though there are no 
windows.

the thermal model performance is visualized in figure 8 (top). the 
risk of overheating is presented clearly and is reproduced well by 
the model. although the sun irradiation is modeled by four input 
signals, each representing the sun irradiation on vertical walls 
oriented respectively to the north, east, south and west, the sun 
irradiation on the roof and the resulting heat flow to the loft is 
simulated correctly. This significant heat flow from the sun results 
in an indoor temperature of up to 35 °C in summer. the detail 
at the right side of the figure demonstrates how accurately the 
model’s output has been fitted to the measured temperature. The 
performance assessment of the hygric model is shown in figure 8 
(bottom). the hygric reproducibility is poor. the indoor temperature 
and moisture content (or vapour pressure) fluctuate heavily. These 
fluctuations could not be reproduced with the sole input of the 
outdoor vapour pressure. this case offers interesting potential for 
follow-up research.

Figure 7. the 
thermal model (top) 
and hygric model 
with additional fixed 
vapour pressure 
node (bottom) fitted 
to Gothic chamber 
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St. Bavo cathedral – south transept

St. Bavo cathedral is in Gent, Belgium. the building consists of 
several parts, e.g., the choir, the entrance, the transepts, most of 
which are connected. the building is totally free-standing and has 
a huge thermal and hygric mass.

The measurements to which the model has been fitted were 
collected by a sensor in the south transept. the south transept 
includes a huge window with colored glass which is oriented to 
the south, resulting in a significant amount of incoming solar 
irradiation. the performance of the thermal model is shown in 
figure 9 (top). the measured indoor temperature is reproduced 
very accurately, which can also be visualized clearly in the detailed 
graph on the right. Although there are visitors, their influence on 
the indoor climate seems to be small due to the large dimensions 
of the cathedral. the performance of the hygric model is shown in 

Figure 9. the 
thermal model (top) 

and hygric model 
with additional fixed 

vapour pressure 
node (bottom) 

fitted to St. Bavo 
Cathedral, South 

transept 

Figure 8. thermal 
model (top) and 

hygric model with 
additional fixed 

vapour pressure 
node (bottom) fitted 

to Keukenhof loft 
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figure 9 (bottom). the measured signal is reproduced perfectly by 
the model. Again, although there are visitors, they hardly influence 
the indoor moisture content due to the vast space of the cathedral. 
Furthermore, the quality of the measurements is high, without 
signal noise.

Performance assessment of the methodology

this section deals with the performance assessment of the models 
and methods employed. the performance of the models relates to 
two factors: 

•  how accurately the measured signal can be reproduced
•  how accurately the parameters can be identified (not included in 

this paper).

this implies a contradiction. Usually, the rule holds that a higher 
order model with more parameters yields a higher accuracy. On 
the other hand, more parameters result in a higher uncertainty in 
parameter identification [15].

to be able to compare and rate how accurately the different models 
can reproduce a measured temperature or vapor pressure, three 
performance criteria are used: the MSe (Mean Squared error), 
Mae (Mean absolute error) and Fit (goodness of Fit). 

the MSe is calculated according to,

where y’ is the measured signal and y is the simulated signal.
the Mae is calculated according to,

Building room Thermal model 4a Hygric model 3
mse mae fit mse mae fit
[°C2] [°C] [%] [Pa2] [Pa] [%]

amerongen Washing room* 0.09 0.24 91 4938 58 72

Washing room 2468 39 81

Gaasbeek Scockaert chamber 1.03 0.73 84 5369 57 77

Gothic chamber 0.66 0.59 87 5316 56 78

Keukenhof Loft 1.33 0.88 84 23785 113 58

St. Bavo Cathedral South transept 0.17 0.32 91 1870 32 86

South transept** 0.74 0.69 81

Museum Gevangenpoort dungeon of pain 0.30 0.41 87 3686 47 84

iron chamber 0.10 0.26 82 462 18 85

Knight chamber 0.34 0.45 88 3710 47 84

Stock loft 1.41 0.96 81 6954 65 78

table 2. Results of fit summarized in three performance criteria (MSE, MAE & FIT)

