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Abstract

The management of indoor microclimates is an important function of museum operations, a topic that has recently
received growing attention. The way in which museum microclimates are specified is still not well documented
universally, particularly in developing countries where a significant part of the global ‘movable’ heritage is
situated. Most of the current contributions come from scholars covering climate control practices in developed
nations. The bibliography related to museum environmental and climate management in other regions is
comparatively limited. Heritage institutions have varying levels of resources, funding mechanisms, management
protocols and expertise. In the absence of shared best practices, great variability in the environmental management
practice exists across different institutions and countries. This paper brings together 96 studies that were selected
and critically evaluated to review publications in the field over the last two decades and trace the variations in
climate control practice across regions. The findings of the review confirmed the gaps in research in the field and
identified the relevance to the implementation of regulatory frameworks particularly in regions where little or no
research of museums’ indoor environments is taking place. The paper also shows that the fragmentation of tools
and methods to assess the indoor environment in museums has contributed to variations in practices across the
sector. Moreover, the paper provides evidence of the struggle to comply with the strict, and in cases exaggerated
requirements, that aim at satisfying a varying range of conflicting criteria to provide indoor comfort to visitors
while continuing to protect artefacts
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1. Introduction

Museums are repositories for cultural heritage and are responsible for the care of collections
for the benefit of present and future generations. Key to this stewardship role is the
management of indoor conditions to prevent deterioration of vulnerable objects. Preventive
control measures are required to keep the indoor microclimate within conservation limits by
maintaining environmental conditions within certain parameters and by minimising
environmental fluctuations. Visitors and staff also demand excellent thermal comfort, access
to natural light and good air quality to enable them to access these collections. Over the past
40 years a range of standards has been published which set out the ideal environmental
parameters for the storage and display of museum collections. Environmental requirements
often require a degree of compromise and full compliance with standards may not be
achievable. Different climatic regions face localised environmental challenges, and less
industrialised countries may lack access to advanced and specialist technological solutions.
Economic and environmental imperatives to reduce the carbon footprint and cut energy costs
must be considered. As increasingly large fractions of our energy are generated from renewable
sources, capacity and intermittency are becoming significant issues [1]. Reducing energy in
museums can contribute to energy reduction while less prescriptive standards will allow
museum buildings to act more reactively to energy supply fluctuations, given appropriate
incentives.

Many of these museum standards are based on an understanding of museum climatology and
the mechanisms for the degradation of artefacts which have limited global reach, often



developed by western scholars. Managing environmental demands will become ever more
challenging as the impact of climate change leads to more frequent extreme weather conditions.
Where environmental control and management systems in museums fail to respond to adverse
and unstable climatic conditions vulnerable artefacts will inevitably deteriorate and internal
conditions will be detrimental to the wellbeing of staff and visitors. Published literature on the
management of museum microclimates is indicative of the challenges faced by museums in
addressing competing environmental goals for indoor conditions and how practical solutions
might be identified.

This paper examines issues and trends for the management of competing environmental
demands in museums through a literature review of specialist academic journal papers
published over the last two decades. It seeks to establish the current state of research in the
field and the practical application of this knowledge and understanding to the management of
museum microclimates across global regions. The paper begins by summarising the historical
background and context for current standards and guidance for the management of museum
environments. The next section sets out the methodological process for the conduct of the
review and the organisation of the specialist literature into four broad categories: empirical or
in situ studies, experimental studies, studies or reviews of processes for the optimisation of
microclimates and overview papers of practices within particular contexts. An analytical
summary of the literature is provided, followed by the findings from the analysis which are
organised into five sub-headings reflecting the identified trends. Finally, a discussion of the
implications of the findings is presented, highlighting the issues which are directly and
indirectly expressed through this body of literature. The gaps in current knowledge and
understanding are identified in order to direct future research. The potential of new
technologies to provide solutions for enhanced environmental management as museums face
advancing climate change and increased frequency of extreme weather events is explored.

2. Historical Background and Context for Environmental Management in
Museums

The scientific understanding of the link between environmental conditions and the degradation
of museum objects which underpins current museum environment standards was recognised
by the late 19th century. Factors such as temperature, humidity, light, dust and air pollutants
were understood as having a deleterious impact on collections [2-4]. Observations suggested
that there were optimum conditions for the preservation of certain types of historic artefacts.
From the early years of the 20th century to the 1960s research was conducted on the
introduction of heating, ventilation and air-conditioning systems in museum buildings and the
monitoring of the effects, primarily on works of art. Advances in technology made tighter
control of internal conditions using mechanical methods and monitoring more possible. This
research emanated from Europe, UK and North America [2-6]. In the UK, the necessity to
evacuate collections from London museums to temporary storage during WWI and WWII and
the observations of the impact of the temporary conditions on artefacts was a significant
impetus for scientific research. The International Institute for the Conservation of Museum
Objects (IIC) was established in 1950, and the journal ‘Studies in Conservation’ in 1952 to
disseminate research in the field.

In the late 1950s the establishment of environmental standards was pursued by the International
Council of Museums (ICOM) and the International Centre for the Preservation and Restoration
of Cultural Property (ICCROM), underpinned by scientific research and consultation with



museums. This work resulted in a report by Harold Plenderleith and Paul Philippot in 1960 [7]
which set out a European standard range for RH of 50-60%. This range was further refined by
ICOM in 1974 to RH 54% +/- 4% for the purposes of loan agreements between institutions.
Guidance and standards continued to be developed through the 1960s, 70s and 80s as
knowledge and understanding of the effects of environmental parameters on different materials
grew. Garry Thomson’s seminal publication, The Museum Environment, first published in
1978 [8-9], discussed the impact of variable RH, temperature, light and air pollution, based on
a limited but growing body of research still issuing largely from UK, Europe and North
America and developed around more sensitive and vulnerable materials and artefact types.
Thomson’s approach was pragmatic, and he acknowledged that different building types and
different climatic regions required different solutions. Nevertheless, the recommended
environmental parameters were taken up as prescriptive. As Hatchfield [5, p.42] notes,
‘Conditions of 50% *5° relative humidity (RH) and 70°F +2° (called “50/70” in museum
parlance) became a sort of shorthand used by curators, conservators, registrars and engineers.
The values were written into building specifications and loan agreements almost as a
guarantee of high quality in construction, handling, storage and display.’

