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ABSTRACT
This paper discusses the variability in space and time of microclimate in exhibition rooms and the related impact on
collections composed of organic materials. The main deterioration mechanisms and risk assessment tools are highlighted.
The historic climate, recommended by the EU standard EN 15757:2010 to avoid mechanical damage for the conservation
of organic hygroscopic materials is elucidated. The limits of tolerable temperature (T) and relative humidity (RH)
variability on the long (seasonal) and short time-scale (fluctuations) are also presented. The uneven distribution of heat in
a room, especially in the corners or behind furniture, creates a habitat favorable to mold infestation. Special temperature
T and RH diagrams, produced under the EU funded “Climate for Culture” project, are useful to assess risk for infestation
by insects and molds, as well as the risk of damage (deformation, cracking, or blistering) for wooden objects or
polychromy. A discussion concerns the possibility of killing insects and molds with high or low temperatures, or using the
vacuum cleaner. The lifetime of cellulose (paper and textiles) is also considered. The exhibition lighting is considered in
light of two EU standards, i.e. CIE 157:2004 and CEN TS 16163: 2014. The standards provide useful recommendations
about light sources, emission spectra, illuminance, and upper limit of annual luminous exposure for photosensitive
surfaces. Finally, the paper presents the EU standard EN 15999-1: 2014 that is a guideline for design of showcases for
exhibition and preservation of collections. It provides general instructions to reduce the risk of physical damage to exhibits
(e.g. theft, vandalism, natural disasters) and to improve the control of environmental parameters (e.g. T, RH, dust,
pollutants and light).
Keywords: European standards; museum conservation; organic materials; microclimate; pests

RESUMO [in Portuguese]
Este artigo discute a variabilidade no tempo e no espaço do microclima em salas de exposição e o impacto nas coleções
compostas por materiais orgânicos. Os principais mecanismos de deterioração e ferramentas de avaliação de riscos são
apontados. O clima histórico, recomendado pelo standard EN 15757:2010 da UE para evitar danos mecânicos à
conservação de materiais orgânicos higroscópicos é elucidado. Os limites toleráveis de variação de temperatura (T) e
humidade relativa (RH) em longa (sazonal) e curta escala de tempo (flutuações) são também apresentados. A
distribuição desigual de calor numa sala, especialmente nos cantos e por detrás de móveis, cria um habitat favorável a
infestações de bolor. Diagramas especiais de T e RH, produzidos ao abrigo do projecto "Climate for Culture", financiado
pela UE, são úteis na avaliação de risco de infestação por insectos ou bolor, bem como do risco de danos (deformação,
formação de bolhas e fendas) para objectos de madeira ou policromia. Discute-se a possibilidade de matar insectos e
fungos com altas ou baixas temperaturas, ou usando um aspirador. O tempo de vida da celulose (papel e têxteis) é
também considerado. A iluminação em exposições é considerada à luz de dois standards da UE, i.e. CIE 157:2004 e CEN
TS 16163:2014. Os standards dão recomendações úteis sobre fontes de luz, espectro de emissões, iluminância e limite
superior de exposição luminosa anual para superfícies fotossensíveis. Finalmente, este artigo apresenta o standard da UE
EN 15999- 1:2014 que é o guia para o design de armários para exposições e preservação de coleções. Providencia
instruções gerais para a redução de risco de danos físicos a exposições (por exemplo, roubo, vandalismo, desastres
naturais) e para a melhoria do controlo de parâmetros ambientais (por exemplo, T, RH, pó, poluentes e luz).
How to cite this paper: Camuffo, D. and Bertolin, C. (2016). Unfavorable microclimate conditions in exhibition rooms: early detection, risk
identification, and preventive conservation measures. Journal of Paleontological Techniques, 15: 144-161.
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INTRODUCTION
It is well known that the conservation of
collections composed of organic materials is
strongly determined by the indoor climate. In
general, the main deterioration mechanisms are
known. Conservators take care to keep ideal
conditions recommended in standards or
internal regulations or, at least, to avoid
situations involving high risk, e.g. extreme
temperature (T) and relative humidity (RH)
levels, or abrupt T and RH changes, or
enhanced T and RH fluctuations in amplitude
and duration.
This paper has the following aims: to give an
answer to some crucial questions, to limit
misinterpretations and misuse of standards and
recommendations, to provide a helpful survey
of the main topics, and to assist the user in
preventive conservation by making clear the
relationship between climate and risk of
degradation for some key materials in museum
collections.
The first question concerns the indoor climate:
Where, in the room, T and RH should be
monitored? T and RH vary from one point in the
room to another. If you are concerned about
shrinkage/swelling, condensation/evaporation,
corrosion, pest infestation, or any other decay
mechanism, you should not be vaguely
interested in what is happening in the air, but
rather on the surface of objects in your
collections and how they interact with the air.
Phenomena occurring at object surfaces
account for the variety of decay we can observe
in the same room and even on the same object.
Any object composed of organic materials
undergoes
deterioration
mechanisms
determined by its temperature and the
moisture either adsorbed on the surface or
absorbed inside the material. The moisture
content of a hygroscopic material is ultimately
related to the T and especially the RH in the air,
so when the material is exposed to a given T
and RH value, the constant equilibrium
moisture content is eventually attained.
Therefore, when the indoor climate is variable,
the air and the materials are not in equilibrium,
and the measurements taken in air are only
partly representative of the objects inside a
room. Departures from the equilibrium may
become larger in the presence of lighting, or
when heating, ventilation, or air conditioning
(HVAC) systems are used. A crucial point is how
to practically control the microclimate and to
timely assess risk of damage.
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In order to increase the preparedness for
responding to global warming and preserving
the European cultural heritage, the EU funded
“Climate for Culture” (CfC) project was focused
on the simulation of the indoor environmental
changes that would likely occur in the 20212050 near future and 2071-2100 far future, and
to assess the related risk factors for cultural
heritage materials. In the following some CfC
risk evaluation tools and simulated scenarios
will be shown as elucidative examples.

