
atmosphere

Article

Investigations of Museum Indoor Microclimate and Air Quality.
Case Study from Romania

Dorina Camelia Ilies, 1, Florin Marcu 2, Tudor Caciora 1,* , Liliana Indrie 3 , Alexandru Ilies, 1, Adina Albu 3,
Monica Costea 4, Ligia Burtă 2, S, tefan Baias 1, Marin Ilies, 5, Mircea Sandor 2, Grigore Vasile Herman 1,
Nicolaie Hodor 6, Gabriela Ilies, 6, Zharas Berdenov 7 , Anca Huniadi 2 and Jan Andrzej Wendt 8

����������
�������

Citation: Ilies, , D.C.; Marcu, F.;

Caciora, T.; Indrie, L.; Ilies, , A.; Albu,

A.; Costea, M.; Burtă, L.; Baias, S, .;
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Abstract: Poor air quality inside museums is one of the main causes influencing the state of con-
servation of exhibits. Even if they are mostly placed in a controlled environment because of their
construction materials, the exhibits can be very vulnerable to the influence of the internal microcli-
mate. As a consequence, museum exhibits must be protected from potential negative effects. In order
to prevent and stop the process of damage of the exhibits, monitoring the main parameters of the
microclimate (especially temperature, humidity, and brightness) and keeping them in strict values
is extremely important. The present study refers to the investigations and analysis of air quality
inside a museum, located in a heritage building, from Romania. The paper focuses on monitoring
and analysing temperature of air and walls, relative humidity (RH), CO2, brightness and particulate
matters (PM), formaldehyde (HCHO), and total volatile organic compounds (TVOC). The monitoring
was carried out in the Summer–Autumn 2020 Campaign, in two different exhibition areas (first floor
and basement) and the main warehouse where the exhibits are kept and restored. The analyses
aimed both at highlighting the hazard induced by the poor air quality inside the museum that the
exhibits face. The results show that this environment is potentially harmful to both exposed items
and people. Therefore, the number of days in which the ideal conditions in terms of temperature
and RH are met are quite few, the concentration of suspended particles, formaldehyde, and total
volatile organic compounds often exceed the limit allowed by the international standards in force.
The results represent the basis for the development and implementation of strategies for long-term
conservation of exhibits and to ensure a clean environment for employees, restorers, and visitors.

Keywords: indoor air quality; environmental monitoring; cultural heritage; museum exhibitions;
preventive conservation; human health
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1. Introduction

Indoor air quality is one of the main causes of damage to museum exhibits. Given that
the items of great value displayed in museums and other historical monument buildings
are old and very delicate, some are in a poor state of conservation and cannot be cleaned
on a regular basis [1]. Conservation treatments are also extremely delicate to apply due to
the need for authenticity of the exhibits [2,3]. This has attracted the attention of researchers
over time who have monitored the interior microclimate of museums in order to preserve
the exhibits as best as possible [4–8].

In addition to the potential negative effects on the integrity of the exhibits, poor air
quality inside museums can also affect human health [9–13]. The most concerned are
employees and restorers who work for a long time in the indoor environment, but also
museum visitors [14,15]. These are the main reasons why, in order to stop the process of
their deterioration, preventive conservation is recommended, by means of monitoring,
assessment, and control of indoor environmental parameters [16].

The variables which influence the indoor microclimate, therefore requiring close
monitoring, are the physical variables—air temperature and relative humidity (RH). Too
much seasonal or daily variation of the two indicators can lead over time to the irreversible
deterioration of the items that make up the cultural heritage. To avoid this, temperature
and RH values should be maintained as much as possible in a recommended range. Thus,
they must not vary greatly or very often, and must not record values that can be harmful
to exhibits [17].

A careful monitoring must also take into account the volume of pollutants in muse-
ums [18]. In general, the most important indoor monitored pollution variables influenced
by air pressure and air velocity are: Carbon dioxide (mainly due to the presence of peo-
ple), particulate and dust, total volatile organic compounds and formaldehyde (due to
detergents, printer, etc.), and pollutants related to light and illuminance [19]. Of these,
suspended particles and dust are extremely dangerous for human health (especially in
the case of the elderly and children) and may also present a threat to exhibits [20]. For
humans the threat is of diseases such as asthma, cardiovascular disease, atherosclerosis,
and lung disease, in terms of exhibits, it creates a favourable environment for insects, as
well as for the development of different types of moulds and fungi, leading to deterioration
over time [2,21]. At the same time, high concentration levels of formaldehyde (TVOC) and
total volatile organic compounds (HCHO) can lead to nausea and dizziness, increasing the
risk of asthma and even cancer [22]. Although the negative effects of TVOC and HCHO
are mainly felt by humans, the exhibits are also susceptible to damage due to excessive
concentrations of these chemical compounds. TVOC and HCHO are mainly emitted during
cleaning and conservation operations of exhibits that involve chemicals, but can also be
emitted naturally by some items that are made of wood, plastic, or rubber, or that contain
polyurethane foam, paints, synthetic adhesives, or oils [23]. Illuminance is one of the
biggest threats to the integrity of exhibits, and the amount of CO2 has negative effects on
people; these indicators require close monitoring for proper management.