The late 20th century saw a reaction against the imposition of rigid international environmental
parameters for the preservation of museum collections and an acknowledgement that a range
of variables must be considered to optimise internal conditions. Research by the Smithsonian
Institute in the U.S. and the Canadian Conservation Institute (CCI) in the late 1980s and 1990s
led to revised climate specifications, and in 1999 specifications for museums, galleries,
archives and libraries were added to the Handbook of the American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE). This introduced standards which
were more realistic, and which recognised the building context as a significant factor in the
management of internal environmental conditions [10,2].The ASHRAE climate classes
stipulated in the handbook provide enough opportunities to find climate specifications suitable
for many museums. However, Ankersmit et al. argue that translating these guidelines to
practical specifications, namely the numbers to a control algorithm for the HVAC system, is
not a straightforward task but requires some ‘critical thinking to find a solution that fits a
specific institution’ [11,p.55]. An alternative table for temperature and relative humidity
specifications was suggested by the authors.

The new millennium brought calls for wider debate about environmental standards amongst
museum professionals and further research to build an evidence base. ‘For decades, museums
adhered to certain prescribed “ideal” conditions of relative humidity and temperature in an
attempt to protect the objects in their care. But uncertainty about the efficacy of these
guidelines for all types of materials—along with concerns about the environment and the
economy—have now motivated many in the museum profession to consider new standards for
the storage, loan and exhibition of museum holdings’ [5, p.40]. Concerns about the impact of
climate change on the care of collections came to the fore, providing a focus of discussion at
the first [IC ‘Dialogues for a New Century’ in 2008. The need to minimise energy consumption
for the care of collections and to address visitor comfort were acknowledged as essential
considerations for the management of museum environments. In the UK the National Museum
Directors’ Conference of 2009 drafted guidance for reducing museums’ carbon footprint and
minimising excessive energy use, setting wider ranges for T and RH. ‘Environmental standards
should become more intelligent and better tailored to clearly identified needs. Blanket
conditions should no longer apply. Instead, conditions should be determined by the
requirements of individual objects or groups of objects and the climate in the part of the world
in which the museum is located’ [12, p.1].



The past decade has seen a bewildering range of new environmental guidelines and standards,
not all of which are specific to museum environments but which are nonetheless relevant to the
management of internal conditions in museum buildings. The extent to which museums adhere
to these standards and guidelines in practice whilst balancing competing environmental
demands is a key consideration for this review paper.

3. Method: Sample selection, review and inspection process

Several phases of literature search and selection were undertaken to identify relevant
publications in the field covering the period between 2000 and 2019. The literature was chosen
following a systematic search of recent museum microclimate-related papers on Google and
ScienceDirect databases. Target searches were conducted using a combination of the following
keywords: ‘museum microclimate’, ‘environmental monitoring’, ‘preventive conservation’,
‘microclimatic control’, ‘management and operation’, ‘live monitoring’ and ‘visitor comfort’.
More than 40 papers published in key conservation, museum and built environment-related
journals were initially identified as the most relevant to the subject of the review. References
that accompany each selected journal publication were then carefully inspected to identify
additional studies resulting in a comprehensive list of over 110 papers. Another phase of
evaluation was conducted afterward to re-assess the relevance of the added papers. The final
selection process was limited to articles that focused on the environmental management of
museums, galleries and/or storage spaces, hence studies that looked at other heritage
institutions and historic building types such as old churches, old libraries and listed houses
were excluded. Only papers published in peer-reviewed archival journals were included in the
analysis resulting in a sample of 96 papers.

The first stage of the review included extracting the following data: first author, paper category,
publication year, focus of the study and scope, geographical location, standards used in the
evaluation (e.g. Italian Standard UNI10829, ASHRAE's museum climate classes, EN 15757),
methodology, environmental variables recorded and key findings. The three main
fields/aspects often associated with the management of museum environments and collections
care, namely ‘artefact preservation’, ‘visitor comfort’ and ‘energy saving’ were also identified
as part of the inspection and mapping process (see attached appendix). Previous literature
review papers and key studies were also inspected [e.g. 13-16]. Uncertainties regarding the
content of any study, the methodological procedures employed, or the issues covered were
addressed through the discussion. The selected literature varied in their research scope and the
adopted methodologies. Studies, in general, might be classified as broad in nature with
emphasis on protocols, articles that are mainly concerned with compliance with standards,
research that attempts to contextualise the guidelines with a particular geographical focus, and
those experimental in scope with a technical focus reporting empirical data and/or simulation
of case studies. For ease of review, the surveyed literature was classified based on focus into
four broad categories: empirical/ field studies, experimental studies, protocol processes
for/(review of) indoor climate optimization and overview papers offering an insight into the
climate control practice in a certain context. Table 1 summarises the scope of the examined
studies, the methods adopted, issues covered, and the region of research. The studies are also
listed in the Appendix and, where referenced in the following sections, highlighted with the
relevant number. Figure 1 is a graphical representation showing the general trends across the
sample as well as highlighting the spread of the literature. More detailed graphical
representation of the frequency within each category is illustrated in Figures 2 to 5.