HOW HOMOGENEOUS IS CLIMATE IN A
ROOM?
Inside a room the temperature is not
homogeneous for a number of reasons (e.g.
heat sources and exchanges, air movements
and leakage, thermal conductivity of the
envelope), and a record of T and RH taken in
the middle of the room, or in a corner, is rarely
representative of the climate experienced by
the collection; for example paintings hung on
walls. An example of how variable T and RH
may be within an exposition room of a museum
is shown in Figure 1. In this room, the
distribution of T and RH are affected by visitors,
the HVAC system, and the air motions from one
room to another. If the sensors to monitor or to
control the indoor climate are located in
positions where T and RH are different from the
real situation of exhibits, the monitoring may be
not
adequately
representative,
or
even
misleading.
However,
the
situation
may
not
be
homogeneous, not only in a room, but also
within a single wall. The paintings hung on the
walls of the gallery selected for the example in
Figure 2, when observed in the thermal infrared
(IR) wavelength with a thermocamera, show a
wide range of variation, especially at the
blinded windows behind panels and painting
frames. Paintings are hung on panels
constituting a second thin wall parallel to the
main one, to avoid internal light reflections and
increase the exposition area.
The
non-homogeneity
of
the
surface
temperature reflects a non-homogeneity of the
RH at the interface between the paintings and
the air. This can be calculated using the
observations of surface temperatures and the
humidity
mixing
ratio
in
the
air
as
recommended in Section 5 of the EU standard
EN
16242:
2012:
“Considerations
and
recommendations
related
to
measuring”
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Figure 1 - Temperature and relative humidity in an exhibition room of an art museum.

Figure 2 - View in visible light of paintings hung on a wall of a gallery; thermal image of the same wall taken with a
thermocamera in the near infrared; image of the relative humidity at the interface between the air, the paintings and the wall,
calculated using the temperature of the surfaces and the moisture content in the air.
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on the procedures and instruments for
measuring humidity in the air and moisture
exchanges between air and cultural property.
This is the simulation of the RH calculated in
the viscous air layer in contact with the surface.
The temperature is determined by the
materials, and the moisture content is the same
as in the free air at some distance from walls,
because of the high diffusivity of the water
molecules (Camuffo, 2013). In the picture, the
RH simulation allows us to see when, where,
and how much RH departs from the average
levels in order to undertake measures for
preventive conservation.
Inside a room, some natural ventilation is
generated by local thermal unbalances,
leakage, etc. Natural ventilation is slow and
often not perceived at all, but in any case it is a
powerful motor that redistributes heat within
the room. Air movements may be generated by
heaters operating in the cold season, down
draughts along cold windows or walls, external
warm air entering the room, lighting systems,
or any temperature imbalances inside a room or

between adjacent rooms. Walls are well
ventilated, receive heat, and reach mild
temperatures. Corners, however, are less
ventilated, receive less heat, and their
temperature is lower (Figure 3). As a
consequence, corners have higher RH and,
consequently, the local moisture content of
walls in equilibrium with the ambient air is also
higher. If the moisture reaches the threshold
for mold colonization, fungi sporae may
germinate and will colonize the corner.
The same occurs behind furniture close to a
wall (Figure 4). In the cold season, the heat
generated inside flows outside in various ways,
e.g. by air leakage or heat loss across the
envelope. Let us concentrate on the heat loss
across a wall. The heat flow is inversely
proportional to the resistance offered by the
wall, and the internal surface of the wall
assumes the temperature level of the air,
decreased by an amount determined by the
heat loss across the wall. When furniture is
located close to a wall, the thin air layer
between the back of the furniture and the wall

Figure 3 - Thermal image of a cold corner in a heated room in winter, taken with a thermocamera in the near infrared; image of
the relative humidity at the interface between the air and the wall, calculated using the temperature of the surfaces and the
moisture content in air. The arrow shows the internal air circulation. A warmer bench (at indoor air temperature) is visible on the
left side.
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Figure 4 - An example to explain why molds grow behind furniture. Walls release heat to the exterior. In the absence of
furniture, the wall surface receives heat and is relatively warm (e.g. T=20°C). When furniture is located close to it, the heat
supplied (from ventilation) to the wall is reduced and its temperature falls (e.g. T=15°C), raising RH (e.g. 80%) and the
equilibrium moisture content of plaster. This situation constitutes a favorable habitat to mold development.

