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Abstract: Works of art are sensitive to environmental factors—mainly temperature and relative
humidity—which, when stable, are generally recommended as ideal protection conditions, but in
historical museum buildings, the required conditions are difficult to maintain, due to a lack of
adequate heating, ventilation and air-conditioning systems. The paper presents the analysis of
one-year measurements of temperature and relative humidity in three different museums in Poland.
The aim of the research was to identify the risk to museum collections, due to unbalanced moisture
loads and unstable indoor air temperatures, as well as to identify possible causes of fluctuations
in these parameters. This article focuses on assessing the impact of variable external and internal
loads on the hygrothermal parameters of indoor air. The profile of internal hygrothermal loads in
exhibition halls varied over time, which resulted in a temporary variation of the indoor environmental
parameters. The lack of appropriate systems, shaping the microclimate in the analyzed museums,
and the lack of automatic control in existing devices did not allow to maintain the temperature and
relative humidity within appropriate limits. In the museums, the maximum indoor temperature
values were higher than those recommended in the requirements. Relative humidity values in all
museums exceeded the recommended range both above and below.

Keywords: museum; microclimate; relative humidity; temperature; natural ventilation; energy consumption

1. Introduction

Inadequate internal environment conditions in museums are a major factor in the destruction of the
collections stored in these institutions. Museums are often located in historical buildings. This situation
significantly complicates the maintenance of the indoor environment. Historical buildings are usually
naturally ventilated by infiltration through leaks in windows and doors. In moderate or cold climates
heating systems which are used in museums are often simple installations, e.g., in Polish museums,
these are typically high-temperature radiators, sometimes supplied with local control provided by
thermostatic valves. As a result, the indoor environment in museums depends mainly on the heating
system in the winter and on outdoor weather conditions in the summer [1]. Poor heating and ventilation
systems do not provide the opportunity to obtain and maintain appropriate indoor microclimate
conditions and pose a high risk of rapid ageing of museum exhibits. In such buildings, external climatic
conditions have a great impact on the environmental parameter fluctuations. Also internal loads
related to visitors and lighting can be very problematic as they cannot be compensated by operating
the ventilation system. Heat and moisture gains from a large number of visitors are variable over
time. Studies by Camutffo [2] and Kozlowski et al. [3-5] show that sudden and intense fluctuations in

Energies 2020, 13, 344; doi:10.3390/en13020344 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-4742-5263
http://www.mdpi.com/1996-1073/13/2/344?type=check_update&version=1
http://dx.doi.org/10.3390/en13020344
http://www.mdpi.com/journal/energies

Energies 2020, 13, 344 2 of 20

temperature (T) and relative humidity (RH) can cause stress to materials, and this, in turn, can cause
irreversible changes in the physical and chemical properties that accelerate the destruction process of
museum exhibits.

In the literature one can find different recommended ranges of air parameters under which exhibits
should be stored [6-10]. They depend mainly on the type of material, the place of descent and the era in
which they were created. The most well-known standards determining recommended air parameters
in museums are the EN 15757 standard [6] and ASHRAE standard published by the American Society
of Heating and Air-Conditioning Engineers [7]. The EN 15757 standard is particularly focused on RH
variability and presents the concept of “proofed fluctuations” which was introduced by Michalski [11].
The standard recommends that objects are best preserved without departing from the historical climate
if their condition is considered satisfactory. Most of the studies for the mixed collections in museums
recommend temperatures in the range from 15 to 25 °C, with a variation from +2 °C to 5 °C per day.
Recommended relative humidity is in general 50%, with acceptable daily fluctuations of +5%RH or
+10%RH [8-10]. The range of tolerance in relative humidity and temperature changes, which do not
cause unacceptable damage to museum exhibits, is still under discussion [12]. Maintaining a narrow
range of temperature and relative humidity tolerance would require the application of advanced
HVAC systems (with full air conditioning, i.e., heating, cooling, humidification and dehumidification
systems). This results in high energy use in modern museums. The research presented in [8] shows
that with a larger allowable RH and T variability limit, more energy can be saved.

The building envelope is the first filter of the outdoor climate; it buffers outside weather fluctuations
and helps to maintain a stable indoor environment. HVAC systems, if present in the museum, provide
additional control of the indoor air parameters [13]. Cantin et al. [14] show that the outdoor climate
strongly influences the microclimate in historical buildings. This impact can be observed regardless
of whether the building is equipped with air conditioning systems or not [15-17]. Bertolin, in her
work [18] suggests that climate changes observed around the world have a significant impact on
historical buildings and their collections.

Impact of the external climate on the indoor environment in museums or other historical sites,
e.g., churches, are focused on dust and gaseous pollutants transport from outside to inside [8,19-28] but
also on the impact of hygrothermal external conditions on the indoor climate [29-35]. Recent studies [19,25],
shows that a particularly unfavourable situation is when a museum is located in the centre of the city
because pollution from traffic penetrates inside the museum. The destructive effect of pollution on
museum exhibits is amplified by high temperature and humidity [24]. Other studies [8,23] shows that the
pollutants are also transported to the indoor environment by visitors. In turn, Papadopoulos et al. [29]
presented the variation of the indoor and the outdoor air temperature and relative humidity values
in the Museum of Byzantine Culture in Thessaloniki for two typical days during the cooling season.
They reported that in a typical summer day, the indoor air conditions cannot be characterized as
satisfactory, mainly due to the high relative humidity levels. The paper by Sciurpi et al. [31] presents the
results of a one-year record of temperature and relative humidity, regarding a room and its showcases.
The elaboration and analysis of the microclimatic data have been carried out according to the Italian
standards. The authors stated that the temperature and relative humidity were not acceptable for
protecting exhibits. The work by Klein et al. [32], presents the results of three years’ continuous
monitoring of environmental conditions in the New York Metropolitan Museum of Art. The precise
monitoring enabled observation of subtle changes in air quality trends and the impact of visitors on
the microclimate conditions.