Table 1: Summary of papers with trends/categories identified across the sample
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The majority of the surveyed articles fall under the first category ‘empirical’ (N=38) (Figures
1,2), mostly evaluating the indoor environmental quality of a single case or a small number of
museums in terms of conservation requirements, and in a few cases in relation to comfort and
energy efficiency considerations. As detailed in the appendix this group of studies [17-54]
provided in situ environmental and survey data presenting the findings of assessing the quality
of the indoor environment of selected (often local) case studies recorded over a certain
timeframe. Nearly one-third of the sample (N=28) were review or methodology papers
proposing procedures for the microclimate assessment of museum environments [11, 13-15,
55-78] and one-quarter (N=25) were experimental in the approach adopted [79-103]. A modest
number of the experimental studies focused on climate optimization through testing various
classes of indoor conditions and control strategies for reducing energy use while addressing
conservation and comfort requirements. Other experimental studies explored the deployment
of remote sensing systems for environmental monitoring. Few studies presented ‘multi-
objective’ operational protocols or ‘multi-objective’ assessments of museum environments
merging the three different fields stated above (conservation, comfort, and energy efficiency)
(see appendix). Only a handful of practice-focused papers (N=5) were identified across the
sample [16,104-107].

4. Museum environments and climate management

The findings of the analysis of the literature review of museum environments and indoor
climate management were organised under five sub-headings to reflect the trends in research
in this area (Monitoring, Modelling, and Compliance) and to identify the gaps in literature
(Geographical focus and Contextualising). These sub-headings are discussed below under the
following sections:

o In situ monitoring campaigns

o Simulation modelling, climate and energy projections



o Compliance with standards and reference to guidelines
o Geographical focus

o Contextualising the guidelines

4.1 In situ monitoring campaigns

Various methodological approaches and a range of instrumentation were utilised across the
sample to quantify the museum environment, in terms of collections safety and comfort
requirements. The most common data gathering approach employed was in situ environmental
monitoring using standalone logging devices and/or spot measurements [e.g.16,20,24,27,31-
36,39,41-42,57-58,63-64,67-68,71,73,93]. Additionally, wireless sensing devices offering
instant records of the state of the indoor climate are also gradually becoming common
measuring instruments in museum environments [41,84,97,101,103].Several newly formulated
or adapted metrics such as the ‘performance index’ (PI) [63-64,32], ‘simultaneous performance
index’ (SPI) [67] together with thermal comfort assessment indices (e.g. predicted percentage
of dissatisfied ‘PPD’ [66]), risk assessment, and damage functions (e.g. equivalent lifetime
multiplier ‘eLM’ [63,66]) are increasingly used in several publications. As key performance
indicators, they were often used to evaluate the quality of the indoor climate and the
effectiveness of the control systems including the efficiency of heating, ventilation and air
conditioning systems (HVAC) in keeping the hygrothermal parameters within the imposed
comfort and conservation limits. Climate risk- assessment methods applied by scholars were
classified as ‘general’ and ‘specific’[89, p.453]. Whereas the former method of assessment ,
also referred to as ‘global assessment’ [64], ‘consists of calculating the percentage of time that
the indoor climate fits’ within certain limits/or at the desired values, ‘the specific climate risk
assessment accounts for how the objects react to the indoor climate’ [89, p.453]. Most of the
empirical findings reported concern the general assessment of the microclimatic conditions,
less about assessing the degradation phenomena of artefacts. Air temperature and relative
humidity were the most investigated indoor environmental quality parameters, followed by
indoor air quality (carbon dioxide concentrations, and dust), resonating previous observations.
‘Up to now the distributed measurement system[s] installed in museums and archaeological
sites are devoted to monitor[ing] temperature, humidity, light conditions, [and] CO2’ [29,
p-1006]. Scholarly interest in air temperature and relative humidity is mostly attributed to the
high energy cost often caused by the use of mechanical applications to eliminate sources of
excess relative humidity and uncomfortable indoor temperature. Part of the emerging interest
in the assessment of damage to artefacts by pollutants and indoor air quality is related to the
growing concern over the effects of global warming threats (the synergy between climate
change and air pollution) and the reality of urban air pollution in many regions, cities and
heritage sites [27]. In several cases maintaining acceptable humidity rates is proved to be more
demanding than controlling the temperature value. In the study on Serbian heritage institutions
[105, p.116], concerns over controlling ‘the level of relative humidity and [the] request for
recommendations for acquiring climate control equipment (such as humidifiers, dehumidifiers
and air-conditioning units)’ were the most raised issues by museums curators. High relative
humidity rates were also an issue raised by other museums including those situated in tropical
and subtropical regions where elevated relative humidity values are characteristic of the local
climate. In the Oscar Niemeyer Museum case in Brazil, for instance, the mean humidity values
obtained were relatively higher than the values noticed in other international museums ranging
between (59% and 68%) [27]. One or two papers reported ‘acceptable’ values of temperature
and relative humidity (T: 18-24°C, RH: 40-55%) based on a short-term monitoring campaign.
In the absence of a systematic monitoring practice and recorded data, it is difficult to use

9



snapshot measurements to comment on the safety of the exhibition environment and the
microclimate of the cases. With reference to the monitoring practice in Poland, Ferdyn-
Grygierek [32, p.125] pointed out the importance of systematic environmental monitoring
stating that ‘reading of control parameters once a day (as it is the case in most Polish
museums), does not allow to assess dangerous hourly and daily fluctuations in these
parameters and could cause errors in the control of heating and cooling systems’. The core
focus across the sample was on the analysis of ‘macro-environments (galleries/rooms)’, with a
smaller number of papers focusing on the analysis of ‘micro-environments’ including
showcases [92] and microclimate frames [68]. Another area that seems to be lacking in the
literature is acoustic comfort and vibration damage to artefacts.

