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Abstract

Heritage-related guidelines and standards recomrsiaide climatic conditions, since these contribute
to the extension of heritage collections life. Agesult, numerous museums and other heritage
institutions implement (expensive) mitigation measuto achieve stable conditions. Nevertheless,
temperature and relative humidity fluctuations aften still observed. This contribution demonstsate
that the analysis of temperature and humidity pesadds drops helps to identify hazards which cause
fluctuations in different frequency ranges. Thigdra identification provides information on the ¢yp
of mitigation actions that are required in the néature and in which order they need to be
implemented. The approach is illustrated with aecstsidy. A 22 month monitoring campaign was
performed in a chapel in the center of Antwerp ¢Beh) where the climatic conditions are controlled
with a heating, ventilation and air conditioning{AC) system. Low-, mid- and high-frequency
fluctuations were separated and discussed for liag@ards.
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1. Introduction

Environmental conditions have a profound impact tbe degradation of heritage collections.
Temperature and relative humidity are two main peters that determine the climatic quality for
heritage conservation. Recommended climatic canditiare specified in well-accepted heritage-
related standards and guidelines [1-11]. A wellskn@xample of such guideline is the one defined by
the American Society of Heating, Refrigerating aidConditioning Engineers (ASHRAE) [1]. To
prolong the lifetime of heritage objects and reachigh climatic quality, all guidelines recommend
stable temperature and relative humidity conditisithin a certain range. Within the heritage sector
the guidelines are widely used for general presemvarecommendations, construction of new
museums, or refurbishment of old monuments intoldmgs with contemporary preservation
conditions [12].



Many heritage institutions evaluate their climajiglity by continuously monitoring temperature and
relative humidity. Different methods exist to docBuevaluation. One approach uses the ASHRAE
guideline to evaluate the climatic quality by cdéting the percentage of the collected data that
corresponds with the different ASHRAE climate césq13-15]. Alternative approaches define
indexes that evaluate the climatic quality. Thefgremnance index, for example, is defined as the
percentage of time in which a measured parametdr asi relative humidity falls within a predefined
(tolerance) range [12, 16, 17]. The time-weightessprvation index (TWPI), developed by the Image
Permanence Institute, is a single value that capttite total cumulative effect over time of chaggin
temperature and relative humidity conditions. Itbissed on the rate of chemical deterioration in
collections [18, 19]. Other indexes were develotted, for example, estimate the effectiveness ef th
building’s heating, ventilation and air conditiogit(HVAC) system [17].

The methods described above, are relatively easppigly and enable a fast climatic quality
assessment. However, they are based on an averagkhtion, underestimating the effects of brief
but intense fluctuations. Such brief moments opprapriate conditions can dominate the damage on
heritage collections. To overcome this limitatiome propose an alternative and complementary
approach that focuses on fluctuations in tempesatind relative humidity data. Temperature and
relative humidity graphs could be considered asupemposition of fluctuations at different
frequencies: seasonal fluctuations, fluctuationg da weather changes, day-night fluctuations,
fluctuations caused by an event, etc. This requit®mplex graphs that are hard to interpret. Titebe
understand the fluctuations, we developed a methatdisolates fluctuations of different frequency
ranges. Such data processing helps in hazard fidatiobn, and supports the prioritization of dearsi
alternatives. Moreover, it helps in the evaluatdrihe damage risk for hygroscopic objects. Indeed,
fluctuations, mainly in relative humidity, couldusse mechanical damage on hygroscopic objects such
as wooden interior elements, paintings on canvagood, textiles, etc. due to swelling and shrinking
of the material [20-26]. The extent of the damageeatermined by the response time of the objects.
This is the time an object needs to reach comgeatéibrium with the new climatic conditions [27].
However, hygroscopic surfaces in direct contachwiite surrounding atmosphere respond faster to
changing conditions compared to the core of theaipcreating internal tension [28-30]. Due to the
wide range of response times of hygroscopic objiesoften have to be covered in one space (e.g.,
historical interior), the proposed method to seggafluctuations in different frequency ranges also
offers added value in the damage risk evaluatiothiese materials.