*model without 
node for fixed 
vapour pressure
**no solar input 
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the Goodness of Fit is calculated according to,

norm(y) is the euclidean length of the vector y, also known as 
the magnitude. the equation above therefore calculates in the 
numerator the magnitude of the error between measured and 
simulated signal. this is divided by the denominator, calculating 
how much the measured signal fluctuates around its mean. 
Consequently, the Goodness of Fit criterion is robust with 
respect to the fluctuation level of the signal. All three are used 
independently in several studies, e.g. [16, 17, 18]. However, the 
benefits of using the three together are stressed elsewhere 
[10]. For example, the MSe gives more weight to larger errors. 
Consequently, it is a good criterion to express the amount of large 
errors. the Mae expresses the overall mean error.

Conclusions

it is concluded that this approach is very promising for obtaining 
physical models and parameters of indoor climate responses. in 
addition, the use of state space models results in extremely fast 
processing times as the simulation of 100 years of hourly data 
takes less than a second on an ordinary computer. 

Appendix

the Odes of the thermal model are:

the State Space matrices of the thermal model are:

the Odes of the hygric model are:
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the State Space matrices of the hygric model are:
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Abstract

Indoor climate has a strong influence on the preservation of 
interiors; the effects on the surfaces of valuable furnishing and 
artworks are of major concern. to evaluate the indoor climate 
thorough measurements have to be made. But how should this 
data be analysed? there are some established and some newer 
methods to evaluate measured climate data. the authors present 
here a new analytical method and its application on measured 
climate data from unheated historic buildings such as the 
King’s House on the Schachen, Linderhof Palace and the small 
rural church of St. Margaretha in roggersdorf. Within this new 
method a moving average is used for the analysis of short-term 
fluctuations of relative humidity and temperature. As a result 
a moving fluctuation range of relative humidity is obtained for 
example the maximum range in an hourly moving interval of 24 
hours compared to the commonly used values of equidistant daily 
cycles. Conventional methods of statistical analysis are compared 
to the new method for different time periods. advantages and 
disadvantages of the different approaches are discussed. a further 
result of this new method is the better understanding of the 
indoor environment and improved evaluation of measured data. 
a perspective is presented on possible applications of the moving 
fluctuation range method for investigations on the real physical 
behavior of collections due to fluctuations in relative humidity. 
The moving fluctuation range method can also be used in building 
simulation tools for evaluation of indoor climate conditions for 
collections.

Introduction

For several years there has been a major debate about the 
right values and allowable ranges of relative humidity (rH) 
and temperature for the indoor climate in museums and other 
buildings housing artworks. the two main arguments against 
maintaining a constant indoor climate of 50 % relative humidity 
and a temperature of 20 °C all year (which can only be achieved 
by an air-conditioning system), are the high risk of damage to 
old buildings with minor insulation standards, particularly in the 
winter and the huge energy demands. Beyond the knowledge 
that no fluctuations will cause no damage to artworks there is no 
strong physical evidence for these rigid values.
 
the discussed ranges of indoor climate are usually coupled to 
specific time periods. A major research question is the relevance 
and effect of short-term fluctuations of temperature and relative 
humidity on works of art. But how is a short-term fluctuation 
defined? How stable is the indoor environment in unheated historic 
buildings? When the data is analysed, the time periods considered 
generally correspond to annual, seasonal and daily periods and 

The moving fluctuation range – a new analytical 
method for evaluation of climate fluctuations in 
historic buildings
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some in between, like weeks or months. the real physical behavior 
of materials is often not considered or only in a generalised way. 
each material and composite material has its unique material 
characteristics and therefore has a different sensitivity to changes 
in humidity and temperature. depending on their composition, 
dimension and thermal as well as hygric inertia some composite 
materials are affected immediately by short-term fluctuations. 
This paper highlights the effect of short-term fluctuations of 
relative humidity and temperature and proposes a new method of 
data analysis. 