There is an obvious variation in the methodological and analytical approaches adopted by
scholars interested in assessing the quality of the thermal and visual environments and those
focusing on indoor pollutants and their deleterious effects on artefact degradation. Indoor
particulate matter (or total suspended particles) deposition studies are relatively limited, with
most of the reviewed papers were mainly carried out by a handful of European researchers [e.g.
17,21,30,34,38,44,46]. The evaluation of the extent of surface blackening or soiling by
suspended particulates together with the examination of the deposition rate and concentration
of airborne particles require the use of various laboratory methods which are often expensive,
demanding not only the cooperation of outside entities and collaboration between various areas
of expertise and branches of knowledge, but also the use of specialised testing laboratory
equipment (e.g. optical reflection microscopy, spectrophotometry) and analytical procedures
(e.g. image processing techniques). The extract from Proietti et al’s study [91, p.65] briefly
captures the complexity of implementing this type of assessment stating that ‘most of the
[pollutants deposition] studies [require] the use of expensive instrumentation and chemical—
physical analysis’. Consequently, their study proposes the use of ‘simpler’ dust detection and
analysis methods that are based on the use of ‘less expensive instrumentation’ and computer
processing and analysis. They introduce a novel dust analysis approach that is based on image
capturing and pattern recognition. Although the image capturing device employed is affordable
(a simple webcam and its built-in sensor as a deposition substrate), the subsequent stages of
data pre-processing and analysis are still complex requiring a high level of expertise, presenting
scholars with a different obstacle. In addition, novel experimental applications often demand
further testing and resources before rolling out as new procedures. The combination of these
factors may explain the paucity of research into indoor pollution assessment in museum
environments in certain regions, echoing previous research findings [16, 27].

Statistical and mathematical modelling are also increasingly becoming a normal
component/characteristic across recent publications, most probably due to the increasing
capacity of logging devices and the large volume of data recorded. Since long term monitoring
campaigns generally result in a large volume of fine data, various data visualisation and data
mapping techniques were introduced by researchers to assist with data inspection and analysis.
Silva et al. [63], for example, suggested a five-category colour-coded classification of the risk
of indoor microclimate to museum collections with five rated as an ideal climate and one as
high risk to artefacts. Garcia-Diego et al. [68] investigated the choice of sampling frequency
in microclimate field surveys in museum buildings. Their research concludes that hourly
sampling is effective in obtaining highly reliable results, and in some instances daily means
calculated from the sampling of every hour can lead to the same conclusions as those of high
frequency. Such outcome could be useful in improving data logging design and in handling the
resulting datasheets.
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4.2 Simulation modelling, climate and energy projections

Building simulations and climate projections are not widely represented in the sample.
Lankester and Brimblecombe [80] utilise this methodology to evaluate the potential impact of
future climate on historic interiors and historic collections on open display within them, with a
focus on the south of England. They note that the success of the methodology depends on the
availability of high-resolution local climatic data in order to accurately assess risks and
environmental threats. Huijbregts et al. [56] propose a method for predicting damage risks to
museum objects in historic buildings as a result of climate change using case studies in the
Netherlands and Belgium. Their method combines weather data from future outdoor climate
scenarios with indoor climatic modelling. Their research confirms the need for further data in
order to model future climate scenarios based on different locations.

Behm and Ryhl-Svendsen [81] focus on modelling of the building envelope to investigate the
thermal conditions of a museum store in temperate climates. They use a Finite Element Model
(FEM) to simulate the effect of the building envelope, focusing on the wall thickness and its
interaction with the ground to understand the impact on the indoor thermal conditions of the
store. This tool can be useful for improving museum design, taking into account issues of
thermal massing and wall insulation.

Where specific collection types are referred to in papers the primary focus is almost invariably
on art objects (Figure 3), which are viewed as being particularly sensitive to environmental
conditions in museums and at risk of damage from poor environmental management. Art
objects such as paintings and furniture are vulnerable to physical and mechanical degradation.
They are often complex objects composed of different materials which may respond
differentially to environmental parameters. Extending the conventionally accepted
environmental limits can potentially pose threats to such sensitive objects. Reference to
research into damage potential for different materials and objects is limited in the sample
papers, and some highlight the need for further research in this area in order to better understand
the nature of the risks and to respond with appropriate environmental management. Allegretti
et al. [79] propose a hygromechanical monitoring method for wooden panel paintings as a tool
for potentially revising environmental parameters for specific objects based on an
understanding of the object’s sensitivity to short- and long-term variations. This would lead to
more informed decision-making as opposed to adopting a standardised approach.
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Museums are under pressure to improve their energy efficiency without compromising on the
care of their collections. Whilst the need to reduce energy consumption and carbon emissions
are understood, limited papers focus specifically on achieving energy savings in museum
environments [25,87-90]. Ascione et al. [87] examine strategies for reducing the energy
requirements for HVAC systems in a simulated modern museum exhibition hall using Italian
climatic data. The authors of the paper argue that significant savings can be made if ASHRAE’s
climate variations are relaxed for less sensitive objects. Similar results were obtained by
Kramer et al. [89] which perform computer simulations to investigate various setpoints on the
energy consumption of an exhibition area housed in a renovated historic museum in the
Netherlands. They reported a 77% reduction in energy use as compared to a strictly conditioned
indoor climate while improving thermal comfort and collection preservation. The authors of
the paper also note the necessity for considering adaptive comfort guidelines since temperature
setpoints are dominantly determined by thermal comfort requirements. This is an important
recommendation given the limited research on visitor comfort as the findings of this literature
review has revealed (see paragraph below). In a more recent study, Kramer et al. [90] further
explored the energy impact of five levels of museum climate control (setpoint strategies) for
four building models simulated using weather data of twenty locations throughout Europe. For
some locations, imposing more stringent limits on RH was found to result in lower energy
requirements than adopting less stringent targets due to air-conditioning efficiency differences
between humidification and dehumidification. This observation highlights the need for more
research on this aspect.