The method is illustrated on a case study in ahésthapel with an HVAC-system installed. During
the last decades, many heritage institutions secmw@seums, archives, historic houses and churches
have installed sophisticated and expensive heatirgjmate control systems that actively contra th
temperature and humidity conditions [31-35]. Sudima&te systems aim to control the level of
temperature and relative humidity, and the rate extdnt of their fluctuations. However, unstable
conditions are regularly noticed, e.g., due to mél failure or improper regulation [35]. Moreoyer

in many cases, the climate control systems aremgtmeant to improve the indoor conditions for the
conservation of the building and its contents,disib to provide thermal comfort for staff, visit@sd
worshippers [27, 36-40]. This often entails addiéibfluctuations in the climatic conditions, e.chem

a church is temporarily heated for a mass serdgcevhen a museum is heated more during the day
compared to the night. We used the data of temyrerand relative humidity that was monitored in
the historic chapel during a 22 month sampling cigmp We separated the fluctuations of both
parameters for three frequency ranges, i.e., lowd-, and high-frequency fluctuations, in order to
evaluate the climatic conditions in the chapelntdg the hazards for the fluctuations, and estemat
the damage risk for the chapel’s valuable heritage.



2. Materials and methods

2.1 Monitoring location

The monitoring campaign is performed in a chapethia city center of Antwerp (Belgium). The
chapel originates from the “18entury and is part of a cloister building. Natuight enters the chapel
from the south and north facade through stainedsgi@ndows. The chapel houses two valuable
organs, wooden statues, paintings and medievalpaaitings. It is the setting for concerts, wedding
and receptions. Climatic conditions in the chapel segulated by an HVAC-installation (2009,
Dalkia, EDF Group, Saint-André-lez-Lille, Franc&he installation aims to optimize the conservation
conditions for the organ and the wooden interiarodations and also considers human comfort during
concerts. The temperature is controlled by tworttstats that are installed near the two restored
organs in the chapel. One organ is located aboweetitrance door in the west facade at around 7
meter height. The other organ is located in tharchipa height of around 20 meter. Their average
temperature recording is considered to reach gpa@et of 18°C in the chapel. This temperature is
required for the tuning of the organs [41]. Durppgplic events or to adjust the relative humiditye t
temperature can be increased up to a maximum df,20fth a change rate of 2°C per hour. The
stationary heating up to 18°C with short periodsdditional heating brings the indoor temperatore t
a level that is comfortable for humans. On the @ogt it can cause a low and variable relative
humidity, certainly in cold periods [31, 33]. Thére, the installation also enables humidificatimn

a steam humidifier with an aimed relative humidignge of 55 to 70%. Dehumidification is not
possible.

2.2 Data collection and processing of the outddonate

Data of outdoor temperature (T), relative humidRyH), quantity of rainfall and sunshine duratioe ar
used from the Belgian Royal Meteorological Ins@tuData are collected with a time interval of 6
hours in a weather station at around 20 km soutitheast from the chapel. The data of this weather
station is calibrated and reliable. In order togeps high frequency fluctuations and to emphabkize
effect of good and bad weather, a central 7-dayimgoaverage is applied on all four parameters. The
seasonal trend for outdoor temperature and rel&tveidity is obtained by a central 30-day moving
average.

2.3 Data collection and processing of the indoamelte

Temperature and relative humidity data are coltketéh a calibrated ATAL data logger (ATX-11,
Atal, Purmerend, The Netherlands) using a timervialeof 15 minutes. The logger has a resolution of
0.1°C and 0.1% and an accuracy of +0.4°C and *2féfstemperature and relative humidity,
respectively. The logger was positioned at thelstagade, close to an extremely fragile secco mural
painting. The painting suffers from flaking duesto earlier restoration treatment with an inappwgpri
product. The flaking is induced by the swelling amlinkage of the applied restoration product under
fluctuating climatic conditions. Data are collectedm 13/12/2011 to 22/10/2013, covering a period
of 22 months. The absolute humidity is calculateaimf the measured temperature and relative
humidity.

In a first approach, the data streams are proceassearding to the standard EN15757:2010. This
standard requires the use of entire multiples chl@ndar year in order to avoid a bias due to an
unbalanced number of different seasons. For trestore only the data of the year 2012 have been
processed. The standard defines a fluctuationeadifference between a data point and the cenral 3



day moving average. The deviations that exceedttamd 93 percentiles of the seasonal cycle of the
data are considered as the periods with the higisésfior damage [2, 42].