Climate fluctuations

The definition for allowable values was derived from a 
questionnaire on typical climates in museums. there are still 
many questions about the damaging effects to artworks stored 
in a particular climate. One damage mechanism is caused by 
the hygroscopic behavior of materials. the typical behavior of 
hygroscopic materials is to shrink and swell with changes in 
relative humidity and temperature. the aim of giving set points and 
allowable ranges of fluctuations for indoor climates is to prevent 
artworks from damage. Usually, very general recommendations 
are given, referring to the overall indoor environment. Short-
term fluctuations of relative humidity and temperature can have 
a negative impact on thin sensitive hygroscopic materials in 
particular but also on the surfaces of artworks independent of 
their volume. Burmester [1] summarises the state of the art for 
museums. Short-term fluctuations of plus or minus 2.5 % RH and 
plus or minus 1 K within one hour and plus or minus 5 % rH within 
one day should not be exceeded. For several materials fluctuations 
of plus or minus 5 % rH during one week are still bearable. these 
specifications are given for the conditions of air in the vicinity of the 
objects.

the american Society of Heating, refrigerating and air-
Conditioning engineers (aSHrae) Handbook [2] prescribes 
for climate class AA, allowable short-term fluctuations of plus 
or minus 5 % in relative humidity and plus or minus 2 K for 
temperature, based on a set point of an annual average space 
gradient. In Class B, fluctuations of plus or minus 10 % RH 
and plus or minus 2 K for precision-controlled climates are 
permitted. additional recommendations for seasonal changes 
are made. No further specific descriptions on the basis of a 
short-term fluctuation or seasonal changes are referred to. 
Further classifications are made without special requirements for 
buildings with no precision control. although there are additional 
classifications, descriptions and information for buildings, there 
is no further distinction or advice for historic buildings with 
no climate control. Kilian [3] gives a detailed description and 
distinguishes between requirements for museum buildings with 
climate control and listed buildings and monuments. 

Holmberg [4] specifies that 15 % is an acceptable daily range 
of relative humidity variation in unheated buildings based on 
observations made on a wooden door. Many more definitions and 
specification are available in the literature. Common in these 
descriptions is an allowable range for relative humidity and 
temperature for a certain time interval. However, some elements 
are not defined within the specifications: why are these time cycles 
selected for evaluation, and how are data measured? 
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Measurement and analysis of short-term cycles
Measurement of the room climate

One typical method to evaluate the prevailing indoor climate is to 
measure the condition of indoor air with its parameters relative 
humidity and temperature. there are two main constraints in 
measuring these parameters: positioning and accuracy of the 
sensors.

as mentioned above the aSHrae handbook [2] assumes some 
space gradients for the deviation of microclimates between 
the location of the sensors and object, in contrast Burmester 
[1] discusses values in the vicinity of the object. For general 
statements about the indoor climate, the equipment should 
be installed in the middle of the room. For an assessment of 
the condition of an object and to make judgements about risks 
posed by the environment, measurements near the artwork 
are necessary. However, all buildings with natural or controlled 
climates have many diverse microclimates which can differ 
significantly from the climate measured at a certain point, like 
the middle of a room. these microclimates would have to be 
considered separately.

the accuracy and response of the sensors is also important to 
proper measurement and evaluation of a climate. it is useless 
to discuss certain values or tight rH ranges if the calibration, 
accuracy and response of sensors are not sufficient for the 
evaluation in question; see also Camuffo [5] and Brown [6].