The impact of staff and visitors on museum environments is acknowledged as a contributory
environmental factor in the degradation of museum objects, but there is little specific research
which is focussed on this area in the sample papers examined. Pollutants brought in by visitors
are discussed by Hu et al. [22] in relation to Emperor Qin's Terra-cotta Museum, where soiling
and physical weathering hazards due to visitor activities in the Exhibition Hall are identified.

There is a consensus among scholars on the lack of research on human thermal comfort in
museum buildings. This remark is further confirmed by the small number of studies that focus
specifically on visitor comfort [20,33,36]. The frequent conflict between the environmental
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demands relating to the conservation of objects and visitor comfort is equally widely
acknowledged along with the need to establish a practical compromise in meeting
recommended technical standards. La Gennusa et al. [60] look for common ranges for the
preservation of art objects and the thermal comfort of visitors, proposing a revision to the
standards and advocating a simultaneousness index. In their discussion of the environmental
management challenges for converting the historic White Tower at Thessaloniki, Greece, into
a contemporary city museum, Papadopoulos et al. [96] propose an approach using
measurement and simulation to evaluate the building’s thermal behaviour. Indoor air quality
and measurements of CO2 concentrations were compared to the acceptable levels proposed by
Greek Technical Guidelines on IAQ and by the respective ASHRAE standard. The resulting
data, they argue, can be used to design methods for passive cooling, ventilation and
dehumidification in order to manage internal environments for the care of collections and for
visitors, as well as taking account of the significance of the historic building. Yau et al. [20]
are concerned with the challenge of maintaining thermal comfort for visitors to museums in
tropical regions, where cooling might be needed throughout the year and 24 hours a day. Their
study of the thermal environment and occupants’ comfort at the National Museum in Malaysia
found that conditions did not satisfactorily meet the ASHRAE standard. The data collected
informed an energy-saving approach to the design of heating, ventilating and air-conditioning
(HVAC) systems, taking into account visitors’ own thermal adaptation adjustments. Mishra et
al. [36] examine the evolution of thermal perception of visitors reporting the results of a field
survey that was organised at the Hermitage Amsterdam museum. The findings suggest that
‘people did not reach their normal level of discernment’ regarding the quality of the thermal
environment immediately upon entering the building, but retained a connection with outdoor
temperature for nearly 20 minutes. Based on this evidence they argue that adjusting the setpoint
temperature in a manner so as to encourage adaptive thermal responses among visitors could
offer opportunities for ‘flexible and less energy intensive indoor conditioning options in
transitional spaces’ [36, p.48].

4.3 Compliance with standards and reference to guidelines

The review provided evidence on museums’ wide efforts as well as on the struggle to meet the
strict environmental targets that aim at satisfying a varying range of conflicting criteria.
Evaluating the indoor environmental quality of a Polish museum, Ferdyn- Grygiere [25] stated
that maintaining the internal summer temperature at the ‘desired’ level of less than 24°C can
only be delivered with the provision of air conditioning during the summer period. Recorded
temperature values varied on average from 17 to 28° C and relative humidity from 20% in
winter to over 70% in summer despite full air conditioning. Elevated indoor temperatures and
summer overheating detected during a monitoring campaign in the National History Museum
of Florence were described as ‘hazardous’ for the preservation of the kind of objects exhibited
(wax specimens) [35]. Unsatisfactory indoor air quality with high gaseous pollutants was found
in two museums in Cyprus [34]. Variable temperature and humidity values deviating from
requirements were also recorded in a Portuguese museum as a result of the ineffectiveness of
the control system in keeping the predefined limits [63]. Unstable indoor conditions and
gaseous pollutants exceeding international recommendations (ASHRAE guidelines) were also
a concern in several museums in Southern China [106]. As elaborated by several authors and
illustrated in the summary appendix many of these collections are exhibited in historical
buildings that were originally built to serve different functions to their current use/life, not
purposely built as museums and often are not equipped with full mechanical installations. On
the contrary, a fewer number of field studies reported good to satisfactory microclimate quality
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in inspected cases, such as in the case of the main exhibition hall of Vleeshuis museum in
Antwerp, Belgium [67].

Across the empirical/experimental papers, the indoor climate quality was frequently evaluated
based on the degree of compliance with conventional international ‘stringent’ guidelines. The
target values most used were those stipulated in the ASHRAE Manual, which was the most
cited reference in the sample, and the Italian Standard UNI 10829 (Figure 4). A few papers
make reference to other national or regional standards. For example, in their investigation into
indoor air quality at the Capodimonte Museum in Naples, Italy, Chianese ef al. [18] refer to
legal limits for gaseous pollutants and particulate matter (PM) stipulated in national standards
for museums by the Ministry of Heritage and Cultural Activities (MiBAC, 2001). In a South
Korean context, Lee et al. [83] utilise recommended standards for pollutants established for
indoor air quality for public facilities by the Korean Ministry of Environment (KMOE) as well
as indoor air quality standards set for public records management facilities required by the
Ministry of Public Administration and Security (KMOPAS). Environmental standards for
cultural heritage collections are not available in many countries [68], thus the reliance on
international standards to compensate for the lack of national standards. Only a handful of
papers adopted wider target values based on empirical data and contextual considerations of
the climatic adaptation of artefacts ‘acclimatization’, past environmental history, and change
in the operation practice [e.g. 105-106]. A brief description of these emerging practices and the
shift towards contextualising the microclimate specifications is given below (Section 4.5).