The cumulative action of microclimatic indicators and various pollutants [24] is one of
the main sources of damage to exhibits and also has negative effects on human health [25].
Knowing the values of the above mentioned parameters can represent a solid basis for
decision-making in order to improve the quality of the indoor microclimate [17,26]. This
can be done by installing heating, ventilation, and air conditioning systems (HVAC) [27,28]
and by applying non-invasive treatments to exhibits.

The optimal values of temperature, relative humidity, CO2, particulate matters, bright-
ness, TVOC, and HCHO are regulated by the international standards in force. Numerous
standards are mentioned in the literature with the role of providing guidance regarding
the values of the main indicators of the internal microclimate for the health of employ-
ees/visitors and for the conservation of exhibits (Table 1). The allowed intervals in which
the values of the indicators can vary differ depending on the consulted bibliographic source
and the nature of the targeted exhibits. Even if some indicators only target human health,
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while others present a potential danger only for exhibits; in order to maintain an optimal
internal microclimate in museums, a complete set of standards and guidelines must be
considered.

Table 1. International standards in terms of indicators analysed, both for human health and for the integrity of exhibits.

Recommentations
Temperature [R] RH [R] CO2 [R] PM [R] Brightness [R] TVOC [R] HCHO [R]

◦C-MA %-MA ppm-IV (µg/m3)-MA Lux-IV (mg/m3)-IV (mg/m3)-IV

Human health N/A N/A <1000 [29]
<1000 [30]

<15 [31]
<10 PM2.5 [32]
<25 PM2.5 [33]
<20 PM10 [32]
<40 PM10 [33]

N/A <1 [34] <0.004 [35]

Application in museums
20 (±1–2) [36,37]

21(±2) [38]
50 (±3) [36,37]

45 (±8) [38] N/A N/A 50–200 [39–41] N/A N/A
15–25 [42–45] 40–65 [42–45]

Individual
recomandation

depending on the
nature of the

exhibits

Wood 19–24 [46]
14–18 [37]

40–65 [46]
55 (±5%) [37]

N/A N/A 50–200 [39–41] N/A N/A

Paper 19–24 [46]
14–18 [37]

50–60 [46]
50–65 [37]

Ethnographic
materials 19–24 [46] 40–60 [46]

Iron armour N/A <40 [46]

Leather N/A 50–60 [46]

Fur and leather 15–21 [46] 45–60 [46]

Ceramics N/A 20–60 [46]

[R]-Bibliography reference; MA-Multiannual average; IV-Individual value.

The study is intended to be a multi-disciplinary approach for investigation of the
indoor environment of an old heritage museum building, for better conservation of the
collections and for the health of workers and visitors. The case study is of a heritage
building (built at the end of 19th century) which is located in the Municipality of Beius,
Bihor County, Romania (Figure 1). It is the former house of memorandum activist Vasile
Ignat and martyr Dr. Ioan Ciordas. It was built in a baroque eclectic style with dominant
baroque elements. Since 1985, the museum has two sets of exhibits: One of history and
one of ethnography, with over 3000 items displayed. This research envisaged to create a
database for in situ monitoring of indoor air of a heritage building at a certain time, which
allows comparisons with past and future investigations and reflects on the immediate
measures to be taken in order to improve indoor air quality that may affect displayed or
stored items, but also the health of workers and visitors [47,48].

Within the framework of the extended study [49], an assessment was undertaken
of the degree of fungal contamination of the air inside the museum, respectively, on the
surface of the exhibits. The results obtained show that the degree of microbial and fungal
contamination of the surfaces and the air inside falls in a medium-high degree of fungal
contamination and represents a potential risk to human health of visitors and museum
workers (Figure 2). Thus, favoured by the microclimate conditions (RH and high tempera-
ture), 11 species of fungi were identified in the air: Candida guilliermondii, Candida sphaerica,
Cryptococcus albidus, Cryptococcus laurentii, Cryptococcus neoformans, Sporobolomyces salmoni-
color, Penicillium sp., Aspergillus sp., Trichoderma sp., Cladosporium sp., and Stachybotrys sp.;
on the exhibits were identified four different colonies of fungi: Penicillium sp., Aspergillus
sp., Trichoderma sp., and Cladosporium sp.

Due to the high frequency and power of colonisation of different surfaces, the identi-
fied fungal species can cause negative effects on the chemical composition and physical
and mechanical structure of the exhibits [50], while also causing irreparable aesthetic
damage [51]. In humans, they can cause ailments ranging from local infections to fatal dis-
seminated diseases, depending mainly on the individual’s immune system [49,52]. Among
symptoms of inhalation of these fungi, fever, anaemia, respiratory problems, exacerbation
of asthma, cough, dyspnoea, nausea, chills, or headache are common symptoms [52–54].
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et al. [49]).