An alternative approach considers the temperatuder@lative humidity graphs as a superposition of
fluctuations at different frequencies, e.g., seabdlctuations, fluctuations due to good and bad
weather, fluctuations of few hours due to an eveay-night fluctuations, etc. To isolate the diffier
types of fluctuations, data processing has beefonesd based on moving averages. The isolation of
the different frequencies simplifies the identifioa of the hazards causing them [43].

* Low-frequency fluctuations: Fluctuations that occur at long time scales (iseyeral
months) are mainly due to seasonal cycles andsatatéd by applying a central 30 day
moving average on the raw data stream, considésdrgpys before and after the data point of
interest [2]. Following formula describes the lorgduency fluctuations:

j=i+(N-1)/2
Xiowi = N z Xj
j=i—(N-1)/2

In which X, contains the contributions of the low-frequenaycfuationsX; the raw data in
positioni of the time series, N the window size of the mgvaverage that is in agreement
with the number of data points in 30 days, and J/2-1the number of data points to the left
and right ofX;.

* Mid-frequency fluctuations: Fluctuations that occur at a time-scale of sevéagb to weeks
are isolated by subtracting the seasonal trend franraw data. From this subtraction, high-
frequency fluctuations (e.g., day-night fluctuaiphave been suppressed using a central 24-
hour moving average. The 24 hour moving averagecakulated by considering a
symmetrical window of 12 hours before and after daga point considered [44]. Following
formula describes the mid-frequency fluctuations:

\ j=it(M=1)/2
Xmidai = i Z Xi — Xiow,1) j
j=i—(M-1)/2

In which X contains the contributions of the mid-frequenaicfliations X; is the raw data
at positioni in the data range, M is the window size of the mgwaverage containing the
number of data points within a period of 24 hoarsd (M-1)/2 is the number of points to the
left and right of the current data pot

» High-frequency fluctuations: Fluctuations that occur at short time-scales, (aematter of
hours) are isolated by subtracting the low- and-fréduency fluctuations from the raw data.
Following formula describes the high-frequency fiations:

Xnighi = Xi — Xiow,i = Xmia,i

In which X,ign contains the contributions of the high-frequenogtiations, and is the raw
data at positiomin the time series.

3. Results

The low-, mid- and high-frequency fluctuations tlaaé isolated with the proposed data processing
method are treated in separate sections. The dategsing following standard EN15757:2010 is
discussed in the mid-frequency section.

3.1 Low-frequency fluctuations



Fig. 1 gives an overview of the measured indoomnature and relative humidity for the 22-month
measuring period. The black line represents thedata. The red and blue lines are the moving 30-
day averages of the temperature and RH, respegtaet! visualize the seasonal trend in the datasets
These trends are considered as low-frequency fitiolns because they cover periods of several
months. The isolation of the seasonal trend isoloes extent influenced by some large peaks and
drops, especially in the RH. Therefore, the sefaras not perfect but sufficient to give more ojisi

in the overall climatic behavior inside the chapallowing observations are made:

 Temperature: In all seasons, except the summer season, the tatmpeis around 18°C. This
is the set point of the HVAC-installation. In lagpring and summer, the average indoor
temperature is higher than 18°C. This is due to tbenbination of elevated outdoor
temperatures and the climate control system thatois able to cool down the chapel.
Therefore, the seasonal trend shows two clear pdakag the late spring and summer
months, while the rest of the year the temperaturelatively stable around 18°C.

* Relative humidity: The seasonal trend of the relative humidity shamse fluctuations
compared to the seasonal trend in temperature.iShise to the interference between mid-
frequency fluctuations and the seasonal trend.eimepl, summer periods are marked by a
higher relative humidity (i.e., between 60% and J@%mpared to the other seasons (i.e.,
between 40% and 50%).
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Fig. 1: Overview of the dataset of temperature eldtive humidity from 13/12/2011 till 20/10/2013
in the chapel. The black line represents the ratadahe red and blue lines are the 30-day moving
averages of temperature{) and relative humidity (Rk}), respectively[Color print requested]
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The seasonal trend of the chapel’'s climate is coegpavith the outdoor climate to get more
information. Fig. 2 shows the 30-day moving avegsagé the indoor and outdoor temperature and
relative humidity data, and the 6 hour intervaladat indoor and outdoor absolute humidity. The air



exchange of the building has a clear influencet®imdoor climate [36]. A detailed comparison gives
the following information and enables the idenéfion of several hazards:

Temperature: Where the indoor temperature exceeds 18°C dustegdpring and summer
periods, the shape of the graph corresponds wathotithe outdoor temperature with a shift of
about 5°C. It should be remarked that the outdemperature is measured outside the city and
that local outdoor conditions were not measuretiimstudy.