reaches a new equilibrium. The moisture
content in the air remains the same for the high
diffusivity of the water molecules, but the heat
transported by ventilation is strongly reduced.
The furniture acts as a thermal insulator in front
of the wall. This portion of wall receives little
heat across the furniture and the thin air layer,
and consequently its temperature drops. The
RH in the thin air layer increases accordingly,
possibly reaching the threshold for mold
colonization. The problem may be simply solved
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by increasing the distance of the furniture from
the wall, allowing better ventilation and heat
transport.
The above examples show that a room with
excellent indoor climate may locally reach
unsafe conditions, depending on the use of the
room, the HVAC systems, the location of
furniture, and many other factors that may
affect the local exchanges of heat and moisture
and the resulting microclimate.
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It is evident that records of T and RH taken in
the free air inside a room are useful, but only
vaguely representative of what is happening on
the surfaces: some objects may be in
equilibrium with the air, others, at higher
temperatures, may be releasing heat and
moisture,
and
still
others,
at
lower
temperatures, may have the opposite flows or
even condensation. For this reason, climate
monitoring in a museum should not only
provide a general idea of the T and RH levels of
the air in each room, as is usually done, but it
should also determine what specifically happens
at the interface with each exhibit of the
collection, by monitoring its temperature with a
thermocamera
and
calculating
the
corresponding RH level at the interface with the
air, as discussed above.
Corners and other particular positions should be
carefully investigated even in cases when they
do not host collections. The reason is that, if
they constitute a convenient habitat for molds,
they will be colonized and risk to disseminate
sporae and infest the whole room, or even the
whole museum.
HISTORIC
CLIMATE,
ARTIFICIAL
CLIMATES, AND THE CONSERVATION OF
ORGANIC HYGROSCOPIC MATERIALS

It is obvious that the ideal condition would be to
keep collections in an absolutely stable
environment, with T and RH constant over time
and fixed with negligible fluctuations at levels
convenient for the materials and unfavorable to
pests. The variability of T and RH has been
considered in the guidelines for museum indoor
conditions developed by ASHRAE (2003, 2007).
Museums and galleries are categorized in six
climate classes, i.e. AA, A, A, B, C, D, from
smaller to larger variability of T and RH either
seasonal or short-term. The top classes are not
sustainable due to the high cost-benefit ratio
and not justified in a museum management.
The problem is to know which T and RH
variations vulnerable objects can tolerate.
ASHRAE (2003) introduced the concept of
“proofed fluctuation”, i.e. the largest RH or T
fluctuation to which the object has been
exposed in the past without having suffered
visible damage. It was supposed that the risk of
further damage from fluctuations smaller than
the proofed value is extremely low (Michalski,
2009). However, it has been observed that
extreme T and RH fluctuations may generate
internal
micro-cracks,
and
these
may
subsequently grow with repeated stress/strain
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cycles until they form macro fractures as
expansion joints to respond to the climate
variability (Bratasz et al., 2007; Bratasz 2010).
Laboratory tests and field observations have
concluded that hygroscopic organic materials
are highly vulnerable to RH changes, and less
to T. In addition, the safe variability interval
depends on the initial RH conditions to which
the object was acclimatized.
The EU standard EN 15757:2010 concerning the
specifications for temperature and relative
humidity to limit climate-induced mechanical
damage in organic hygroscopic materials
defines the “historic climate” (HC) as the
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
acclimatized. This concept is fundamental for
the conservation of wood, books, and other
objects, especially when they are composed of
different materials or when different parts of
the same material are joined together
(Camuffo, 2010, 2013). The historic climate
considers that an object composed of materials
characterized
by
different
degrees
of
expansions or contractions may be severely
damaged by climate changes (especially RH
changes). Any change in RH implies a change in
the moisture content and a deformation in
shape or size (strain). The damage derives from
the internal forces (stress) generated by the
departure from the basic RH level in which the
object was kept and to which it has been
acclimatized (Mecklenburg et al., 1998; Bratasz
et al., 2007; Bratasz 2010). The acclimatization
may have caused structural transformations,
e.g. plastic deformations and/or fractures.
However,
once
the
object
has
been
acclimatized, it reaches a new structural
equilibrium with the final RH level.
From a practical point of view, the conservator
should periodically control the collections. If an
object is found to be in bad conditions, it is
necessary to search for a remedy, studying the
object and its environment, i.e. causes and
effects. On the other hand, when objects are in
good conditions, it is dangerous to change the
climate and enter an unknown, unsafe area.
The historic climate should be kept unchanged
to avoid mechanical stress and damage.
However, it may happen that an object is
moved from its original place to another
location (e.g. temporary exhibition, new
building) or a HVAC system is planned or
installed in the room, or its use may imply T
and RH unbalances. In other terms, any historic
climate is characterized by a certain long-term
variability (e.g. seasonal cycle) and a number
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of short-term fluctuations (e.g. due to window
opening, HVAC operations). The combination of
the long-term and short-term RH variability
defines a band whose upper and lower limits
are determined by extreme RH levels, i.e.
peaks and drops in RH. Extreme RH values may
be risky because they may have triggered
dangerous strain-stress cycles with microfractures inside the material. The repetition of
extreme cycles (i.e. the accumulation of strainstress cycles) may lead to macroscopic
mechanical damage. For this reason the
standard recommends staying at a prudent
distance from the RH extremes on either side
(too dry - too humid), excluding the 7% of the
highest and the 7% of the lowest readings. This
means that the safe band lies within the 7th and
93rd percentiles of the fluctuation magnitudes
(i.e. a fluctuation is calculated as the difference
between a current RH reading and moving
average calculated for the whole calendar year
with a 30-day window).
For instance, the EU standard EN 15759-1:
2011 focused on guidelines for heating
churches, chapels, and other places of worship
states that churchgoer thermal comfort and
cultural
heritage
conservation
may
be
conflicting. If a compromise is not acceptable,
cultural heritage and the historic climate
defined in EN 15757:2010 shall have priority.
Practically, in the case an object should be
moved from one ambient to another, or a
climate control is installed, it is necessary to