Existing methods for analysis of measured data to short-term 
fluctuations

Only a proper analysis of measured data can provide reliable 
statements concerning the prevailing climate and its potential to 
damage artworks. a common method is to evaluate the measured 
data for short-term fluctuations within a daily cycle. The maximum 
difference in relative humidity gives the maximum fluctuation for 
this day. With this derived data a graph can be drawn showing 
only the daily fluctuation range in a timeline for each day, or as a 
histogram plot sorted from the highest value to the lowest. 

a newer method for the evaluation of indoor climate is given by eN 
15787 [7]. Based on experimentally observed changes in painted 
wood, a method is introduced with a monthly moving average of 
relative humidity. this 30-day average stands for the seasonal 
cycle. A short-term fluctuation is defined as the difference between 
the measured data and the monthly moving average. On this 
average line, the 7th and 93rd percentile of measured data (equal 
to a standard deviation of 1.5) are defined as the border lines for 
the maximum distance of the acceptable range of short-term 
fluctuation (Figure 5). this method offers a combined evaluation 
of short- and long-term fluctuations. The monthly moving average 
shows the seasonal trend. This evaluation seems a better fit for 
the real behavior of hygroscopic materials with a certain thickness, 
for example painted wooden panels, than the usually rather 
generalised guidelines. 

Yet it is not clear to which materials, combinations of materials 
or material characteristics and thickness this analysis method 
applies and if it is sufficient for the evaluation of damage potential.
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Material characteristics of artworks

the right time period over which to evaluate the damage potential 
of the environment on artworks depends on the kind of artwork 
under consideration. From a physical perspective, there is no 
correlation between moisture sorption and a daily cycle. the 
moisture sorption from and to the air is mainly driven by the 
difference between the moisture equilibrium of the material and 
the relative humidity.

as different objects are made of different materials or also 
composite materials the reaction to a change in climate depends 
on the physical characteristics of the materials themselves. 
diffusion-resistant parts like the paint layer in a pastose oil 
painting will behave differently from the very permeable canvas. 
experiments show an immediate reaction in weight-change of 
a sensitive artwork like a painting on cardboard to a change in 
relative humidity (Figure 1). 

Concerning the hygrothermal characteristics of artworks, only a 
few values are available, for example, the water vapour diffusion 
resistance or isotherms for reconstructed historic composite 
materials from Wehle [8], Worch [9] and Rachwał [10]. Reliable 
data for combined inhomogeneous materials and their uncertainty 
ranges are completely unknown. 

Time cycles and measuring periods

typical periods for analysing climate data are one hour, one day, 
several days, one week, one month and one year. the one-day 
period is an alternating cycle of relative humidity depending on 
day and night. in most regions of the world, a one-year period is 
also a real cycle with seasonal changes in relative humidity and 
temperature overlaying the daily cycle. Cycles of one hour, several 
days, one week or month are mainly arbitrary and serve as an aid to 
describe intermediate cycles. they give the typical cycles of human 
anthropology, but not necessarily of material behavior. the different 
cycles serve as an aid to match to the different time constants of 
different materials. For example, a sheet of parchment or an oil 
painting on cardboard will react very quickly to changes in rH and 
therefore shorter time intervals should be chosen for evaluation 
compared to a painted panel as mentioned above.

Figure 1. Change 
in weight for an 

oil painting on 
cardboard, when 

subjected to cyclical 
changes in relative 

humidity from 40 to 
70 % at 19 to 20 °C
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there is also a question about the most appropriate duration of a 
condition in relation to the time intervals being studied. What is 
the correct time duration of a condition in relation to 24 hours? a 
common time interval is one hour but consideration of different 
durations may also be useful. But how often should the indoor 
air conditions be measured within one hour to get sufficient 
information? 