2. Materials and Methods

For determining the internal microclimate, the following were monitored: Tempera-
ture, relative humidity (RH), CO2 concentration, brightness, suspended particles concentra-
tion, formaldehyde concentration (HCHO), and total volatile organic compounds (TVOC).
The measurements lasted for a period of at least 15 weeks between June–October 2020. The
values obtained were compared to the international standards in force for establishing an
overview on the quality of the microclimate inside the museum from Beius, .

In order to have a better overview on the fluctuations of the main parameters of the
indoor microclimate related to the Museum from Beius, , halls with different particularities
were chosen for study, albeit they can be transposed also for the other exhibition spaces.
The purpose of this selection is to obtain reliable information about all categories of rooms
present in the museum. Thus, the monitoring devices were located in:

• Two exhibition halls next to each other at the basement of the museum. They interlink
through a permanently open door, so that the indoor microclimate is not very different
from one hall to another, the two being therefore analysed as a unit. The two halls
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have a total volume of 127.4 m3 of air and house both exhibits belonging to the textile
cultural heritage and exhibits made of clay and wood.

• Two exhibition halls at the first floor of the museum, which were also analysed as a
unit due to similarities in terms of indoor microclimate. They have a total volume of
424.8 m3 of air. The exhibitions present here mainly include art items, folk clothing,
and old furniture. It is the largest exhibition space in the museum.

• The main warehouse of the museum. It has a volume of 139 m3 of air and is intended
for the temporary storage of exhibits. It is a space closed to visitors, being frequented
only by museum staff and restorers (Figure 3).

Atmosphere 2021, 12, 286 6 of 20 
 

 

 
Figure 3. Distribution of sensors in the studied museum halls. 

2.1. Temperature, Relative Humidity, and CO2 
These parameters were monitored using data-logger sensors, programmed to au-

tomatically record values every hour. The sensors have been positioned within the halls 
so as to cover the space as evenly as possible, in order to give a real situation on the dis-
tribution in space of the values related to these indicators (Figure 3). They were placed in 
key points, away from the visitors’ eyes, so that the data sets do not record any change 
due to possible location changes. 

Two sets of Klimalogg Pro thermo-hygrometers connected with 8 wireless sensors 
each were used to measure temperature and humidity values. Thermo-hygrometers 
record and store data with an accuracy of ±0.1 °C in terms of temperature and ±3% in 
terms of relative humidity. The two sets of devices were installed in the exhibition halls 
within the museum. 

The CO2 concentration was measured using two Extech SD800 datalogger devices. 
These devices, in addition to determining the concentration of CO2 in the air, also meas-
ure temperature and relative humidity, thus being considered as an additional sensor for 
monitoring the latter indicators. The accuracy of the measurements is ±40 ppm for CO2, 
±0.8 °C for temperature and ±4% for relative humidity. Given that museum visitors and 
employees are most prone to the negative effects of a high concentration of CO2; in order 
to determine as accurately as possible how much they could inhale, the sensors were 
placed at the height of an average height for man (1.7 m). 

2.2. Suspended Particles, Brightness, HCHO and TVOC 
Measurements were made at predefined points (Figure 3), evenly distributed in or-

der to have the best possible coverage of the halls. The data was collected three times a 
day, both during the hours when the museum was open to the public and when it was 
closed. 

Figure 3. Distribution of sensors in the studied museum halls.

2.1. Temperature, Relative Humidity, and CO2

These parameters were monitored using data-logger sensors, programmed to auto-
matically record values every hour. The sensors have been positioned within the halls so as
to cover the space as evenly as possible, in order to give a real situation on the distribution
in space of the values related to these indicators (Figure 3). They were placed in key points,
away from the visitors’ eyes, so that the data sets do not record any change due to possible
location changes.

Two sets of Klimalogg Pro thermo-hygrometers connected with 8 wireless sensors
each were used to measure temperature and humidity values. Thermo-hygrometers record
and store data with an accuracy of ±0.1 ◦C in terms of temperature and ±3% in terms of
relative humidity. The two sets of devices were installed in the exhibition halls within the
museum.

The CO2 concentration was measured using two Extech SD800 datalogger devices.
These devices, in addition to determining the concentration of CO2 in the air, also measure
temperature and relative humidity, thus being considered as an additional sensor for
monitoring the latter indicators. The accuracy of the measurements is ±40 ppm for CO2,
±0.8 ◦C for temperature and ±4% for relative humidity. Given that museum visitors and
employees are most prone to the negative effects of a high concentration of CO2; in order to
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determine as accurately as possible how much they could inhale, the sensors were placed
at the height of an average height for man (1.7 m).

2.2. Suspended Particles, Brightness, HCHO and TVOC

Measurements were made at predefined points (Figure 3), evenly distributed in order
to have the best possible coverage of the halls. The data was collected three times a day,
both during the hours when the museum was open to the public and when it was closed.