pass through three steps: (i) Knowledge of the
historic climate (HC). If the HC is not known, it
is necessary to measure it for one year; (ii)
Staying within the 7th-93rd percentile safe band
(to remain in the HC); (iii) Verification that the
new room, or the HVAC, complies with the HC,
at least in close proximity to the object.
A useful tool to assess the risk of yield or failure
of wooden sculptures, and of cracking and
delamination of decorative layers has been
obtained by plotting matched pairs of observed
and averaged RH levels in a diagram obtained
from laboratory tests (Martens and Schellen,
2013). The observed instantaneous RH levels
are representative of the continually changing
moisture content in the surface layer, while the
averaged RH levels are representative of the
equilibrium in the internal layers. The depth of
the internal layer is related to the time required
for heat and moisture to diffuse inside the
material, i.e. the response time of the object.
The difference between the instantaneous and
averaged RH data is representative of the strain
and stress inside the material. In the risk
assessment diagram, matched instantaneous
and averaged RH readings are plotted, and they
may fall in the safe (green) area, or in the
areas where objects are endangered by
permanent deformation (yellow) or failure
(red), as shown in Figure 5 for wooden
sculptures (left diagram) and panels (right
diagram).

Figure 5 - Example of microclimate risk assessment tool for a wooden sculpture (left side) and a panel painting (right side) kept in
an unconditioned building type 02 of the Climate for Culture Project. Green area refers to safe conditions with reversible changes;
yellow to conditions endangering objects by deformation; red by possible failure. Color dots refer to RH readings in spring (green),
summer (red), autumn (orange) and winter (blue). Note: The building type 02 represents a small, heavy weight building (Floor
Area  245 m2, Volume  2600 m3, sandstone wall with 1.25 m thickness and 2 cm thickness of lime plaster both indoors and
outdoors) with high moisture buffering and small window area (36 m2 i.e. 6 windows of 2 m x 3 m). This building has been chosen
as representative to show an exemplary set of maps available in the CfC project database.
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Within the "Climate for Culture" project it has
been calculated how the above risk will likely
change under the Representative Concentration
Pathway (RCP) 4.5 Emission Scenario (van
Vuuren et al., 2011) in the far future (20712100; Figure 6). The RCP 4.5 Scenario is based
on long-term, global emissions of greenhouse
gases, short-lived species, and land-use-landcover which stabilizes radiative forcing at 4.5
watts per square meter (approximately 650
ppm CO2 equivalent) in the year 2100 without
ever exceeding that value (Stocker et al.,
2014).
The concept of historic climate is fundamental
when the mechanical stress condition may be
dominant over other deterioration mechanisms,

e.g. pest infestation, hydrolysis, corrosion, and
mineral transitions, as we will see later.
Concerning other materials, e.g., metals and
minerals, the concept of historic climate is also
useful, but then as a reference to which the
past, the present-day situation, and future
scenarios may be compared (Camuffo et al.,
2014; Bertolin et al., 2015). As recommended
by the World Climate Programme (WCP) of the
World Meteorological Organization (WMO),
reference is made to a 30-yr period, at the
present 1961-1990, and the difference between
a future average situation and the average in
the reference period is called “anomaly”. The
anomaly is a useful index to individuate trends
and be prepared to undertake mitigation
measures.

Figure 6 - Microclimate risk assessment for a wooden sculpture (left side) and a panel painting (right side) kept in an
unconditioned building type 02 of the Climate for Culture Project. The simulation refers to the 2071-2100 far future RCP4.5
emission scenario. Risk increases from green (no risk) to yellow (alert) and red (risk)

Figure 7 - Risk assessment for infestation of humidity dependent insects in an unconditioned building type 02 of the Climate for
Culture Project. The simulations refer to the 1961-1990 reference past (left side) and 2071-2100 far future (right side) under the
RCP4.5 emission scenario. Risk increases from white (no risk) to red (risk). Unit: growing degree day per year.
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Figure 8 - Example of microclimate risk assessment tool for infestation of humidity resistant insects (left side) and humidity
dependent (right side) insects. Color dots refer to RH readings in spring (green), summer (red), autumn (orange), and winter
(blue). The yellow area refers to risk conditions.