Humidity: Although the climate control system consists ofitanidification module, the
monitored data suggest its improper working. Thesence of several drops down to 20-30%
indicates that a set point for a minimum RH coudd Ibe maintained. In winter and autumn
periods, a remarkable correspondence is found leetwke indoor RH and the outdoor
temperature. This cabe explained as follows. The building has a lowaion level. The
colder the outdoor temperature, the more the HVA€lesn needs to heat up the indoor air.
Since warmer air can contain more water vapor, rimsilts in a decrease in RH. Thus, the
lower the outdoor temperature, the lower the ind®dr The explanation is confirmed by the
similar absolute humidity (AH) from in- and outdaar for both winter and summer (Fig. 2).
There is only one short period where the indoorcairtains more moisture than the outdoor
climate. That deviation is considered as a middesgpy fluctuation and is discussed in the
next paragraph.
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Fig. 2: 30-day moving averages of indoor and outdemperature (i) and relative humidity
(RH,w) data. Absolute humidity (AH) in the chapel antboors. Summer periods are marked in grey.
The shaded area marks the period where the indébrefnarkably deviates from the outdoor AH.
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3.2. Mid-frequency fluctuations



The standard EN15757:2010 focuses on moisturetsensbjects. It considers the seasonal trend not
as harmful but as the climatic conditions to whéchultural heritage object has always been exposed:
the objects have adapted to their historic climBtectuations that depart more than tieand 9%
percentile of the seasonal level are considered @ask. If the percentiles are below 10% from the
seasonal level, the 10% fluctuation should be cmed as the safe ranbetig. 3 shows the
application of this approach on the data of ther @& 2. Only the tops of the largest temperature
peaks exceed the threshold lines. In the winteiogethese are narrow peaks related to temporary
additional heating. In the summer period, theytmoader peaks due to elevated outdoor temperatures.
The RH exceeds the threshold lines during the sudidep in February 2012 and the large peak in
October 2012. These large peaks and drops infludredehavior of the seasonal trend. However,
they are considered as mid frequency fluctuati@tabse their width is in the range of several days
weeks.
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Fig. 3: Raw data of temperature and relative hutyidif the year 2012 processed according to
standard EN15757:2010. The summer period is mairkgdey.[Color print requested]

The most important mid-frequency peaks and drogsnse be governed by the outdoor climate.
Therefore, the change in weather is suspected tnbenportant hazard. Fig. 4 gives an alternative
method to analyze the mid frequency fluctuationgiven. It gives an overview of the raw data from
which the seasonal trend has been subtracted aedewiigh frequency fluctuations have been
removed using a 24-hour moving average (i.gq 8nd RH,q). The remaining fluctuations should be
caused by hazards that cause fluctuations withdéhvaf more than one day. The standard deviation

! Standard EN15757:2010 is not straightforward coting these less strict threshold levels. It meritf the
above procedure [i.e., the use of tieand 93" percentile] determines that RH fluctuations depfmriess than
10% from the seasonal RH level, the calculated lisntonsidered unnecessarily strict and can beediarded.
The 10% RH threshold can be accepted We interpreted this as a level where RH-value%ianits of +10
and -10 are subtracted from the seasonal averaginifar approach is not mentioned for the tempeeatiata
and is therefore not shown in Fig. 3.



for the T and RH mid-frequency fluctuations arentl &, respectively. The mid-frequency fluctuations
of the indoor data are compared with the outdoda.ddigh frequency fluctuations are suppressed
using a 7 day moving average. Sunshine duraticm afat plotted with outdoor temperature, since it is
expected to mainly influence the temperature. Megeosunshine is able to warm up the chapel
through the windows. Rainfall, on the other hasdylotted with the RH. The arrows in Fig. 4 inde&at
several indoor peaks that are clearly related tmlamr peaks. The most important mid-frequency
fluctuations are discussed in the list below:

e Temperature peaks in the summer periods: The outdoor temperature is typically a
superposition of a seasonal trend, fluctuations tdueeather changes and day-night cycles.
Small but warm periods do occur. Outdoor tempeeap@aks often correspond to periods of
high sunshine duration. Due to a high correlatiebween indoor and outdoor temperature
during the summer period (see Fig. 2) these wamioge result in indoor temperature peaks.
The tops of some of these peaks exceed the thokdimels as defined by the standard
EN15757:2010 (Fig. 3). Indoor-outdoor peak corietet are mainly observed in late spring
and summer periods, since the rest of the year;fregliency temperature fluctuations are
smoothed due to the artificial heating of the chape