A good understanding of the outdoor weather conditions and indoor hygrothermal loads’ influence
on indoor microclimates is crucial for the analyses of the speed of museum exhibit ageing. A state-of
art review of indoor air measurements in museums has shown that there is still a need for reference
comprehensive case studies in different climates for various museum building construction design.
Especially in buildings with no HVAC systems, where indoor air parameters cannot be controlled,
measurements allow for the first verification of risk to museum collections [22]. Comprehensive studies
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can be found in the literature [36-38]. Martens [36] presents a study of the microclimate conditions in
21 museum buildings, taking into account one-year monitoring data. Measurements, carried out in
years: 2002 to 2008, were performed in museums located in West Europe (Netherlands or Belgium).
The HVAC systems ranged from none to full systems. Camuffo et al. [37] presented research on
four museums (located in West and North Europe) but only for selected days in winter and summer.
One-year monitoring of indoor air parameters in two museums, located one in Italy and other in
Sweden, can be found in [38].

The main objective of this study was to identify the risk to museum collections due to moisture
loads and unstable indoor air temperature as well as to identify possible causes of fluctuations in
these parameters. An important aim of this study was to identify the impact of external and internal
loads on the hygrothermal parameters of indoor air. Data from the one-year monitoring of indoor
air parameters in three museums located in Central Europe was used for the analysis. This work is
arranged as follows: Section 2 describes the case study, the measurement setup and data collection
procedure; Section 3 shows the evaluation of results, statistical analysis and discussion; Section 4
presents the conclusions and suggested future research projects.

2. Method

The measurements were carried out in three museums located in the Upper Silesia region, in the
southern part of Poland. This region has a temperate climate with relatively cold winters and warm
summers, which is greatly influenced by oceanic air currents from the west, cold polar air from Russia
and Scandinavia, but also warmer, sub-tropical air from the south.

The first museum is located in a building from 1930, which was built to accommodate a museum
(museum A). The two other museums are located in historical buildings (museum B and C). In museum A
(Figure 1), exhibitions are collected in large rooms located on three floors of the building. The exhibition
named flora and fauna (floor area 250 m?) and temporary exhibitions (170 m?) are located on the first
floor. The ethnography exhibition (860 m?) is located on the second floor, and the painting gallery
(630 m2) and modern art exhibition (area of 410 m?2) are on the third floor. Inside the building, there
is a large staircase connecting all floors. Museum B is located in an old town hall, erected in 1822
(Figure 2a). In this museum, an exhibition presenting the coal mine industry is located in the building’s
cellar, on the first floor there is a temporary exhibition area, and on the second floor there are regional
history and culture, as well as craft history exhibitions. Each type of exhibition is presented in two
or more interconnected rooms. The total exhibit area ions equals 1740 m?. Museum C is located in
a castle from the 14th century (Figure 2b), with exhibitions located on three floors and in the tower.
On each floor, there is a series of interconnected exhibition rooms. On the first floor, an archaeological
exhibition (floor area 150 m?) is located, on the second floor a historical exhibition (150 m?) and at the
third floor an ethnographical exhibition (190 m?). The tower is reserved for temporary exhibitions
(40 m?). Table 1 presents the technical specifications of the museum buildings.

Figure 1. Museum A—view of the main entrance and the ethnography and painting exhibitions.
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Figure 2. Museum B (old town hall)—view of the main entrance and the ethnography and craftsmanship
exhibitions (a) and Museum C (so-called Piast’s Castle) (b).

Table 1. Technical data of the museum buildings.

Museum A Museum B Museum C

Heavy construction without thermal insulation

Stone (only ground floor) and
External Ferroconcrete 38 cm or brick 38 cm . . brick, the thickness is 2.1-2.4 m
walls . Brick 50 or 38 cm (depending on the !
(depending on the wall) wall) U = 1.0-1.3 W/m2K at zero level and decreases on
U = 1.5-2.5 W/m?K T the upper floors to 1.0 m,
U =0.6-1.3 W/m*K

Wooden and plastic (double-glazed) Old wooden box windows
of newer type and old aluminium Old wooden double-glazed box (generally double-glazed)
Windows windows (double-glazed) windows U = 2.8 W/mzK,' U =2.8 Wm2K (5.0 for
U = 1.6 W/m2K (2.9 for alum. wind.); medium glazing area simple-glazed); small
large glazing area glazing area
Plasterboard walls set up in parallel
Sun to the external walls, windows in I . . Shades placed between
. . nternal blinds or curtains .
protection western facade covered with window panes

anti-reflective coating

Central heating system operating in the winter season (from mid-October to mid-May)

Generally air-heater system with

Heatin: Old radiators, not modernized for -
g R . . . . a local control system, in some
system many years (some equipped with Radiators equipped with rooms radiators equipped with
thermostatic valves, which are set thermostatic valves (set point 20 °C) th *q }ip
at20°C) ermostatic valves
(set point 2022 °C)
Natural ventilation
Ventilation Adrflow only through cracks in Airflow through doc.)rs and YVll’.ldOW Alrﬂow through doors anfi
system windows and doors. No ventilation leakages and gravity ventilation window leakages and gravity
ducts.l ducts (most rooms are equipped ventilation ducts (only a few
with ducts) ! rooms are equipped with ducts)
Painting room: (1) fan-coils,
operating in heating mode in winter
Air (set point 20 °C) and in cooling
conditioning  mode in summer (set point 22 °C); N/A N/A
system (2) one manually controlled

autonomous air humidifier, turned
on when indoor RH falls below 40%

! The operation of the ventilation system is described in ref. [39].