Determining the concentration of particles in the air volume of the halls was performed
in situ using a handheld device PCE-PCO 2. By analysing the samples taken from the inside,
this device calculates and reproduces the concentration of suspended particles (µg/m3)
with a margin of error of less than 5%, as well as their size (2.5 and 10 micrometres). Data
collection was performed at an average height of 1 m, for one minute for each point.

The brightness was measured at different times of the day (usually between 8 a.m.–
7 p.m.), both in terms of the amount of natural and artificial light, using Extech SDL400
datalogger luxmeter. It renders the amount of light in lux to an accuracy of ±4%.

The concentration of formaldehyde (HCHO) and total volatile organic compounds
(TVOC) was measured using a Trotec-BQ16 device. The accuracy of the device is ±5% for
HCHO and ±10% for TVOC. Data was measured in mg/m3 for each of the established
sampling points.

2.3. Thermography

Given that maintaining a suitable microclimate is closely linked to thermal inertia and
heat loss, the determination of the temperature of walls was aimed at highlighting thermal
anomalies, cold and hot areas within them. The infrared (IR) thermography measurements
revealed the differences in the various surfaces having different building materials, the
presence of hidden cracks, and areas of high humidity.

The infrared (IR) thermography was done at the level of the ceiling and each wall
of the analysed halls using a thermal imaging camera FLIR E4. This device, which has
dynamic multi-spectral imaging, has an accuracy of ±2% for items with a temperature
above 0 ◦C and a resolution of 80 × 60 pixels.

3. Results and Discussions
3.1. Temperature, Relative Humidity, and CO2

Proper conservation of museum exhibits requires strict monitoring of internal micro-
climate parameters, especially in terms of temperature and relative humidity. In order to
maintain an ideal microclimate, according to ASHRAE standards [36], the temperature
must be maintained at an average value of 20 ◦C (±1–2 ◦C) and the daily variation must
not exceed 2 ◦C. As for the RH, the ideal is set at an average value of 50% (±3%), but values
ranging between 45% and 60% are also accepted.

In the case of the museum from Beius, , the average temperature for the analysed period
largely falls within the established standards. Thus, the exhibition halls on the first floor
and basement have recorded average values that fall within the acceptable average values,
respectively, 21.6 ◦C (first floor exhibition hall) and 20.2 ◦C (basement exhibition hall). The
warehouse is the only room in which an average temperature value has been recorded
above the allowed limit. Here, in the 16 weeks of monitoring, the average temperature was
23.6 ◦C, which is 3.6 ◦C above the situation considered ideal according to ASHRAE [36].
The analysis of the average temperature values for each monitoring week reveals that,
although the warehouse registers an average temperature above the allowed limit, the
fluctuations per week are quite low. Thus, inside the warehouse, the average weekly
temperature values vary in a range of 4.6 ◦C, between 26.4 ◦C (week nine) and 21.8 ◦C
(week two). As for the basement, this indicator varies from a maximum value of 22.6 ◦C
for week nine up to a minimum value of 15 ◦C in week 19. The first floor is the area with
the largest average weekly variations; these fluctuate between 24.5 ◦C during week nine
and 16.1 ◦C during week 18.
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The periodic variation of the temperature in the analysed halls shows an accentuated
thermal instability. The basement of the museum recorded the largest thermal variation
(16.5 ◦C), between a maximum value of 28.5 ◦C and a minimum value of 12 ◦C. Temperature
at the first floor of the museum varied by 11.6 ◦C, from maximum 25.8 ◦C to minimum
of 14.2 ◦C. The warehouse is the space with the lowest thermal variations (6.5 ◦C), the
temperature ranging between 27.3 ◦C and 20.8 ◦C (Figure 4).
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Unlike temperature, the average values of RH exceed the acceptable situation es-
tablished for all three halls analysed. Therefore, the exhibition in the basement of the
museum has recorded for the 19 weeks of monitoring an average RH value of 69.7%, the
hall on the first floor is represented by an average of 64.8%, while the lowest value was
recorded in the warehouse, namely 61.3%. Regarding the weekly average values of RH,
they vary in a range of 29.4% (between maximum 79.4% in the basement and 50% in the
warehouse). Thus, the basement records the highest weekly average value in the seventh
week of measurements (79.4%) and the lowest in the fifteenth week (57.9%), the evolution
of this indicator in the rooms located in the basement of the museum being a negative
one. The first-floor area also registers a downward trend of the average weekly value of
RH, in parallel with the temperature values presented above. The maximum weekly RH
value on the first floor is recorded in the second week of measurements at 72.2%, while the
minimum is assigned to the fifteenth week with a value of 54.9%. The second week also
provides the higher value in the case of the warehouse, where a value of 71.4% is reached
during this period, while the minimum value is assigned to the sixteenth week, with 50%
measured relative humidity.