Figure 2 shows a graph of measured data of relative humidity in 
the unheated Linderhof Palace for one day during opening time. 
due to open windows and entering visitors the relative humidity 
changes very quickly. The five-minute measured data (grey line) 
are compared to their hourly average value (dark blue line). 
additionally two lines are shown in the graph with the maximum 
and minimum RH for each hour of the five-minute data. The 
relative humidity changes quite quickly in this example. there are 
short-term fluctuations up to 9 % RH per day though for the most 
part values of about 5 % RH fluctuation can be observed (Figure 3). 

a variation in average values depending on the number of 
data used per hour is shown in figure 4. the average values 
are calculated from 5-minute interval data by taking every 
second, third and sixth value. this means the average value is 
calculated with 10 minutes measured data interval and also 
with 15 minutes, and 30 minutes. that gives an estimation of 
the necessary measuring frequency for one-hour values and 
how much information gets lost. the maximum deviation to the 
5-minute average value to the average line made of 30-minute 
measured values is nearly to 2 % rH in this example. For a longer 
period deviations of up to 3 % rH were observed for the King’s 
bedchamber. this is only of interest for investigations of short-
term fluctuations. The long-term means of both average values are 

Figure 2. the graph 
shows a typical 

day in the summer 
in the King’s 

bedchamber in 
Linderhof Palace. 

in the morning, 
the windows were 

opened just before 
the visitors came 

in. Both influences 
have a certain 

impact in relative 
humidity and cause 
strong fluctuations. 

the blue and light 
blue graphs show 

the maximum value 
within one hour 

and the minimum 
relative humidity. 

the dark blue 
centre graph shows 
the hourly average 

of the 5-minute 
measured data 

(grey line).

Figure 3. the 
relative humidity 
fluctuations reach 
up to 9 % rH within 
one hour with 
5-minute measured 
data
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almost matching. the example of the unheated Linderhof Palace 
with more than 3000 visitors shows a rapidly changing indoor 
climate. it also shows possible deviation of relative humidity values 
depending on the frequency of measurement. during closing times 
without visitors and less ventilation before and after opening time 
we can observe only small fluctuations with less dependency on 
measuring frequency. 

For buildings like Linderhof with large variations in visitor numbers 
and ventilation rates, short measuring intervals of 5 or 10 minutes 
are necessary to get sufficient information.

A newly developed method for evaluation of measured data for 
short-term fluctuations

For further evaluation of the data we will examine a longer time 
interval. Figure 5 shows a one-hour average value of relative 
humidity based on data measured over 5-minute intervals in 
Linderhof Palace. the light blue graph shows the annual average 
of a one-year period from december 2009 to december 2010. the 
red line is the 30-day moving average and the broken line shows 
the 1.5 standard deviation (sd) as recommended in eN 15787. the 
1.5 sd for the measured year equates, for the King’s bedroom, to 
plus or minus 10.4 % rH forming a relatively ‘safe’ zone around 
the moving average, relatively ‘safe’ because the standard is meant 
to be used only if no damage is present, which is not the case for 
Linderhof Palace. the three dashed arrows indicate a vast change 
in rH which exceeds a one-day period. if we analyse a one-day 
period on its maximum range of rH we cannot recognise changes 

Figure 4. average 
values with different 

time intervals are 
compared with each 

other. the average 
lines are based on 

the same measured 
data. With only two 

measured data 
in one hour too 

much information 
gets lost. in this 

example a deviation 
of 2 % rH occurs 

compared with 
the average line of 

5-minute data

Figure 5. the blue 
line shows the one-
hour average value 

of the five-minute 
measured rH in the 
King’s bedchamber 

in Linderhof Palace. 
the 7th and 93rd 

percentile or 1.5 sd 
around the moving 
average are shown 

[7]. the light red 
arrows show vast 

changes in rH over 
a one-day period
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exceeding one day. By moving this 24-hour period by an hourly step 
it is possible to make changes exceeding one day visible. 

Figure 6 compares both methods of equidistant analysis and an 
hourly moving 24-hour interval. the blue line shows the hourly 
moving maximum fluctuation range within 24 hours. The light red 
graph shows the fluctuation range within equidistant 24 hours 
from 1:00 am to 0:00 pm for 11 days. the maximum range of rH in 
a moving 24-hour interval in figure 6 is up to 9 % rH higher than 
with the equidistant daily method calculated. the examined data is 
a one-hour average value of relative humidity based on a 5-minute 
interval of data measured in the King’s bedchamber in Linderhof 
Palace in 2010.