Most exhibition rooms in the museums contained mixed collections (e.g., paper, textile, wood
and metal objects), and only museum A had dedicated rooms for paintings and for flora and fauna.
The museums were open to visitors all week, except Mondays (depending on the day of the week,
from 4 to 7 h per day).
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2.1. Measurement of the Indoor Climate

Measurements of air temperature and relative humidity were carried out at representative points,
which were located away from sources of heat, windows and doors. Nine sensors (type Si and Ai,
see Table 2) were placed in Museum A, eight sensors (type PSi and Ai) in Museum B and nine sensors
(type PSi and Ai) in Museum C. A larger number of sensors have been placed in the large exhibition
halls of Museum A. The sensors were located in places where they did not disturb the exposition
of monuments and were not exposed to theft or damage (e.g., on walls, on showcases, under the
exhibition tables). Example locations are presented in Figure 3. One of the sensors in Museum A
(sensor S2), due to the lack of other options, was located on the plasterboard wall serving as solar
protection (the impact of this location is discussed in Section 3.4).

Table 2. Technical data of sensors.

Sensor Si Sensor PSi Sensor Ai

Type

Quaity Monitor PS32 /774

Y ’
Intro WiSensys WS-DLC Sensotron PS 32 APAR AR235
Measuring range
Relative humidity 10-95% 0-100% 0-100%
Temperature -20-80 °C 1045 °C -30-80 °C

Measuring accuracy

Relative humidity +2% RH in range .1(?—80 %; +4% +35% RH +3% RH in range .2(.)—80 Yo; £5%
RH in the remaining scope RH in the remaining scope
Temperature +0.5 °C in the range 0-50 °C; 405°C +0.5 °C in the range 20-30 °C;
P 0.5-1.2 °C in the remaining scope - 0.5-1.8 °C in the remaining scope

|3
||||\l||||||||||‘||l‘| ||||||||

(b)

Figure 3. An example of the sensors’ locations in Museum A (a) and Museum C (b,c).

The details on the sensors used in the study are given in Table 2. The measurement accuracy
in the ranges recorded in this measurement met the requirements of EN 15758 and EN 16242
standards [40,41] on the conservation of cultural heritage. In order to compare the readings of the
sensors, their intercalibration was performed before and after the measurements. Measurements in the
museums lasted a whole year. Data were recorded at 5 min intervals.

2.2. Measurement of the External Climate

Knowledge of temporary external climate data is one of the basic conditions for the analysis of
results. Detailed climatic conditions were recorded outside of Museum C, using the Davis Health
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EnviroMonitor weather station [42], with 15-min intervals between data collection. Museums A and B
are approx. 20 km away from the weather station, therefore the temperature and relative humidity of
outdoor air at these museums were additionally measured using APAR AR235 sensors (Table 2).

2.3. Measurement of Internal Heat Gains

The dominant internal heat source in museum buildings is heat gained from people and from
lighting. Typical values of heat flux emitted by these sources can be found in the literature, design guides
and standards [43-47]. Unfortunately, heat gains do not occur constantly and depend on the opening
hours of the museum, the season of the year and, above all, on the number of visitors and the time they
spend in individual rooms [48].

In each of the analyzed museums, a detailed study of the number of people visiting individual
exhibitions was carried out for several days, recording the number of people and the time of entry and
exit from the room. These studies were performed in various museums on different days of the week.
This allowed determining the real-time profiles of people staying in the examined objects.

In the case of a lighting system — an inventory of light sources was made in each exhibition hall.
During detailed tests of visitors” attendance, it was also recorded whether the lighting was turned off
after visitors left the room.

3. Results and Discussion

Recording of air temperature and humidity allowed for analysis of the variations of these
parameters in studied museums. Figures 4 and 5 present the median, minimum and maximum values
of temperature and relative humidity in the whole measurement year for individual sensors” location.
The corresponding 25% and 75% percentiles are also presented. Annual median air temperature ranged
from 19 to 22 °C and relative humidity from 40 to 55%. It can be observed that the distribution of
environmental parameters varied within the museums. Since all museums were equipped with a
heating system operating in winter and only one room was equipped with air conditioning the data
were analyzed for these seasons separately and presented in Table 3. The results in Table 3 clearly
show that, compared to the winter season, in summer not only median values are higher, but also the
variation of both temperature and relative humidity are larger, which is indicated by the percentiles.

80 1 Museum A Museum B Museum C
70 A
X
3‘, 60 4 H
=]
< 40 A
[}
2
E 30 A
7]
& 20 A
10

S2 A23 S1 S3 S5 A4 A24 S4 A3 A20 A13 PS6 A16 A17 PS5 A18 PS4 A7 PS1 PS2 A10 A12 A11 PS3 A8 A9
Sensor

Figure 4. Annual median (in red), minimum and maximum values (in blue) and 25-75 percentiles (box
in grey) of air relative humidity in all measuring points.
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Figure 5. Annual median (in red), minimum and maximum values (in blue) and 25-75 percentiles (box
in grey) of air temperature in all measuring points.

Table 3. Median (M) and 75% and 25% percentiles (P) of temperature and relative humidity at given
measuring locations during the heating period (winter, October—April) and the non-heating period
(summer, May-September).