These RH values can be harmful to exhibits due to the fact that they favour water
absorption and salt contamination [19], aspects that can lead to serious damage, especially
if the exhibits are made of wood, clay, or textiles.

In addition to the fact that RH records very high average values, the periodic variation
of this indicator remains also very high, RH values fluctuating by 49%. As in the case
of temperature, the most significant variations in terms of RH (49%) are recorded in the
basement, ranging between a maximum value of 86% and a minimum of 37%. In the
exhibition halls located on the first floor, a periodic RH variation of 34% was recorded,
between 78% and 44%. RH values exceeding 75% represent critical situations for the
conservation of artifacts. The warehouse is also in this case, the room with the greatest
stability, RH varying by only 29%, between 75.1% and 46.1% (Figure 4).

Given that the museum does not have HVAC systems to regulate the internal microcli-
mate, it is closely related to fluctuations of outside weather. Thus, the values of temperature
and RH in the exhibition rooms at the first floor and in the basement registered constant and
continuous decreases, in accordance with the fluctuation of the outdoor weather depending
on the week. The only room with a separate evolution was the warehouse, and only in the
case of RH values, which increased continuously.

Despite this, the average temperature values in the three analysed rooms remained
higher by 1.2 to 3.7 ◦C compared to the average value of 19.9 ◦C recorded outside during the
analysed period. At the same time, weeks eighteen and nineteen represent the minimum
in terms of temperatures both outside and inside the exhibition halls (Figure 5); only the
basement registering a minimum in the second week, in disagreement with the outside.
Both outdoors and indoors, the highs were recorded in the summer months (June-August)
and especially in the eighth and ninth weeks.

The average values of relative humidity (RH) were lower in all three rooms inside
(between 61 and 69%) than those outside (72.3%). In agreement with outside RH, the
lowest values of this indicator were recorded internally in the fourteenth and fifteenth
week (in September), while the maximum values are assigned to the beginning weeks of
the monitoring period (the second and the third week) (Figure 5).

In order to have an overview on the relative temperature and humidity fluctuations in
the analysed rooms, it is important to establish the number of days in which these indicators
have recorded values that fall within the rules in force for the protection of exhibits and
for the comfort/health of employees and visitors. For this, the international standards
regarding the indoor microclimate in museums have been carefully consulted [36,55,56],
especially in the case of exhibits made of wood, ceramics, or textiles. Thus, three situations
were established, each one being assigned an indicative, namely:
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Indicative 1—Assigned to the daily average values considered to be ideal. These were
set between 19–21 ◦C in terms of average temperature and between 47% and 53% in terms
of average RH.

Indicative 2—Assigned to the daily average values considered to oscillate in an
acceptable range and thus presenting no danger to exhibits and staff. Intervals were set
between 18–19 ◦C/21–22 ◦C for temperature and 45–47%/53–60% for RH.

Indicative 3—Assigned to the daily average values considered not recommended and
therefore potentially hazardous. These values can be found below 18 ◦C and above 22 ◦C
in terms of temperature, as well as below 45% and above 60% in terms of RH (Table 2).

Only the two indicators were taken into account due to the fact that they are the main
factors that cause the damage to the exhibits. At the same time, if the other parameters of
the microclimate fall within a tolerable range, deteriorations occur only if the temperature
and RH values vary too much or too often [19].

Table 1 below presents the results. These show that the situations in which the indoor
microclimate does not present any risk for exhibits are relatively few. The necessary
conditions are met for just 50 days (13.8%), while the days that are at risk (both parameters
exceed the allowed limits) consist of 103 (28.5%). The largest deviations are identified in
terms of RH, which in 32.4% (117 days) of cases exceeds the allowed limit in comparison
with temperature conditions that are unfavourable, as recorded in 25.8% (93 days) of cases.

The results, broken down by the three areas where the measurements were performed,
reveal that the warehouse faces the greatest problems with temperature and RH. For the
warehouse, the days without risk were only 7 (6.8%) while 41 days (39.9%) have recorded
exceeding acceptable levels for both indicators. Overall, for 45 days (43.7%), it was detected
that temperature levels were excessive, and in 10 days (9.7%), excess of the ideal/acceptable
values for RH was noted. Exhibits held in the basement found good conservation conditions
in only 11 days (8.5%), while in another 28 days (21.6%), a high risk of damage was present.
The biggest problems were identified in RH, which in 63.5% of cases exceeded the allowed
values. The first floor is the only area where a real balance is maintained during the days
that present risk (34 days-26.3%) and the optimal ones (32 days-24.8%). Regarding the
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excess deviations recorded on indicators, on the first floor, the temperature in 31% of cases
varied outside the optimal range, while for RH it was 19.4% of the time.