-

0% 20% 40% 60% 80% 100%
m ASHRAE m UNI 10829 EN 15757
m National/ local IESNA/ CIBSE EN 15251
m UNI 10969 H Other m No Info

[Insert figure 4 near here]

As it may be expected, the use and reference to the guidelines varied across the sample. In
some studies, recommendations for preventive conservation and comfort guidelines were only
stated as part of the introductory section and background information, while in others the
analysis of the data and the degree of compliance were clearly explained and thoroughly
interpreted [e.g. 63, 88]. The primary safety or preventive conservation criteria used were that
temperature and relative humidity were kept or fell below specific prescribed target values,
depending on material responses and the sensitivity category. Pursuing the safety requirements,
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further considerations included limiting the daily and seasonal fluctuations of temperature and
relative humidity that are generally quantified by dividing the minimum to maximum values.

4.4 Geographical focus

Whereas most empirical studies had named their geographical focus, procedure and review
papers are generic in nature, often written to serve different locations and purposes. Yet, the
ancillary information that accompanies each journal publication such as the first author’s
affiliation data allows reliable identification of the region of publication. Both types of
information, the geographical focus and the first author’s institutional data were used to discern
the geographical pattern of museum climate management research, as a ‘proxy’ indicator of
the interest in the topic across the various regions. The findings of this aspect of the analysis
confirm the popularity of the topic among western scholars with nearly three-quarters of the
articles published in the last two decades led by authors from European countries (Figure 5).
This finding is very much in agreement with the outcomes of previous review papers.
Environmental monitoring practice including occupancy and post occupancy evaluation is on
the whole more common in western countries than in other regions and cultural obstacles seem
to influence the utilisation of this data collection approach. Some regions are poorly
represented, and papers highlight a lack of domestic research into museum standards and
insufficient environmental and climatic data. Agbota et al. [16] focus on pollution monitoring
for cultural heritage preservation in developing and emerging economies, with particular
reference to Africa, Asia and Latin America. In addition to noting the lack of regional air
pollution data, their questionnaire survey demonstrated that lack of awareness of risk and lack
of technical expertise as well as cost implications all presented obstacles. Technical issues such
as problems with power supply and internet connectivity also impede progress with monitoring
and implementing museum standards. Mundo-Hernandez et al. [26] presented the results of an
‘indicative’ post occupancy evaluation of a converted art gallery in Mexico that was carried
out through a short user survey and walkthrough investigation. The authors stated the difficulty
of assessing the interior environmental quality of the building due to administration and
permission issues. ‘Unfortunately, physical measurements of light, temperature, air quality,
and acoustics were not collected because of the gallery’s administration policies’ [26, p.333].

Region of research

First Author's Institute

0% 20% 40% 60% 80% 100%
m ltaly m Belgium Netherlands m UK
China USA m Poland m Portugal
m Spain m Greece m Other Or Mixed  ® No Info

[Insert figure 5 near here]
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4.5 Contextualising the guidelines

International standards for indoor environmental conditions in museums have been in use
globally for several decades (section 2). However, in recent years, the high running cost of
museums combined with the lack of funding has contributed to the debate over the
implementation of the current strict regulations and the shift towards the use of less demanding
targets. Revised carefully crafted or customised targets are currently being considered as part
of heritage institutions wide efforts to manage resources efficiently. Yet, the findings of this
literature review suggested that journal papers that may offer an insight into such applications
are rather limited. Of the reviewed papers, only two or three studies have provided an overview
of such emerging practices and applications of the use of contextualised targets for a certain
region [105-106,11]. Zivkovic and Dzikic [105] have elaborated on the efforts recently
undertaken in Serbia to revise, establish and contextualise museums’ environmental
specifications. The manuscript refers to several cases where the process used to specify their
environmental requirements suggests a change of approach from ‘prescriptive’ to ‘evidence-
led guidelines’. Since 2005, the Central Institute for Conservation in Belgrade has been liaising
with heritage institutions in Serbia, on determining the necessary environmental requirements
for collections and proposing adequate control solutions. The strategy adopted favours cost-
effective solutions that do not impose excessive investments in museum buildings but mainly
focuses on eliminating sources of extreme indoor conditions considering minimal risks to
collections. Environmental requirements for a single case or a specific collection are
determined based on a systematic data gathering process including surveys of
facilities/collections and in-house monitoring followed by an evaluation of the climate risk to
collections. Considering objects acclimatization and the history of conservation conditions, in
some cases, recommendations were made not to change the existing climate conditions when
they are observed as stable both for collections and buildings, even if unmaintained at a certain
level. This may sound controversial, but recent research evidence in the field indicates that
objects are far more tolerant than it has been considered until recently. Over time, Silva et al.
[63, p.21] state, ‘it became evident that the use of stringent targets may not be scientifically
Justifiable, since new researchers showed higher resistances of some materials to ampler
ranges than those considered so far’. Kramer et al. [88, p.287] further note ’no evidence has
been found that less strict indoor climates result in collections damage’. Lack of resources
and investments in the preservation of cultural heritage due to the global economic situation in
Serbia, were cited as the main driver that has initiated the need for such a shift. Given the
increasing financial challenges facing most museum curators worldwide, contextualising the
specifications of museum environments based on the choice of ‘proper’ rather than the most
‘optimal conditions’ might become the norm or the ‘new normal’ in the future.