INSECT INFESTATION
Furnishing in historic buildings and especially
natural history collections and ethnographic
museums that contain a large number of
vulnerable organic exhibits are at a very high
risk of pest infestation and damage (Querner,
2015). Pests are organisms that interfere with
the management objective of the site. Pests
come in a variety of forms: insects, rodents,
bats, birds, and mold. Insects need comfortable
conditions of T and RH, especially humid to
damp environments that constitute a favorable
habitat for eggs, larvae, and mature insects
(Brimblecombe & Lankester, 2013; Child,
2013). At low T and/or RH they enter a
comatose status for cold or dehydration. Under
mild and humid conditions in the range
13°<T<35°C and 50<RH<100% the insects
develop a certain activity that becomes
particularly intense in the range 18°<T<24°C
and
70<RH<100%.
In
this
particularly
favorable habitat, they may repeatedly deposit
eggs and multiply. An index used in agriculture
is given in terms of growing-degree-days (GDD)
that are a measure of heat accumulation (i.e.
the sum (Σ) of the degrees that exceed the
15°C threshold) to predict pest development
rates and plan the use of pesticides (Herms,
2013) according to the formula
GDD = Σ(T-15°C)
when RH>70% and 15°<T<30°C. The yearly
average of GDD for the 1961-1990 recent past
and the simulation for 2071-2100 under the
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RCP4.5 emission scenario (van Vuuren et al.,
2011) is shown in Figure 7.
A useful tool to assess the pest infestation risk
in an exhibition room is to plot the matched
pair of T and RH readings on a plot where the
well-being or negative areas for insects are
highlighted, as shown in Figure 8.
In this example, winter and most of spring are
too arid for woodworms (Anobium punctatum);
the most critical seasons being autumn and
summer, as shown on the right diagram in
Figure 8.
Some other insects, e.g. clothes moth (Tineola
bisselliella) and drugstore beetle (Stegobium
Paniceum) are more resistant to dryness
(Brimblecombe et al., 2013), and their area of
activity is found in the T and RH interval:
T>15°C & RH>30%, as shown on the left side
in Figure 8.
In another example shown in Figure 9, the
yearly average of GDD is calculated as above,
but under the condition that RH>30% and
15°<T<30°C. The GDD has been calculated for
the 1961-1990 recent past and simulated for
2071-2100 far future under the RCP4.5
emission scenario (van Vuuren et al., 2011).
Insects die in very dry conditions (they
dehydrate) or at very high temperatures. High
temperatures, i.e. T>50-55°C for more than 10
minutes are lethal for insects and eggs (Strang,
1995; Lewis et al., 2000). A heat treatment is
based
on
keeping
objects
in
warm
environments (e.g. a kiln or hot air) but this
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Figure 9 - Risk assessment for infestation of humidity resistant insects in an unconditioned building type 02 of the Climate for
Culture Project. The simulations refer to the 1961-1990 reference past (left side) and 2071-2100 far future (right side) under the
RCP4.5 emission scenario. Risk increases from white (no risk) to red (risk). Unit: growing degree day per year

method has three limiting factors, i.e. the time
needed for heat to penetrate inside the object,
the moisture gradients created inside the
object, and the need for probes inserted inside
the
material
to
control
the
material
temperature. Heating chambers have been
developed to control the moisture content
during the heating and cooling phase (Ackery et
al., 2005). Dielectric heating which covers both
radio frequency (RF) and microwave (MW) has
been investigated for insect control in various
materials, especially food (Pelletier and Colpitts,
2001; Das et al., 2013) and in the case of
wooden collections (Bini et al., 1997; Olmi et
al., 2009). The method is based on the
consideration that the dielectric properties and
the moisture content in insects, larvae, and
eggs is greater than that in wood: this means
that pests may be killed while wood remains at
lower, non-dangerous temperatures. The main
advantage is that the method is potentially
appropriate
for
quick
and
high-volume
treatments. However, if an object contains
metallic inclusions, this may cause excess
heating. Microwaving as a heat treatment may
be risky, and for this reason it is not generally
recommended (Strang and Kigawa, 2009).
Low temperatures, e.g. -20°C from 3 days to 1
week may be sufficient to kill adult insects as
well as their eggs (Strang, 1997). However, the
drop in temperature must be fast; if the change
is slow, insects may adapt to the cold
environment with various strategies (e.g.
entering a hibernation-like state generating a
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variety of cryoprotectant molecules, with
controlled freezing of the body fluids; Danks,
2006). No single treatment method may
guarantee full success, and the best method
applied has to be selected depending on the
time, financial recourses, and availability and
type of pests and materials to treat (Querner
and Kjerulff, 2013). It may be that repeated
cycles, a more extreme temperature, or longer
exposures are needed to kill all pests. After
treatment, objects should slowly acclimate to
the room temperature, e.g. from one day to
one week, in order to avoid mechanical
damage.
Vacuum cleaners constitute an efficient way to
kill small household pests (e.g. insects,
spiders). Almost 95% of adult pests and their
eggs are killed when sucked up with a powerful
vacuum cleaner, because of the fan rotation
(grinding insects), low pressure (exploding
insects), and dehydration.
MOLD INFESTATION
The germination of sporae of various mold
species requires a favorable habitat defined
within certain intervals of T and RH (Macedo et
al., 2009; Piñar and Sterflinger, 2009; Steiger
et al., 2011). Laboratory tests have followed
the critical conditions for a number of mold
species, and the result has been plotted in a
diagram that separates two areas: the safe
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Figure 10 - Example of microclimate risk assessment tool for mold infestation. Color dots refer to RH readings in spring (green),
summer (red), autumn (orange), and winter (blue). The yellow area refers to risk conditions.