Temperature, °C Relative Humidity, %
Location Sensor Winter Summer Winter Summer
M P7525 M P7525 M P7525 M P75/25
Museum A
a Flora & fauna S2 20.7 22.0/19.7 233 25.0/19.7 35 44/32 53 57/49
First floor
Temporary A23 20.1 21.5/179 224 24.0/19.1 38 43/34 63 67/61
S1 21.7 23.6/20.8 23.8 25.3/20.3 38 46/34 56 59/53
S3 224 242/21.8 237 252/20.2 35 43/32 55 59/53
Second floor Ethnography S5 21.1  22.6/20.5 23.0 24.3/19.6 38 44/34 59 62/56
A4 19.0 204/174 23.0 25.0/19.1 47 53/41 61 64/57
A24 21.6  23.3/20.9 229 24.6/19.3 37 41/35 62 66/59
Painting S4 215 222210 215 21.6/198 39 46530 54  59/50
Third floor 1L
gallery A3 20.8 21.7/20.1 219 22.5/19.5 42 49/35 56 61/51
Museum B
Basem. Mining exhib. A20 19.2  20.1/18.7 195 20.4/189 37 43/27 75 80/67
Al13 20.0 20.8/194 21.8 23.6/20.6 34 39/25 59 63/55
Ground floor Temporary
PSe6 19.2  205/185 214 22.9/20.2 41 47/31 58 63/54
Al6 20.8 21.5/20.1 23,5 25.3/21.7 31 38/24 50 54/48
Craftsmanship “\9,"""50 1 210/195 230 248211 33 3925 52 56/50
exhibitions
First floor PS5 21.6 224211 239 252/21.7 31 37/25 51 54/48
Al18 20.7 21.4/195 237 25.3/21.0 33 39/25 53 55/50
Ethnography
PS4 20.1  20.9/19.1 234 25.3/21.2 36 43/30 52 54/49
Museum C
Archacological A7 204 225200 243 254230 38 4530 57  63/53
Ground floor o
exhibitions PS1 17.8 18.7/17.2 21.6  23.0/20.0 48 53/43 63 67/59
PS2 20.8 21.4/20.3 23.1 24.3/21.8 33 42/27 51 54/48
First floor Historical A0 196 204/194 232 2450217 36 4429 54 5721
exhibitions
Al12 224 23.8/21.0 24.0 24.7/222 30 37/24 52 56/50
All 21.0 21.5/220.8 237 25.7/22.3 32 39/26 50 53/48
Second floor Ethnography PS3 21.6  22.021.2 223 245/214 31 41/25 51 54/49
A8 209 21.2/20.7 227 24.6/21.1 34 41/26 53 57/51
Tower Temporary A9 20.5 20.8/20.1 224 24.9/20.3 35 43/27 55 58/52
External climate (range) -16.3-27.7 4.1-33.5 21-94 23-84
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3.1. Indoor Parameter Variation

The changes in the recorded indoor air parameters were subjected to analysis. Bearing in mind the
requirements determined by the ASHRAE standard on museums [7], Performance Index (PI) values
for all measuring locations were determined (Table 4). This index expresses the percentage of the time,
in which the measured parameters are within the reference target. PI value is not imposed by any
standard but is often used to analyze the microclimate in museums [31,49-51]. ASHRAE's chapter
23 [7] states a small risk for exhibits limiting short-term fluctuations to +2 °C for temperature and
to £5% or £10% for relative humidity. Therefore, in this study, PI indicates the percentage of the
time, in which the daily temperature fluctuations are smaller than +2 °C, and daily relative humidity
fluctuations are smaller than +5% or £10%.

Table 4. The share of the year when the amplitude of daily values of indoor temperature or relative
humidity is less than the maximum recommended value, according to ASHRAE standard [7] and the
maximum daily temperature and relative humidity amplitude recorded during the whole year.

. Performance Index PI, % of Time Max
Location Sensor
AT <2°C ARH < 5% ARH < 10% AT, °C ARH, %
Museum A
Flora and fauna S2 73 60 88 6.4 20
First floor
Temporary A23 69 84 98 5.3 21
S1 93 96 100 32 8
S3 98 92 99 4.4 14
Second floor Ethnography S5 97 86 97 3.2 15
A4 97 82 96 3.7 17
A24 99 89 98 3.6 16
S4 94 36 43 3.2 22
Third floor Painting gallery
A3 89 71 83 4.1 19
Museum B
Basement Mining exhibition A20 87 72 97 4.8 31
Al3 97 53 91 2.7 18
Ground floor Temporary
PS6 97 60 89 44 26
Al6e 100 81 98 1.7 18
Craftsmanship Al7 99 80 97 25 18
exhibitions
First floor PS5 99 81 98 3.5 17
Al18 96 83 98 6.9 23
Ethnography
PS4 96 82 98 44 25
Museum C
: A7 86 36 80 6.8 29
Ground floor Archgeglf)glcal
exhibitions PS1 99 49 86 2.9 26
PS2 99 70 97 3.3 15
First floor Historical A10 100 76 97 2.0 15
exhibitions
Al12 96 79 98 3.1 13
All 98 70 98 2.5 14
Second floor Ethnography PS3 98 75 98 3.0 23
A8 99 70 98 4.8 20
Tower Temporary A9 97 65 98 3.4 19

In addition, the monitoring results were subjected to the requirements of EN 15757 standard [6],
determining the annual change cycle of RH based on of 30-day moving average (Figure 6).
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Figure 6. RH fluctuations: annual median (in red), 7th and 93rd percentiles (box) and maximum
fluctuations (whiskers) based on 30-day average values, according to EN 15757 standard [6].