Examples of climate data examined with the new method of the 
moving 24-hour maximum fluctuation range of relative humidity
Case study: Linderhof Palace

For a detailed description of the climate in Linderhof palace see 
[11]. Figure 7, left graph shows the maximum range of relative 
humidity analysed with two methods. One method is the moving 
24-hour interval (blue line), the other method is the commonly 
used daily equidistant interval (light red line) with 365 values. the 
data were collected in the King’s bedroom in Linderhof Palace 
from December 2009 to December 2010. Each fluctuation beyond 
15 % rH is seen as critical for the original furnishing in Linderhof 
Palace. if each event beyond 15 % rH range (red line) is counted, 
8 % of the days in one year exceed this range. With the moving 
maximum fluctuation range, fluctuations beyond the critical line 

Figure 6. the rH 
fluctuations of 
measured data 
collected in the 
King’s bedchamber 
in Linderhof Palace 
are analysed. the 
blue line shows the 
moving 24-hour 
fluctuation range. 
the light red graph 
shows the maximum 
fluctuation within 
one day from 1:00 
am to 0:00 pm for 
each day

Figure 7. Maximum 
range of relative 
humidity within a 
24-hour moving 
interval for each 
hour (blue line) and 
with an equidistant 
interval of one day 
for each day (light 
red line). the data 
were collected in 
the King’s bedroom 
in Linderhof Palace 
from december 
2009 to december 
2010
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on 12 % of the days within this year are counted. Much stronger 
fluctuations, by up to 10 % are made visible by the new method. 
the histogram in figure 7 counts each maximum fluctuation 
per day. For the 24-hour moving fluctuation, if a vast single 
fluctuation happens over two days, a double count may occur. This 
phenomenon is explained in figure 5 by the arrows. the calculated 
mean value of all RH fluctuation beyond 15 % of the new method 
is 4.0 % rH higher when compared with the calculated mean 
RH fluctuation of the common equidistant method. With the new 
method 1.5 times as many occurrences beyond 15 % rH can be 
detected compared to the common method.

Case study: the Turkish Hall in the King’s House on Schachen

the King’s House on Schachen built by King Ludwig ii. of Bavaria 
(1869–1872) is situated in the Bavarian mountains at a height 
of 1876 m above sea level. it is open to visitors for four months 
during summer, the rest of the time it is closed due to the snow. 
intensive conservation assessments [12] as well as a building 
simulation and climate studies have been done [8], [13]. applying 
the new moving 24-hour method shows that the values exceeding 
the limit are much lower than in Linderhof Palace. Still there are 
some occurrences beyond the 15 % fluctuation range, which may 
be dangerous for the historic interiors in the turkish Hall. With the 
new method, 2.1 times as many occurrences beyond 15 % rH can 
be detected compared with the common method. the method with 
the moving 24-hour interval also reveals stronger fluctuations than 
the equidistant method. the maximum distance between the two 
methods is 7.7 % RH at a fluctuation beyond 15% RH (Figure 8). 
the difference of the mean rH ranges beyond 15 % between the 
two methods is 3.0 % rH.
 
Case study: Church St. Margaretha in Roggersdorf

the small church of St. Margaretha in roggersdorf was built in the 
seventeenth century and is still unheated. the indoor climate shows 
high average humidity [15] and very large fluctuation ranges of up 
to 37 % rH points. the method with the moving 24-hour interval 
reveals stronger fluctuations than the equidistant method. Applying 
the new method, 1.9 times as many events with fluctuations beyond 
15 % rH can be detected compared with the common method 
(Figure 9). the maximum distance between the two methods is 13 % 
RH at a fluctuation beyond 15 % RH. The difference of the mean RH 
ranges beyond 15 % rH between the two methods is 3.4 % rH. 