Figure 11 - Risk assessment for mold infestation in an unconditioned building type 02 of the Climate for Culture Project. The
simulations refer to the 1961-1990 reference past (left side) and 2071-2100 far future (right side) under the RCP4.5 emission
scenario. Risk increases from green (no risk) to yellow (alert) and red (risk).
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area where molds cannot live and the risk area
where mold may germinate after one or more
days (Sedlbauer, 2002; Sedlbauer et al., 2011).
Plotting the matched pairs of T and RH readings
on the mold diagram (Figure 10) makes it
possible to know whether a room is at risk of
infestation or not. When RH>75% at mild
temperatures, mold infestation and rotting are
very likely to occur. There is no risk for
RH<75% or for very low temperatures.
The above diagram is also useful to calculate
future trends under the RCP4.5 emission
scenario, e.g. comparing the 1961-1990 recent
past with the simulation for 2071-2100 far
future, as shown in Figure 11.
As for insects, temperature may be used for
mold control. High temperatures, e.g. T >60°C,
can be used to kill molds. Low temperatures
(below freezing point) do not constitute an
equally efficient way, especially if the
temperature decreases at slow rate. In
particular, the efficiency of the method
increases with the water content in molds and
sporae and the ice crystals that may form
inside. Dry molds and sporae may survive in
extreme conditions and become active again
when the conditions improve.

Any increase in the reaction rate means a
decrease in the lifetime of the paper or the
textile. The lifetime is evaluated in terms of the
so-called “lifetime multiplier” (LM):
𝐿𝑀 = (

50 1.3
𝐸𝑎
1
1
) 𝑒𝑥𝑝 (
−
)
𝑅𝐻
𝑅 𝑇(𝐾) 293

This parameter indicates how much at certain T
and RH conditions the lifetime becomes longer
(e.g. 10, 100, 1000 times) or shorter in
comparison with the reference value LM=1 that
has been assumed for T=20°C=293K and
RH=50% (Michalski, 2002; Tétreault, 2003).
One can evaluate the advantage of lowering
either T or RH, or both, in a storage room by
calculating the increase in lifetime. The cost of
the new climate control should be always
assessed.
As an example, lowering T by 5°C will double
the lifetime, and halving RH will more than
double the lifetime (Michalski, 2002). However,
one should be reminded that this holds for the
chemical degradation of the cellulose molecule,
but lowering RH may irreversibly damage
wooden objects that will likely undergo
deformation or fracturing.
EXHIBITION LIGHTING