3.1.1. Relative Humidity

In museums A and B in winter the lowest recorded air humidity values were at a level of 10-13%,
which was caused by a large increase in internal temperature even above 25 °C. Data have shown that,
during the entire winter season, the relative humidity in all analyzed museums remained at a level of
30-40%, which is a typical level for heated buildings with natural ventilation located in a moderate
climate. Increasing the relative humidity is not possible without additional humidification. However,
the operation of a portable air humidifier in the painting gallery in museum A proved to be relatively
energy-consuming. This shows that, in many cases, local humidification is a very expensive and not a
sufficient solution.

The largest instantaneous deviations from the average relative humidity were noted in the
summer. In that season, the relative humidity values in exhibition halls shifted upwards by 12-37% and
maximum values in many locations exceeded 70%. The coldest month outside the heating season was
September, with an average outdoor temperature of 13.3 °C. This caused that the internal temperature
dropped in museum rooms below 18 °C (mainly in museum A), which resulted in a significant increase
in relative humidity above 70%. In such a situation, the dehumidification process should be employed.
This, however, is another energy-consuming process. Reducing high humidity could represent a big
financial burden for museums, which often have a very limited budget.

It should also be noted, that despite the use of a humidifier in the painting exhibition of Museum A,
a low relative humidity during the heating season could not be avoided. In the winter months,
from December to February, a relative humidity value in this room was similar to the value measured
in other rooms. Humidity fell below 30% in winter, the lowest value—below 20%—was observed in
January. It shows the disadvantages of the manually controlled humidifier. Operation of these devices
should be monitored continuously, which is very difficult without automatic adjustment. On the
other hand, automatically controlled fan-coils allowed to maintain the relatively constant temperature
(for 50% of year temperature was in range 20-21 °C, see Figure 5) compared to other rooms in this
museum (where the radiators are used), but they increased the relative humidity fluctuations, especially
in winter.

The largest daily relative humidity variation was recorded in museums B and C (Table 4).
In Museum C, depending on the location, relative humidity fluctuations exceeding 5% occurred,
for 21% to even 64% of the measurement time. Large fluctuations were also recorded in the painting
exhibition in Museum A with the fan-coil, as discussed earlier. Fluctuations exceeding 5% appeared here
for 64% of the time, and these exceeding 10% for more than half of the measuring time. Daily fluctuations
in relative humidity in this room reached up to 20%. For comparison, in the ethnography room
in the same museum, the relative humidity fluctuations (on average for all sensors) during 89% of
measurement days were in the range up to 5%. It should also be emphasized that the exhibition
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halls noted daily fluctuations exceeding 20%. Considering mechanical damage, one large deviation is
enough to cause damage.

The annual cycle analysis (Figure 6) confirmed the best humidity conditions in the
non-air-conditioned rooms in Museum A. For 86% of the time, the fluctuations from the 30-day
average did not exceed +5%. In the other museums, they did not exceed the maximum value of +10%
recommended in EN 15757 standard [6].

3.1.2. Temperature

The temperature time series were similar in rooms without cooling. The lowest temperature below
14 °C was recorded in Museum A. In Museum B the temperature dropped below 16 °C. The most
stable conditions in winter season were found in Museum C. Here, the temperature usually did not
fall below 18 °C, probably due to very thick external walls, resulting in substantial heat accumulation
(Figure 5). In Museum C, the heating system also operates the most efficiently. The air heating system,
due to the low thermal inertia, reacts quickly to changes in thermal loads. Performed studies have
shown, that in the winter season, with operating heating system in museums (even in the case of
museum A), temperature stability is much higher than in the summer. In the summer, with heating off,
the room temperature was much more dependent on external weather conditions. This caused large
temperature fluctuations throughout the season — usually from around 20 °C up to 28 °C. In Museum
A and in the tower of Museum C, where the walls were the thinnest, this range was from around 18 to
30 °C. The differences between extreme temperatures in winter were smaller by 5-7 °C, in comparison
with the summer season. The spread of data between the 25th and 75th percentiles for all measuring
locations is higher in summer than in winter, on average by 2 °C (Table 3).

A different time course of air temperature was observed for the mining exhibition in Museum
B (located in the basement), as well as for the air-conditioned painting exhibition in Museum A.
In the case of mining exhibition, the differences were observed mainly outside of the heating season.
The average temperature was lower than in other museum rooms. In contrast, the relative humidity
values at this exhibition were, on average, the highest in the entire building, and often exceeded 70%.
In July, humidity exceeded even 80%. This situation was caused by the location of the exhibition
in the basement of the building which prevented the heat flow from the outside. In the case of
an air-conditioned painting exhibition in Museum A, temperatures during the day were subject to
slight fluctuations. In this room, both sensors registered a maximum temperature equal to 25.4 °C in
March, when, despite the larger heat gains, the fan-coils were still operating in their heating function.
The operation mode of fan-coils from heating to cooling was switched manually only once a year.
If the air conditioning system is set only for heating and it does not automatically switch to cooling,
it can cause overheating of rooms during warmer weather episodes in the heating season. Similar
problems at the turn of the seasons were also noted in other exhibition halls. During the early stages of
the warm season, when the heating system is off, the indoor temperature may drop even below 19 °C.
If the museum building has both heating and cooling systems, their operation should be as flexible as
possible, and they should allow rooms’ heating and cooling throughout the year.