Ankersmit et al. [11] presented an overview of the climate specifications in museums in the
Netherlands where in the last two decades many museums have been renovated and previously
developed specifications have been revisited. A review of the current requirements of several
museums indicates that the re-established specifications are very similar, ‘have not become
more stringent or significantly more relaxed over the years’ [11, p.52]. The authors of the paper
further stated that in one case, they were able in consultation with other stockholders and based
on the susceptibility of the collection units and contents to design indoor climate requirements
that consider collection care as well as energy efficiency demands. The final set of requirements
for the galleries regarded as suitable for the collection with very sensitive objectives in show
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cases were 16°C <T<25°C, 35%<RH<65%, a range that is context-driven rather than
standardised, fitting the institution-specific needs.

On the other side of the globe, an impressive number of new museums have emerged in China
since the late 1970s hosting thousands of exhibitions, attracting millions of visitors, but also
causing many accumulating objects to be left in unsuitable environments, resulting in
irreversible damage. In a review of the recent efforts undertaken in China to regulate
environmental management practice in museums, Feng [106] has added another dimension to
the debate over the standardization of targets, elaborating on the high restoration cost of
damaged artefacts. A nationwide survey conducted by the State Administration of Cultural
Heritage in 2002 and 2005 revealed some disturbing facts with nearly half of the 35 million
museum objects showing signs of serious degradation. Almost 23 million had suffered varying
degrees of degradation, which amounted to nearly 17% of all national museum objects. This
alarming situation and the ever-increasing demand for artefact restoration have increased the
awareness of the necessity to control museums’ environmental conditions as a key preventive
conservation strategy. However, museums in China are widely distributed across the regions
with artefacts exposed to various climatic conditions. Whereas the south is humid, the north is
very dry with a relative humidity of 20-30%. As objects have already adapted to these low
humidity values, it was argued that chasing the 50% RH uniform mark could cause more
damage, demanding more funds and facilities. Several other studies stressed the importance
of understanding the past climate, object adaption to the local climate, history of collections
and signs of degradation before specifications are made.

5. Discussion

Temperature, relative humidity, visual light, ultraviolet radiation, air pollution and dust are
well recognised as the main environmental agents for artefact deterioration. When exceeding
certain thresholds or fluctuation limits/magnitudes hazardous environmental parameters could
induce mechanical, chemical or biological degradation in environmentally sensitive objects
dependent on materiality, age, and type. Temperature and relative humidity, as discussed in
section 4.1, are the mostly recorded parameters reported by the empirical papers and the most
cited across the whole sample, followed by air pollution, dust and visible light. As much as
monitoring temperature and relative humidity is critical to enhance the safety and the quality
of the indoor microclimate, museums need to collect data more diligently and collectively to
inform more coherent evidence-based mitigation measures or intervention solutions by
implementing more holistic multiple-agent monitoring campaigns. For many years, visible and
ultraviolet radiation was considered as the primary agent of damage for vulnerable objects.
Recent research into the environmental management of historic tapestries indicates that the
‘synergistic’ cumulative effects of other parameters could be equally damaging, stating ‘a
synergistic temperature, relative humidity and pollution degradation pathways was almost as
damaging as UV radiation’ [108, p.587]. The emergence of such evidence reiterates the need
for more comprehensive monitoring campaigns and management regimes rather than
concentrating on monitoring certain parameters. As stated earlier (section 4.1), there is an
obvious division between the focus of the monitoring campaigns /research programme and a
separation between thermal and visual environment-related studies and pollution-focused
studies. The advent of relatively cheap/atfordable wireless sensing devices are extending the
capacity and the effectiveness of in situ live monitoring by enabling fine logging of multiple
environmental variables simultaneously. Conducting such types of holistic monitoring
campaigns could be more expensive than target monitoring. However, in the long term, some
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of the upfront cost might be compensated by the reduction of artefact restoration costs and the
need for repair, as per the case in China.

An interesting application of the use of monitoring to inform effective conservation
environmental risk-mitigation measures (and conservation priorities) in listed heritage settings
can be seen at Hampton Court Palace in Surrey (UK), one of the National Trust’s most
prestigious historic properties, housing an ‘invaluable’ collection of tapestries. Following a
lengthy but gradually implemented environmental monitoring campaign a range of evidence-
based conservation solutions (solutions/interventions for conservation in situ) were executed
allowing the visitor to experience the tapestries in their original location on open display
(without negatively affecting the physical integrity of the surroundings of the historic interior)
[108]. Where collections are largely housed in traditional historic buildings (section 4.3,
appendix 1), context-driven, holistic, multiple-agent environmental survey/monitoring could
assist in finding not only less intrusive measures but also the most effective energy reduction
options. Advances in glazing materials and UV filtering films, lighting and dimming
technology and smart shading systems could help in controlling the amount of visual and UV
radiation hence contributing to the quality of the ambient environment both thermally and
visually.

Section 4.4 highlights the gaps in research and the relevance to the implementation of
regulatory frameworks particularly in regions where little or no research of museum indoor
environments is taking place. Given the lack of localised standards for museum indoor
environments in many parts of the World, countries have only demanding international
standards [88] to comply with. The review shows that increasing demands due to climate
change as well as scarcity of resources make compliance with current international standards
not only increasingly difficult but also in many cases unreasonable, such was the case in Serbia
and South China [105, 106]. The applicability of common standards to heritage buildings that
were not originally built as museums is also questionable [67]. There is therefore a need to
widen and contextualise research in museum indoor environments. More relevant and localised
standards are needed to reflect more precise requirements for adequate indoor environments
for both users and exhibits.