CONSERVATION OF CELLULOSE

Organic fibers that form paper and some
categories of textiles are largely composed of
cellulose
chains.
Especially
in
damp
environments
and
at
high
ambient
temperatures, the cellulose chain may break
down through hydrolysis, which leads to ageing
and weakening of the paper or the textile. The
rate constant of the hydrolysis reaction is
described by the Arrhenius equation:
k = A exp [-Ea/RT(K)]
where k is the so-called rate constant; A is a
factor dependent on the number of molecular
collisions in the system; Ea the activation
energy; R the universal gas constant and T(K)
the absolute temperature in Kelvin.
The degradation rate increases with increasing
temperature (i.e. more energy available for the
chemical reaction) and relative humidity (i.e.
higher amount of moisture content in the
hygroscopic material). In a T, RH diagram it is
possible to calculate lines of equal degradation
rate (called isoburns) or equal durability (called
isoperms; Sebera, 1994).
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Light is necessary for the enjoyment of exhibits,
but it is responsible for a number of
deterioration mechanisms, e.g. color fading,
photochemical
degradation
of
vulnerable
materials, object overheating and dehydrating,
colonization of phototropic organisms, air
motions, and deposition of airborne pollutants
(Bacci and Cucci, 2010; Camuffo, 2013). In
order to minimize the above negative effects, a
careful choice and use should be made of light
sources and filters.
The EU normative for lighting cultural heritage
collections is based on two standards: CIE
157:2004 "Control of damage to museum
objects by optical radiation" and CEN TS 16163:
2014 "Conservation of cultural heritage Guidelines and procedures for choosing
appropriate lighting for indoor exhibitions".
They constitute a frame that specifies light
sources, lighting risks to cultural heritage, and
recommended practices to reduce risk of
damage to collections.
The photochemical risk depends on the
vulnerability of the exhibits. For most
photosensitive exhibits, damage is caused by
the quantity of light (luminous exposure, i.e.
product of intensity and duration) and its
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spectral distribution. The damage increases
exponentially with the photon energy, i.e.
inversely to wavelength, therefore, spectral
ranges of the radiation can be ordered
according to the decreasing degradation
potential: ultraviolet (UV), followed by violet,
blue etc. To this aim, materials are classified in
four classes of sensitivity to photochemical
deterioration mechanisms, as follows:
Class 1, no sensitivity: most metals, stone,
most glass, ceramic, enamel, most minerals
Class 2, low sensitivity: most oil and tempera
painting, fresco, un-dyed leather and wood,
horn, bone, ivory, lacquer, some plastics
Class 3, medium sensitivity: most textiles,
watercolors, pastels, prints and drawings,
manuscripts, miniatures, paintings in distemper
media, wallpaper, and most natural history
exhibits, including botanical specimens, fur and
feathers
Class 4, high sensitivity: silk, highly fugitive
colorants (vegetal or animal origin), most
graphic art and photographic documents.
Exhibition requires an appropriate compromise
between enjoyment and deterioration. This
means to limit either the lighting intensity or
the illumination time or both. Lighting levels
much below 50 lux will result in poor viewing
conditions and loss of perception of color and
surface details. This is particularly relevant for
aged visitors whose perception threshold is
much higher (e.g. a 60 year old person needs
twice the light level of a 20 year old person).
The museum directors may choose to increase
the luminance level (lux), but with a
correspondent decrease in the exposure time
(hours). They should respect the product
L × ET = ALE
where L is luminance (lux), ET the exposure
time (hours) and ALE (lux hr) the upper limit of
the annual luminous exposure that depends on
the photosensibility of each material and shall
comply with the limiting values specified as
follows:
Class 1, no sensibility: no limit of annual
exposure time (hr) and illuminance intensity
(lux).
Class 2, low sensitivity: upper limit of annual
luminous exposure: 600,000 lux hr derived
from the reference values of 3,000 hr annual
exposure time (i.e. 10 hours per day, multiplied
by 300 working days) and 200 lux illuminance
intensity.
Class 3, medium sensitivity: upper limit of
annual luminous exposure: 150,000 lux hr
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derived from the reference values of 3,000 hr
annual exposure time and 50 lux illuminance
intensity. It is possible, however, to increase
the illuminance intensity for a better enjoyment
but decrease the time duration accordingly.
Class 4, high sensitivity: upper limit of annual
luminous exposure: 15,000 lux hr derived from
the reference values of 300 hr annual exposure
time and 50 lux illuminance intensity. In this
class, due to the high vulnerability of exhibits,
the annual exposure time has been reduced 10
times.
Lamp Types
Various types of lamps exist, e.g. incandescent,
fluorescent, metal halides, LED. The most
popular lamps for exhibition purposes are
halogen and LED lamps.
Halogen lamps have a color temperature from
3000 to 4000 K with a continuous light
spectrum, and the human perception of an
object illuminated by such a source is similar to
that of the object illuminated by sunlight. This
means that the halogen lamp has an excellent
Color Rendering Index (Ra = 100). However,
the emitted light spectrum includes IR that
overheats the lighted exhibits as well as the
room.
Warm white LED, with a color temperature
around 3000 K, has a lower Color Rendering
Index i.e. Ra = 80-90, but generally it does not
produce heat in the form of infrared (IR)
emission added to the light beam. The blue
peak may be simply cut off with a yellow filter,
as suggested by CEN TS 16163: 2014.
Alternatively, the LED spectrum may be
improved to approach the solar spectrum by
adding a well-balanced number of colored LEDs
(red, green, cyan, and violet) to the basic array
composed of many warm white LEDs, to
compensate for the reduced spectral intensities
in comparison with the solar light. The blue
peak of the white warm LED may be reduced
with the addition of the complementary yellow
light. A well balanced light requires expertise
and laboratory tests but provides good results,
as documented by recent changes to the
lighting in the Sistine Chapel, Rome (Bogani,
2015; Camuffo, 2015).
MUSEUM SHOWCASES

The EU standard EN 15999-1: 2014 constitutes
a guideline for design of showcases for
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exhibition and preservation of objects. It
provides general instructions to assess the main
purposes of a showcase, i.e.: (i) to reduce the
risk of physical damage to exhibits (e.g. theft,
vandalism, and natural disasters) and (ii) to
improve
the
control
of
environmental
parameters
(e.g.
relative
humidity,
air
temperature, dust, pollutants, and light).
The standard specifies the characteristics and
the conditions for use of showcases for safe and
secure display of exhibits. Part 1: “General
instructions” was approved in 2014; Part 2:
“Technical aspects” is under discussion. Part 1
specifies the principles which should be
considered when designing or selecting a
showcase, i.e.:
• Functions of the showcase
• Criteria for design or selection of a showcase
• Components of the showcase
• Security and safety
• Construction materials, assembly, and fixing
• Management of the environmental conditions
(microclimate, lighting, pollutants, dust and
microorganisms)
• Location,
showcase

use,

and

maintenance

of

the

The standard poses the question: what is the
best showcase? The concept of “best” is relative
and will change with your purposes and your
exhibit. The best showcase is simply the one
that best fits the user's conservation and
exhibition needs. You should know what you
need, and consequently choose your showcase.
The standard may assist in improving
awareness and choice. Thresholds, levels, and
specifications will be considered in Part 2 of the
standard (at present under development at CEN
TC 346).
Volatile organic compounds (VOC) outgassing
from materials constitute a risk for conservation
(Tétreault, et al., 2003; 2013). Wooden
showcases constitute a potential risk factor for
the emission of VOC, especially acetic and
formic acids that are naturally released by
wood, e.g. oak, walnut, pine, poplar, listed in
order of outgassing severity. The outgassed
VOC remains entrapped in the showcase
volume and will corrode metal exhibits, paper,
textiles, and other vulnerable materials. VOC
may be released by polyvinyl acetate (PVAc)
and varnishes that constitute an important risk
factor for exhibits.
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CONCLUSIONS AND RESEARCH NEEDS