Figure 8. Maximum 
range of relative 

humidity within a 
24-hour moving 
interval for each 

hour (blue line) and 
with an equidistant 
interval of one day 
for each day (light 
red line). the data 

were taken from 
the turkish Hall in 

the King’s House 
on Schachen from 

October 2006 to 
October 2007
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Conclusion and outlook

The new method of evaluation of short-term fluctuations with a 
moving fluctuation range makes the real maximum fluctuation 
of a particular climate visible. in all of the three examples there 
are up to two times more fluctuations beyond 15 % RH detectable 
when compared with the equidistant daily method, see table 1. 
Also, much wider short-term fluctuations were revealed, up to 
13 % rH higher with a mean difference of mean values of rH 
ranges of up to 4 % rH, see table 2. the new method has been 
successfully applied to assess the indoor climates of three 
unheated monuments with different local ambient climates and 
visitor numbers. With the new method, the real climate conditions 

Figure 9. Maximum 
range of relative 
humidity within a 
24-hour moving 
interval for each 
hour (blue line) and 
with an equidistant 
interval of one day 
for each day (light 
red line). the data 
was measured in 
roggersdorf from 
december 2004 to 
december 2005

number of 
equidistant 1-day 
range ≥ 15 % RH

number of moving 
24-h range 
≥ 15 % RH

difference factor of difference 
(multiplier)

[ days] [ days ] [ days ] [ - ]
Schachen 9 19 10 2.1

roggersdorf 36 68 32 1.9

Linderhof 30 45 15 1.5

mean 
multiplier

1.8

table 1. Results of three examples on evaluation of maximum fluctuation range in relative 
humidity with two different methods, number of days exceeding 15 % RH fluctuation

mean difference between 
equidistant 1-day range minus 
moving 24-h range in values ≥ 15 
% RH

Maximum difference of RH range 
between the two methods

[% RH] [% RH]
Schachen 3.0 7.7

roggersdorf 3.4 13.0

Linderhof 4.0 11.0

mean 
multiplier

3.5 -

table 2. Results of three examples on evaluation of maximum fluctuation range in relative 
humidity with two different methods, mean difference and maximum value
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can be captured more accurately. this is an important conclusion 
when assessing damage caused to artworks by short-term 
environmental fluctuations. For the examples of the Linderhof 
Palace, the King’s House on Schachen and the Church of St. 
Margaretha in roggersdorf the limit of changes considered to pose 
a risk was set to 15 % point rH due to the condition assessments 
which had been undertaken on these buildings. Here the analysis 
was done for relative humidity but the method can also be used for 
the examination of temperature differences. Broader fluctuation 
values should be expected here too. the new method has also been 
used successfully to validate simulated data generated during a 
simulated climate exercise for preventive conservation purposes at 
the Linderhof Palace [14].

Further investigations are necessary to determine the limits of non-
hazardous short-term fluctuations as evidence. The new method 
to analyse climate data should be further developed as a standard 
tool. This work will need to include a critical review of the definition 
of short-term fluctuation, the response of different materials and 
the applicability of experimental data obtained by step functions in 
climate chambers in comparison with real climates.
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in recent years heritage professionals have been engaged in 
animated debate about appropriate climatic conditions for 
collections held in museums, galleries and historic buildings. the 
emotive issues in this debate have included inflexible standards, 
unsuitable modern architecture, unreasonable loan conditions, 
predicted climate change and rising energy costs. Scientific 
attempts to measure and predict changes to art objects have been 
challenged as they do not relate to the ways that art objects are 
perceived and valued.

the 35 papers in this volume investigate what is known and 
what is not known about suitable environmental conditions for 
cultural heritage collections. They present the most significant 
recent research on this subject, informed by a major international 
conference, held at the Pinakothek der Moderne in Munich from  
7 to 9 november 2012.
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