Localised internal and external climatic conditions have implications for object preservation
and for users of museum buildings. Several studies have focused on spatial distribution and
users’ experience of objects and displays within museums [109-111]. Few studies, however,
have focused on the relationship between the users and their surrounding indoor environment.
Emphasis is given to artefact conservation, which is considered a priority in these types of
buildings [112]. Hu et al. [22], for example, investigated the occupants’ effect on the
surrounding indoor environment which leads to the deterioration of the artefacts. Although
thermal comfort has proven to be crucial to users’ comfort and satisfaction within the indoor
environment, its application to museum environmental management is still quite limited [20,
36] and is generally ruled by the suitable conditions for the objects [33]. The reviewed studies
demonstrated a clear need for an integrated approach that considers the artefact preservation
and the occupants’ thermal comfort as well as energy efficiency. This multi-objective approach
has recently provided the focus for a study by Schito et al. [112]. The contextual nature of
thermal studies also requires taking into consideration the users’ comfort levels within different
climate classifications.

While there is a considerable challenge to managing the conflicting requirements of the
museum environment, emerging standards such as EN 16893 [113] place the conservator at the
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centre of defining environmental requirements for museums. To make such decisions,
informed choices must be made based on clear science and a good understanding of the
different materials and structures that make up their collections. A good example of artefact-
centred rather than specification-centred recommendations is the work on painted wood by
Bratasz [55] resulting in a recommended range and rates of change in relative humidity for
painted wooden artefacts based on micro-level optical and acoustic monitoring of moisture
penetration and dimensional change. This and other work have been taken further by Kramer
et al [89] and developed into a scoring system by Silva et al [63]. Such integrated systems are
still in their infancy and require close monitoring to be effective. Wireless data loggers are
becoming available at low cost which, coupled with reductions in computing cost, allow
conservators to observe their collection’s environment with increasing precision.
Improvements in readability of the data to allow conservators to interpret the output are needed
and a wider selection of targeted materials science is central to better conservation outcomes
while reducing energy inputs and improving visitor and staff comfort.

6. Conclusions

The management of indoor environments is an important function of museum operations in
any part of the World. This in-depth literature review shows that studies in this field have
neither examined all aspects of the indoor environment nor evenly covered different parts of
the World. Such gaps in the literature have led to limited sharing of best practices across
different institutions and different countries with implications on various levels for compliance
with regulatory frameworks.

The paper examines the bibliography that falls into this field of research. The surveyed
literature was classified under four broad categories. The first category refers to the types of
empirical/ field studies, and the other categories include experimental studies, protocol
processes for indoor climate optimization and overview papers offering an insight into climate
control practice in a certain context. Most of the papers in this category (40%) focused on
assessing existing indoor environments in selected cases. The papers illustrate the struggle to
comply with the strict, and in cases exaggerated, requirements that aim at satisfying a varying
range of conflicting criteria to provide indoor comfort to visitors while continuing to protect
artefacts. The bibliography has rarely shown an integrated practical approach to either examine
the reasons for non-compliance or to discuss further possible improvement to practices. The
complexity of the management of museum environments suggests a need for more research to
develop tools and practices that allow for management of multiple agents.

The paper also shows the fragmentation of tools and methods to assess the indoor environment
in museums. In situ monitoring studies were mainly related to indoor climatic conditions while
focus on air pollutants was very limited and separately examined. The survey also shows that
a more recent trend in publications is the increasing use of statistical and mathematical
modelling. The reviewed articles have mostly reported the findings of just one year of
monitoring, with the risk that this could be an exceptional year of climatic conditions and thus
might not be enough to make an informed decision about the safety of the environment to
objects or to understand past climate history over longer periods. Archival data accumulated
from extended monitoring is key to shed some light on object acclimatisation, suggesting that
the move towards more contextualized climate specifications requires long term monitoring.
In other words, data collected from extended monitoring could facilitate the adoption of
contextualized climate specifications, an aspect that could positively contribute to museums’
efforts in reducing their energy use.
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With regards to the impact of indoor climate on exhibits, most of the papers (60%) examined
the impact on paintings, drawings/texts and wooden artefacts. The paper confirmed the lack of
research on human thermal comfort, integrated energy studies, and the impact of staff and
visitors on indoor climate.

The paper also highlighted the limited coverage of case studies in different parts of the World.
More than 60% of the papers surveyed are produced in Europe and 70% of studies are by
European institutions. Research of the cultural aspects of comfort or the impact of local
climatic conditions on the preservation of artefacts was very limited. Studies in China have
shown the importance of further understanding how objects acclimatise within a particular
context rather than apply blanket standards across all parts of the World.

Recent publications in museum studies provide hints of possible future directions. There is, for
example, increasing research into the role of Artificial Intelligence (Al) in improving the visitor
experience and enhancing museum operations [114]. Climatic analytics tools could rely on Al
to make decisions and optimise museum indoor environments. The evolving cultural roles and
design of museums will also affect the management of their indoor environments. Ambient
environment plays a key role in visitors’ experience [37]. Increasing use of museums as social,
conference, and celebratory hiring spaces would necessitate a shift in museum design and
related management of indoor environments. Research in this area will be particularly
important for museums in the post COVID-19 pandemic era with more emphasis on the
management of air quality and possibly limiting freedom of movement of visitors within
galleries and other spaces [115]. The balance of the trade-off in ensuring human comfort in
museums versus protecting artefacts is therefore an evolving yet imperative research topic.
Research would need to examine in depth the role of advanced technologies in monitoring,
analysing, and visualising indoor environmental data. Sharing best practices as well as
challenges, in different parts of the World, would no doubt provide better insights to update
more contextualised and more tailored standards across different regions.
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