Table 2. The quality of indoor microclimate expressed by the number of days in which the temperature and RH have
recorded ideal/acceptable/not recommended values according to the standards in force (T-1, RH-1—days when only
temperature or RH have recorded ideal values; T-2, RH-2—days when only temperature or RH have recorded acceptable
values; T-3, RH-3—days when only temperature or RH have recorded not recommended values; T+RH-1—days when both
temperature and RH have recorded ideal values; T+RH-2—days when both temperature and RH have recorded acceptable
values; T+RH-3—days when both temperature and RH have recorded not recommended values; T1+RH2, T2+RH1—days
when ideal situations at an indicator mixed with the acceptable ones at the other indicator).

Hall

Ideal Conditions Acceptable Conditions Unrecommended
Conditions Acceptable

Conditions
(Indicative-1) (Indicative-2) (Indicative-3)

T1 RH1 T1+RH1 T2 RH2 T2+RH2 T3 RH3 T3+RH3 T1+RH2 T2+RH1

Main
Warehouse

No. of
days 1 10 0 14 40 2 45 10 41 0 5

% 0.9 9.7 0 13.6 38.8 1.9 43.7 9.7 39.9 0 4.8

Basement
Exhibition

Halls

No. of
days 42 2 1 48 14 2 8 82 28 8 0

% 32.6 1.6 0.8 37.2 10.9 1.6 6.2 63.5 21.6 6.2 0

First Floor
Exhibition

Halls

No. of
days 21 7 6 10 39 18 40 25 34 6 2

% 16.3 5.4 4.7 7.8 30.2 14 31 19.4 26.3 4.7 1.6

Due to the fact that all the halls in the museum have large windows, which are
periodically opened for ventilation both during and outside the visiting hours, the amount
of CO2 is kept within normal limits. Thus, for the storage area, the average amount of CO2
for the entire analysed period is 437.7 ppm, with a weekly variation between 420.5 ppm
and 452.9 ppm. The basement recorded average values of 439 ppm, with weekly values
ranging between 415.4 ppm and 468.5 ppm. Maximum values were 748 ppm (basement)
and 711 ppm (warehouse), while minimum values did not decrease below 382 ppm in any
of the cases (Figure 6).
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According to ANSI/ASHRAE Standard [30] a value above 1000 ppm can lead to health
issues such as drowsiness, breathing problems, headaches, or increased sweating [17,57].
All recorded values fall within the abovementioned standards, so there is no danger from
this point of view for staff and visitors.
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3.2. Suspended Particles, Brightness, HCHO, and TVOC

Suspended particles and dust, above a certain value, represent a real threat to the
integrity both of the exhibits and human health. Therefore, these should be monitored and
maintained as much as possible within a recommended range.

The threshold which, once exceeded, represents a danger to human health or to
exhibits is mainly due to the nature of the particles (physical and chemical characteristics)
as well as the time of exposure to a given concentration. The United States Environmental
Protection Agency (EPA) divides the suspended particles into two categories according
to their aerodynamics, namely: Coarse particulate matter (PM10) and fine particulate
matter (PM2.5). The thresholds allowed for suspended particles to not affect human
health have been set at 12 µg/m3 for the multiannual average and 35 µg/m3 for daily
variations, while for the well-being of the people, the average annual concentration must
not exceed 15 µg/m3 [31]. Overall, an urban environment in which the concentration of
PM is maintained up to 10–15 µg/m3 is considered a very clean environment and suitable
for human health as well as the integrity of exhibits [58,59].

The three areas of the Museum in Beius, recorded during the study period an average
of the suspended particles measuring 19.3 µg/m3, of which PM2.5 had a value of 7 µg/m3

and PM10 a value of 12.3 µg/m3 (Figures 7a, 8a and 9a). The most affected area was the
warehouse, with an average of 25.8 µg/m3 (PM2.5–9.3 µg/m3; PM10–16.6 µg/m3), the
minimum values being 9 µg/m3 (PM2.5–3 µg/m3; PM10–6 µg/m3) and the maximum
values of 67 µg/m3 (PM2.5–22 µg/m3; PM10–45 µg/m3). The exhibition halls located
in the basement deal with issues in terms of the quantity of suspended particles, the
average for the entire analysed period being 21 µg/m3, with an average value for PM2.5 of
7.4 µg/m3 and PM10 of 13.7 µg/m3. The maximum values recorded here were 43 µg/m3

(PM2.5–18 µg/m3; PM10–26 µg/m3), while the minimum values do not exceed 6 µg/m3

(PM2.5–2 µg/m3; PM10–4 µg/m3). The first floor is the most appropriate area, according
to the standards in force. Inside the two halls from this area, an average value for PM of
only 11.1 µg/m3 was noted, average PM2.5 being 4.2 µg/m3 and average PM10 measuring
6.9 µg/m3. As for the maximum–minimum values, these were 29 µg/m3 (PM2.5–11 µg/m3;
PM10–18 µg/m3) and 3 µg/m3 (PM2.5–1 µg/m3; PM10–2 µg/m3).
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According to the values expressed above, the warehouse area and the exhibition area
in the basement are unsuitable for human health and the conservation of the archives,
while the halls on the first floor have optimal conditions.