The analysis of daily temperature fluctuations showed that, in exhibition halls, temperature
fluctuations do not exceed 2 °C for the major part of the year (over 90%). Only in two non-air-conditioned
rooms fluctuations up to 2 °C occurred slightly more often (Table 4). Museums B and C with thicker
walls and smaller windows perform better in this respect. The large daily fluctuations in temperature
occurred in the flora and fauna exhibition room at Museum A. They occurred mainly in the summer
months, when the sensor could additionally heat up due to its location—it was placed on the wall
separating the room from the window zone (see Section 3.4). In Museum C, with the exception of rooms
on the ground floor, the most common daily temperature fluctuations are in the range of 0.5-1.0 °C.
In the case of an air-conditioned painting exhibition, higher daily temperature fluctuations were noted.
Fluctuations exceeding 2 °C occurred for 11% of the year at the A3 sensor. A difference in minimum
and maximum daily temperature of 4.5 °C was also noted twice.
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The current study showed that using only heating in winter is not sufficient to ensure
stable microclimate conditions. The greatest difficulties in maintaining air parameters within the
recommended ranges were noted during the summer. Expected values of indoor air parameters
could be achieved by the application of automatic control system that responds quickly to temporary
temperature changes and allows the heating system to be switched on also in colder periods of the
summer season. Simulations performed on the numerical model of museum A, published in an article
of Ferdyn-Grygierek [52], showed that stabilization of the internal temperature in winter at 20 °C could
reduce monthly heat demand by up to 16%. Maintaining the desired indoor temperature during the
summer, not exceeding e.g., 24 °C, will increase energy consumption, compared to the existing one,
as it will require a supply of cold to museum halls. However, the amount of energy for cooling is
several times smaller, compared to the energy needed to heat the building. A detailed analysis of
indoor environment quality in Museum A and its effect on heating and cooling demand can be found
in [52,53].

Most available heating and cooling systems can maintain their design conditions when no major
changes in internal and external loads are present. For historical buildings intended for museums,
the thermal load associated with external conditions changes very slowly, as a consequence of the
buildings’ heavy structure. High thermal inertia results in good suppression of temporary thermal
gains. However, the heterogeneous flow of people can cause sudden and significant changes in
microclimatic parameters in the museum environment. In such local museums, as discussed in this
study, the average number of visitors is not high, which can “diminish the vigilance” of art conservators.
However, if more numerous groups of school trips occur, their presence can cause a sudden temporary
change of indoor air parameters. In such museums, ensuring a proper microclimate maybe even more
difficult than in other facilities, where the flow of visitors is larger, but more constant, and therefore
easier to account for.

3.2. Impact of Internal Heat and Moisture Gains

In situ observations were conducted to identify the actual effect of visitors’ presence and the lights
under real, typical operating conditions of the investigated museums. They included recording of
number of visitors, the time they spent in exhibition halls and the lighting status. It was revealed
that individual visitors most often visited a given exhibition for 15 min. It was also observed that
they focused on one or up to several exhibitions and did not visit the entire museum. If these were
organized museum lessons, the time spent by the school group was between 45 and 90 min. Lighting
in all analyzed museums was turned on before the visitors entered the exhibition and turned off only
after the visitors left the exhibition rooms. Although the total heat flow from lighting reached up to
several kW, its total usage time did not exceed 2 h a day and did not have a significant impact on the
temperature of individual rooms. The exception was a small room on the ground floor of Museum C,
where the display of a “skeletal grave” was illuminated by halogen lamps. In this room, the indoor
temperature was almost always nearly 3 °C higher than in neighbouring rooms, with a maximum
temperature of 29 °C.

Based on the comparative analysis of the measurement results in all of the analyzed museums,
it was noted, that the presence of individual visitors had only a small impact on the hygrothermal
conditions. Periodic increases in internal temperature (by up to 2 °C) and relative humidity (up to
4%) were observed only in the case of the presence of organized groups. This effect is illustrated
in Figure 7. In Museum A typical relative humidity fluctuations of several % occurring during the
visitors’ stay were observed on all floors of the museum. Fluctuations observed in the painting
exhibition room (Figure 7) result from the operation of a portable humidifier and the ceiling fan-coil.
In Museum B, one could observe a rapid increase in indoor air parameters while people were visiting
the ethnographic exhibition room. At a time when the museum was closed for visitors, the internal
air temperature remained almost constant, with fluctuations not exceeding 1.5 °C. This was due to
the fact that the radiators were equipped with thermostatic valves. The value of relative humidity
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increased significantly only during the lessons and before the last group left the museum. In Museum C,
the heating system was equipped with local control (thermostats). The temperature fluctuations were
small, and they did not exceed 1 °C. Only in a historical exhibition, during the “museum lessons”, the
increase of temperature from 20.8 °C to 21.4 °C coincided with the temporary presence of groups of
students in that room. In turn, relative humidity peaks occurred on all floors of the museum around
11 a.m., when people were present in the building.
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Figure 7. Comparison of indoor air parameters changes with the number of visitors in the museum
for a selected day of measurements for analyzed museums: Museum A—painting exhibition,
Museum B—ethnography exhibition and Museum C—historical exhibition. Numbers in red indicate
visitor numbers.

Summing up this part of the research, it can be concluded, that the presence of visitors had an
expected impact on the temperature and humidity conditions in museums. The higher the attendance
of people, the greater impact on indoor air parameters was observed. In the case of relative humidity,
the relationship has always been directly proportional to the number of visitors. In extreme cases,
an increase in relative humidity up to 10% per hour was observed, with an internal temperature
increase of 1 °C per hour. It should be noted, that the surveyed museums, however typical for the
region, did not enjoy high attendance of people. It should be noted that it is not possible to determine
the precise quantitative impact of visitors and lighting on the T and RH fluctuations, because in situ
measurements cannot eliminate the impact of the external environment in the same time. However,

the research has highlighted the trends.