The key questions considered in this paper are:
Do optimal intervals of T, RH exist for the
conservation of collections? Is it really
necessary to keep constant T and RH? Can we
assess a tolerable range of departures from the
average levels of T, RH? Can we assess
thresholds for safe conditions and risk
identifications?
Microclimate is continually variable over space
and over time. Careful controls and regular
monitoring are necessary to timely recognize
unfavorable conditions in exhibition rooms.
Early detection, the use of risk assessment
tools, and the adoption of preventive
conservation
measures
are
prerequisites
necessary to preserve collections. It has been
demonstrated that avoiding harmful conditions
that depend on the material type does not
necessarily require high costs for expensive
HVAC systems.
The focus should be clear: the best possible
preservation conditions for the collections. If
one is concerned about shrinkage/swelling,
condensation/ evaporation, corrosion, pest
infestation,
or
any
other
deterioration
mechanism, one should not be interested in
what is happening in the air, maybe in the
middle of the room, but rather in what is
happening on the surface of the individual
exhibits and how exhibits interact with the air.
Harmful conditions and recommendable T, RH
intervals change with the material type and the
deterioration
mechanism.
A
list
of
recommendations and risk assessment tools are
available today, but further research is still
necessary, as follows.
Organic hygroscopic materials have been
adapted to the previous climate conditions, i.e.
the historic climate, and are particularly
vulnerable to mechanical damage. For this
reason the EU standard EN 15757:2010
recommends to stay within the 7th and 93rd
percentiles of the RH fluctuations of the historic
climate if this has proven to be satisfactory for
the preservation.
Specific tools in the T, RH domain have been
developed
to
investigate
whether
an
environment is safe or harmful for wooden
objects or polychromies. However, mechanical
stress is a major, but not the only one
deterioration mechanism. In addition, when
aged wood has been attacked by insects or
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molds, it changes its mechanical characteristics
depending on the severity of the attack. The
COST Action IE0601 has considered the ageing
processes, their factors (physical, mechanical,
biological, chemical, and environmental), and
their interactions in order to improve the
conservation of wooden artworks (Gril, 2012).
However, the change of mechanical properties
of wood attacked by pests is still unknown and
needs further research.
Organic hygroscopic materials may also be
affected by pests, e.g. insect or mold attack.
Insects and molds find a favorable habitat and
develop when mild temperatures occur at the
same time as high humidity levels (e.g.
RH>70%). Specific tools in the T, RH domain
have been developed to investigate whether an
environment is safe or harmful for insect or
mold infestation. The harmful conditions should
be avoided whenever possible. The final
environmental variability range may be a
compromise between the historic climate and
environmental conditions unfavorable to pests.
Should this occur, a study should be made to
decide the best strategy, e.g. whether it is
preferable to change climate conditions or use
pesticides. It is clear that pesticides are
poisonous and noxious to man and the
environment. However, the thermal treatments
to kill insects or molds are not easy and might
damage collections. In fact, while lowtemperature treatment remains the most
popular solution when ethnographic artefacts
are actively infested, the need for preventive
low-temperature exposure for objects entering
and re-entering the museum environment (e.g.
after loans or several relocations and/or
treatments) is less obvious. Museum staff must
weigh the potential risk for devastating loss
through insect damage against the possible
cumulative damage posed by repeated lowtemperature exposure (Carrlee, 2003).
For cellulose, the best preservation is with low T
and RH levels. This is a general condition to
reduce chemical reactions, in accordance with
the Arrhenius equation, i.e. to reduce the rate
at which the hydrolysis occurs and to increase
the lifetime of paper and textiles. However, the
life of the cellulose molecule is not the only
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problem met by textiles or books. The
conclusion is that chemical degradation is only
one among several factors of degradation that
should be considered in a conservation plan,
some of them with conflicting needs. In
practice, we may know the different strategies,
but we still have a poor knowledge about their
synergism and how to minimize drawbacks.
Exhibition lighting may have a number of
harmful
consequences,
especially
for
photosensitive surfaces, and is regulated by CIE
157:2004 and CEN TS 16163: 2014. Another
noxious
effect
in
damp
underground
environments is the colonization of algae or
molds. To this aim the use of lamps emitting
wavelengths not utilized by phototrophic
organisms is recommended. However, the
infesting species may change over time for a
number of reasons (e.g. exchanges with the
exterior, adaptation), and this requires a
continual control of the mold species and
lighting strategy.
Finally,
showcases
provide
closed
environments, often considered the best for
conservation purposes. However, they may
release and keep VOC, or may constitute a
convenient habitat for microbial colonization, or
become a small greenhouse. EN 15999-1: 2014
is a useful guideline for design of showcases to
the aims of exhibition and preservation of
collections. The Part 2 of this standard, focused
on technical aspects, is still under development
at CEN.
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