The analysis of Figures 7a, 8a and 9a reveals that the distribution in space of the
average values during the analysed period of time follows a pattern which is not random
at all. Thus, the two exhibition areas have recorded higher values of suspended particles
on the access and visit corridors of tourists, as well as in the parts where the exhibits
are strongly attractive. While the warehouse has a relatively even distribution over the
entire surface, showing a single negative discontinuity in the southeast corner, these results
indicate that human activity (by displacing particles deposited on surfaces) is primarily
responsible for the volume of suspended particles inside the museum.

For the deterioration of materials to take place, energy is needed, and light is the
most powerful source of energy that acts inside museums [60]. According to international
standards in force [39,40], in the case of exhibits which are receptive and fragile to light
stimuli, the quantity of optical radiation must be as far as possible between 50 and 200 lux.
A daily exposure to more than 200 lux can lead over time to accelerate the deterioration of
materials, oxidation, increased fragility, loss of elasticity, discoloration, fading of colour,
yellowing, or blackening [61].

During the study period of analysis, the three areas of the museum have registered an
average amount of natural light of 57.8 lux, while the average amount of artificial light is
up to 148.7 lux. These values fall perfectly within the international standards in force, but
analysed individually, the three areas present certain dysfunctions.

The average amount of artificial light in the two halls on the first floor was 94.9 lux,
in the basement being 124.3 lux and 227.4 lux in the warehouse. Depending on the position
of the sampling points, the maximum–minimum values of artificial light ranged between
185 and 39 lux on the first floor, 300 and 48 lux in the basement, respectively, and 490 and 35
lux inside the warehouse. Artificial light is maintained in 77.7% of cases within the optimal
range, an exception being the warehouse where the optimal values are found only in 52.8%
of the time. Deviations are usually few and isolated in places of maximum light incidence
in the immediate proximity of the location of the bulbs. At the same time, the distribution
in space of artificial light (Figures 7c, 8c and 9c) in the rooms is also conditioned by the
location of the light bulbs. The negative influence of artificial light is limited to the central
area of the warehouse (Figure 9c) and the western side of the basement (Figure 8c).

Regarding natural light, the warehouse registered, during the analysed period, an
average quantity of 130.3 lux, while in the exhibition halls, only 14.7 lux (first floor) and
28.5 lux (basement) were recorded. The maximum values were 408 lux (warehouse), 85 lux
(first floor), and 114 lux (basement), while the minimum values were 86 lux (warehouse),
1 lux (first floor), and 4 lux (basement). Except for the warehouse where an optimal amount
of light was maintained at 75% of the time, the exhibition halls registered lower values
than the optimal range. In the basement, in 83.7% of cases, the amount of light was below
the threshold of 50 lux, while on the first floor, the percentage was 93.2%. Low light is good
for the conservation of exhibits, but can harm the visitors’ visual comfort, as it decreases
the visibility of the items. According to Figures 7b, 8b and 9b, the exhibits located in the
immediate proximity of the windows, where the values of this parameter are maximum,
are those most liable to be damaged by the action of natural light stimuli.

Monitoring of some of the most exposed objects reveals that the total amount of
natural light averages up to 1590.2 lux per day and up to 11,132 lux per week. The amount
is quite high considering that the average per hour is 66.3 lux, and at an exposure of
12–13 h/day, the volume of natural light exceeds 132 lux. At the same time, in the interval
9:00–11:00, when the amount of light is the highest, measured values frequently exceed the
limit of 200 lux imposed by the international standards in force.

Determining the total volume of total volatile organic compounds (TVOC) and
formaldehyde (HCHO) inside the museum is extremely important due to the fact that they
can cause negative effects on human health, even at low levels of concentration [62,63].



Atmosphere 2021, 12, 286 14 of 18

The World Health Organisation (WHO) in its Air quality guidelines for Europe–Second
Edition [34] sets the acceptability threshold for TVOC concentration below 1 mg/m3. Any
value that exceeds this indicator has potentially harmful effects on human health and
exposure should only be temporary, and values above 3 mg/m3 have a strong negative
effect. The Museum in Beius, , with an average value throughout the entire analysed
period of 1.33 mg/m3, is slightly above the recommended limit. However, given that
human activity (both of employees, restorers, and visitors) is limited to 42 h per week, the
exposure time being relatively short, the effects of TVOC on health are largely negligible.
The basement has recorded the highest average value of TVOC (1.62 mg/m3), followed
by the warehouse (1.23 mg/m3) and the exhibition halls at the first floor (1.15 mg/m3).
The maximum values were 3.75 mg/m3 on the first floor, 2.71 mg/m3 in the basement,
and 1.95 mg/m3 inside the warehouse, while the minimum values are below the limit of
1 mg/m3 (0.25 mg/m3–first floor; 0.51 mg/m3–warehouse; 0.79 mg/m3–basement).