3.3. Impact of External Heat and Moisture Gains

Analyses were carried out for the period from May to September, i.e., outside of the heating season.
There is no air conditioning system in the studied museums (except for the painting exhibition at
Museum A). Because relative humidity depends, to a large extent, on air temperature, the comparison
of internal and external conditions was carried out on the basis of calculated moisture content values of
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H,0 in grams per kg of dry air. Calculations were made based on relative humidity, temperature and
pressure of air in the room [54]. In order to demonstrate a possible relationship between the outside
and the inside environment and eliminate the impact of internal heat and moisture gains, only the data
recorded on days when the museum was closed to the public were used for analysis. For our analysis,
these were all Mondays. The 24-h average values from the whole summer allowed to compare the
buildings in general, because T and RH fluctuations were recorded in all three buildings, but the share
of external loads in each case could have been different.

The relation between indoor and outdoor temperature and humidity variations is shown in
Figures 8 and 9. Points on the graphs show average daily temperature and moisture content values
for unoccupied days from May to September. During the analyzed period, the external temperature
varied in the range of 7-30 °C and the moisture content was in the range of 6-11 g/kg. At the same
time, the internal temperature in the exhibition hall rooms has changed in a much narrower range,
from approximately 18 °C to 28 °C.
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Figure 8. Correlation between internal and external temperature in the museums. Points on the graphs
represent mean daily values for all unoccupied days from May to September.
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Figure 9. Correlation between internal and external moisture content in the museums. Points on the
graphs represent mean daily values for all unoccupied days from May to September.

In all museum rooms, the average daily internal air temperature followed the changes in external
temperature. The largest increase in indoor temperature, due to increased outdoor temperature, was
observed in Museum A (the highest directional coefficients in correlation equations). As one would
expect in Museum C with the thickest walls and completely covered windows, temperature correlations
are the weakest. Museums A and B are buildings with thin walls and large windows.
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The detailed analyses were carried out for shorter 24 h periods (four Mondays in June) in museums
A and B. Hourly average temperature and relative humidity values recorded outside and inside of
museums A and B are presented in Figures 10 and 11, correspondingly. For the first (I) and the last
(IV) Monday, one can observe a typical time course of the outside air temperature for the summer
season. At night, the temperature was low, in the range of 18-19 °C, while during the day it gradually
increased above 26 °C. A similar trend was observed for the third Monday, but the amplitude was
lower. The second Monday in June was characterized by a gradual and continuous fall in the outside
temperature. The temperature change was about 5 °C.
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Figure 10. Variation of solar radiation and internal and external temperature for four Mondays of June
in the selected locations in Museum A (a) and in Museum B (b). Data on the graph represent mean
hourly values.
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Figure 11. Variation of internal and external moisture content for four Mondays of June in the selected
locations in Museum A. Data on the graph represent mean hourly values.
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A significant increase (10 °C) in the outside temperature in the first and fourth week of June
caused an increase in indoor temperature by 1 °C in the exhibition halls of museum A. In the second
week, when the outside temperature was falling, the largest indoor temperature change, on average
1.9 °C, was recorded in non-air-conditioned rooms. The windows in most rooms are covered therefore
direct solar gain is negligible. Thus the dominant heat gain is through opaque partitions. The effect
of the increase of external temperature and the action of solar radiation is visible in the rooms only
after a few hours from the moment of the increase of external T and the appearance of solar radiation
(6-9 h depending on the room and museum). In museum B the internal temperature amplitude is
much smaller. The maximum value of T in the rooms is delayed by one to two hours in relation to the
external T peak. Both analyzed rooms in Museum A and the room with sensor A16 in Museum B have
a western exposure, so the temperature drop in the room is correlated with the reduced solar radiation.

On the second analyzed Monday, the initial indoor temperature was high, despite the low outside
temperature. It was caused by very hot days in the proceeding period from 9th to 12th of June, when
temperatures during the day exceeded 30 °C, as shown in Figure 12. The heat accumulated in the
walls was gradually released when the outdoor temperature decreased, causing the delay in the indoor
temperature drop.
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Figure 12. Variation of external temperature at Museum B in June. The analyzed Mondays are marked
in red.

An interesting inverse proportionality was obtained in the third week, when, after the indoor
temperature increased, due to earlier warm weather, the buildings gradually cooled down, which can
be evidenced by the time course of external temperature. On this day, the outside temperature did not
substantially change.

The impact of moisture content in outdoor air on humidity conditions in rooms is more pronounced
than the effect of outdoor air temperature on temperature indoors. The moisture is transported mainly
by ventilation air. The ventilation air supplied to the building is not treated in any way; i.e., dried or
humidified. Therefore the moisture content transferred from the outside in ventilation air stream is
directly reflected by changes of the inside air humidity. In all three buildings, the directional correlation
coefficients of the average daily humidity content are above 0.6.

In the case of changes in the moisture content of the indoor air, quite a large overtaking of the
moisture content of the outdoor air can be observed. The highest correlation was obtained in weeks
one and four when the outdoor moisture content showed an upward trend during the day (amplitude
above 2.2 g/kg). In these cases, it is possible to see the beginning of growth of RH inside and outside as
well as a clear time delay. The worst correlations were obtained in the third week, which, similarly
to the temperature indications, was caused by a very small variation in the moisture content of the
outdoor air (maximum 1.2 g/kg). In the ethnography room of Museum A (sensor S5) even an inversely
proportional correlation was then obtained (Figure 11).