Figures 7d, 8d and 9d show that the highest average TVOC concentrations are recorded
in the immediate proximity of exhibition and storage spaces, as well as next to windows.
This reveals that the exhibits are one of the main sources of TVOC inside the museum, and
its concentration increases near windows where the temperature and humidity is usually
higher than the rest of the room due to the strong influence of external factors [64].

As for formaldehyde concentration (HCHO), The Agency for Toxic Substances and
Disease Registry (ATSDR), quoted by United States Environmental Protection Agency
(EPA) [35], has set a minimum risk of inhalation for human health of 0.004 mg/m3. At this
concentration, there is no human danger for the development of diseases, even if the
exposure takes place on a daily basis.

The average of the three monitored areas within the museum in terms of HCHO was
0.0123 mg/m3. The warehouse is distinguished by an average of 0.014 mg/m3, followed
by the basement with 0.012 mg/m3 and the spaces on the first floor with 0.011 mg/m3.
Even if all these values exceed the allowable threshold, relatively low concentrations and
low exposure times act so as the negative effects on human health, but also on the integrity
of the exhibits, are reduced.

3.3. Infrared (IR) Thermography

The analysis of the average values of the temperature of the walls and their spatial
distribution, highlighted the existence of significant thermal differences, both between the
three rooms studied and at the level of each room. The explanation of the differences lies
in a number of determining factors, including: Nature of exhibits, location of windows and
doors, type and location of exhibition furniture, layout of exhibits, geometry and volume
of rooms, air circulation corridors, and number of tourists and their movement patterns
and directions.

The analysis of the average values of the temperature of the walls in the basement
exhibition halls highlighted the existence of significant thermal differences, between 17.5 ◦C
and 24.55 ◦C. The highest values were recorded on the southern wall, and the lowest on
the northern wall. The analysis of the spatial distribution of the average values of the wall
temperature indicates the existence of a descending thermal trend from south to north,
respectively, from the ceiling to the floor (Figure 10). A similar situation, in terms of spatial
distribution of average wall temperature values, was encountered in the case of main
warehouse. The differences compared to the results obtained in basement exhibition halls
oscillated between 21 ◦C and 22.9 ◦C.

The analysis of the spatial distribution of the average values of the temperature of the
walls in the first floor exhibition halls, indicated the existence of higher values at the level
of the south-east exposed walls (related to the small room), respectively, of the western
wall (related to the large room). If, in the first situation, the higher average values are
directly related to the exposure and the higher amount of intercepted radiation, on the
one hand, and with the geometric configuration and the small volume, on the other hand,
in the second situation (of the western wall of large hall) the explanation is linked to the
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overall configuration of the building, respectively, the corridor that doubles the exhibition
hall analysed, relatively narrow corridor with large windows through the western wall of
the large hall is exposed to solar radiation in the second part of the day (afternoon). The
average values of the wall temperature ranged between 21.6 ◦C and 24.5 ◦C.
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The analysis of the average thermal variations of the walls, at spatial level, for the
three studied rooms indicates the existence of optimal conditions in the main warehouse,
with a value of 1.9 ◦C, while the highest value was recorded in basement exhibition halls,
this being 7.05 ◦C. First floor exhibition halls have a value of 2.9 ◦C.

4. Conclusions

Monitoring the environmental conditions inside of the museums is very important in
order to identify the best strategies to enhance the microclimate and therefore to preserve
the exhibits. The museum in Beius, deals with issues in terms of fluctuations of the main
parameters that make up the internal microclimate. Thus, the average temperature largely
falls within the international quality standards, but its fluctuations are too high and create
instability of items; RH is most of the time above the allowable average, the concentration of
suspended particles, and HCHO and TVOC present a potential hazard to both exhibits and
human health. The number of days in which temperature and RH create ideal conditions
for the conservation of exhibits is relatively small (13.8%-50 days) during the analysed
period. It was shown that for most days, the conditions exceeded the standards in force for
both indicators. Only the brightness (both artificial and natural) indicators lack negative
influence and CO2 concentration.

Given that within the rooms analysed in this study there are exhibits made of a
wide variety of materials with different properties and degrees of vulnerability, the ideal
conditions for their conservation are often a compromise. At the same time, a very high
level of a single pollutant can lead to damage even if all other conditions are ideal and the
combined action of several parameters, the values of which are non-compliant, leads to the
acceleration of the damage of the exhibits.
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Overall, our findings represent an alarm signal for the community and the local public
administration regarding the situation in the museum. In order to improve the indoor
microclimate conditions, a close collaboration between the museum representatives and
the local authorities is necessary. These stakeholders should aim at identifying reactive and
proactive solutions and procedures both for better preservation of exhibits and a healthier
environment for employees, restorers, and visitors. Among the most necessary solutions
can be specified HVAC systems and the closure of certain exhibits in suitable glass cases to
communicate as little as possible with the outside environment.
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