The analysis presented indicated some general dependencies in the studied museums. Therefore,
the mechanisms of the outdoor climate’s impact on the indoor environment are complex and require
further in-depth analysis, including numerical research.
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3.4. Sun Shades and Their Impact on Exhibits

In all studied museums, sun protection in windows was used to prevent direct solar radiation
from penetrating inside. Only in Museum A, in the rooms of ethnographic, flora and fauna, as well
as temporary exhibitions, special solar screens made of chipboard or plasterboard were used as the
exhibition spaces. An example of such a solar screen in the ethnographic exhibition room is shown in
Figure 13a. Figure 13b shows an uneven temperature distribution on the back of this wall. In contrast,
Figure 13c shows a fragment of the front side of the wall, on which the images of various techniques
were hung. An image from a thermal imaging camera was superimposed on the photo, showing the
unevenness of the wall heating and the images themselves.

(@) (b) (©)

Figure 13. The curtain wall view (a) and the thermal imaging camera pictures taken for the same
place—in the back (b) and the front (c) (the ethnography exhibition hall in Museum A).

Figure 14 shows the temperature-time course recorded in Museum A (by sensor S2) during
two days when the museum was closed for visitors (i.e., only external factors affected temperature
fluctuations in that period). Sensor S2 was placed directly on the curtain wall in the nature exhibitions
room. The large immediate increase of temperature by 4 °C was directly correlated with the increase
in outside temperature, as well as the increase in solar radiation. The windows of this room have
western exposure.
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Figure 14. Variation of temperature for sensor S2 localized in Museum A on the curtain wall in the
flora and fauna exhibition hall and external temperature and solar radiation for two Mondays of June.

The use of solar screen walls on windows that are also used as exhibition walls is a good way
to protect museum rooms against direct solar radiation. However, such a solution may intensify
the impact of the external environment on museum exhibits. The wall surface heats up from direct
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sunlight, as well as (during the heating period) from radiators located directly under the windows.
The location of exhibits sensitive to temperature changes on these walls is thus unfavourable.

4. Conclusions

e  The profile of internal hygrothermal loads in exhibition halls varied over time, which resulted in a
temporary variation of the indoor environment parameters. Individual visitors have only a slight
impact on the indoor climate; however, during the presence of organized groups (e.g., museum
lessons), a noticeable increase in temperature and relative humidity was recorded. The recorded
increase in the relative humidity after the visit of a large group of people was about 3 to 5%.
Increase of the temperature was between 2 °C and 4 °C.

e Lighting that is turned on only when visitors are present, had little effect on the room air
temperature. However, halogen lights, which were permanently turned on, caused a noticeable
increase in room air temperature (up to 3 °C).

e  The cooling system (painting gallery in Museum A) was able to compensate for the increase in
temperature caused by the presence of a large group of people but was not able to maintain
constant relative humidity. Nine hours after the visitors left, the relative humidity was still about
6% higher than before their visit.

e The indoor temperature is mainly influenced by long-term trends in outdoor temperature change,
not by daily fluctuations. The influence of external air parameters on the moisture content in
rooms is strong for all the tested buildings.

e  Sun protection walls, placed near the windows, effectively protected the room against solar
radiation, but the walls were heated up rapidly. Such walls should not be used for exhibiting
temperature-sensitive objects.

e  The lack of appropriate HVAC systems in the analyzed museums and the lack of automatic
control in existing systems did not allow to maintain the temperature and relative humidity within
appropriate limits. In the museums under study, the maximum summer air temperature values
were higher than those recommended in the requirements [7]. In the winter, the parameters
were maintained within a given range, except for museum A, where both too low and too high
temperatures occurred. Relative humidity values in all museums exceeded the recommended
range, both above and below.

e  Maintaining the temperature and relative humidity in the desired ranges would require the use of
ventilation and air conditioning systems and will increase energy consumption. With the use of
properly configured automatic regulation, the costs of their operation do not have to be significant,
which has been confirmed in other authors’ studies [52,55,56].

The research was carried out in three selected museums, but it can be assumed, that similar
problems with maintaining indoor microclimate occur in most local museums located in temperate
climates and equipped only with standard heating and ventilation systems (radiator heating system
and natural ventilation). Some of the discussed dependencies are widely known. However, this
work specifies them by quantifying data for selected problems. The analysis presented in the work
allowed for a better understanding of the impact of dynamic changes in heat and humidity loads on the
environmental conditions in museum rooms. The results of the analyses are valuable tips for HVAC
engineers and museum professionals. The presented results can also be used to develop appropriate
control strategies for HVAC systems.

Future Research

Improvements in heating, ventilation and cooling systems in museums are necessary. Due to
the limited budget and the lack of the possibility of introducing compact HVAC systems in many
historical buildings, designers are often forced to use simple, autonomous devices (air dehumidifiers,
humidifiers). A change in air temperature brings a change in relative humidity. This is why it is



Energies 2020, 13, 344 18 of 20

necessary to establish appropriate strategies for operating such devices with time-varying thermal and
humidity loads inside and outside of the building. Numerical modelling, including CFD and building
dynamic thermal simulations methods, is a useful tool to predict the effect of possible interventions on
the indoor environment. The future research will focus on numerical and experimental investigations
of the possibilities to apply portable devices regulating indoor air humidity in museums located in
historic buildings.
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