» Sudden drop in relative humidity at the beginning of February 2012: One of the largest
drops in RH can be noticed between January 27, a@diZ-ebruary 10, 2012 with a width of
14 days. Within one week, the RH dropped almost ,3&¥ich corresponds to an average
daily decrease of 5%. In this period, the RH reacheninimum of 18.2%. During this period,
the outdoor temperatures go below the freezingtpuaith a minimum of -14°C on February 4.
The additional heating of incoming outdoor air teliin a strong decrease in indoor relative
humidity. It is clear that the humidification moéudid not function at that time. Similar drops
can be seen in January 2012, February 2013 andhM20Bd3. These drops are to be
considered as a severe risk to the historic fumitnside the chapel. Wood for example, can
endure relatively large fluctuations without notibee damage in the mid-RH region, but the
allowable domain narrows in the extreme RH-regidas.

o Stable AH plateau in February-March 2013: There is one period in February-March 2013
where the outdoor AH shows a fluctuating patterhilevthe indoor AH is remarkably stable
(Fig. 2). This period is characterized by a clemloor RH peak while no outdoor T peak is
observed. This suggests that only in that perieditimidification module appears to function
or that another temporary humidity source was ppresépart from this stable indoor AH
plateau, there is a good correlation between thegoou and indoor mid-frequency fluctuations
for AH (R? = 0.84).

* Limited influence of rainfall on the indoor relative humidity: Intuitively one would expect
an increase in indoor relative humidity when peoefger the church with wet clothes.
However, no clear relation was observed betwearialhiand indoor relative humidity in the
chapel. This suggests that the influence of wethe® on the chapel's RH is limited. The
indoor relative humidity seems to a large extenhidated by the outdoor absolute humidity
and not by rainfall.
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3.3. High-frequency fluctuations

The remaining high-frequency fluctuations are sudcleanges that occur in a matter of hours. Fig. 5
gives an overview of the raw data from which thassmal trend and mid-frequency fluctuations have
been subtracted. The remaining signal is more aohsut clearly shows high frequency fluctuations.

The temperature and relative humidity fluctuatians characterized by a standard deviation of Gd7 an
2, respectively. The high-frequency fluctuations eearly lower in height during the summer periods
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RHign). Grey filled areas mark the summer periods.

In order to identify the hazards of the high-fregoye fluctuations, a 7 day detail of the dataset has
been selected from Fig. 5, one in winter and oneuimmer (Fig. 6). In the winter periods, a fast

fluctuating signal appears for both temperature emdtive humidity. In the summer periods, the

pattern is totally different. Both periods are dissed below:

* Winter period: A fast fluctuating signal appears for both tempameand relative humidity.
This is related to the fast response of the clincat@rol installation in order to maintain the
chapel’'s temperature at 18°C. The RH shows a reviarst fluctuating pattern. At several
moments, the chapel’'s temperature is deliberatedyeased to around 21-23°C for a public
event, for periods of around 3 hours. This reduls clear decrease in RH with ca. 10% in the
same 3-hour period. After the event, the indoorpermature is cooled down again to 18°C.
The cooling is expected to be a result from thetunéxof warm indoor air with cold outdoor
air, while the heating system is temporarily swétdtoff. With a constant amount of moisture
in the air, the relative humidity increases whemngerature drops, with even an
overcompensation in RH.

 Summer period: A high-frequency cycle in temperature and relativenidity can be noticed
with peak-to-peak values that are clearly smahlantthose in winter period. In the one-week
period shown, 7 day-night cycles for temperature lma noticed. For relative humidity, more
peaks are present. Some of these peaks are clediFgorrelated with the temperature peaks,
while others are correlated, or show a totallyatéht pattern. This means that the RH-peaks



are not completely governed by day-night cyclesaratalso influenced by weather changes
or events in the chapel.
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Fig. 6: Details of the graphs in Fig. 5. Winter pmt from Monday 23/01/2012 till Sunday 29/01/2012
(i.e., 1 week). Summer period from Monday 20/08201til Sunday 27/08/2012.

The highly different behavior in fluctuations witind without heating is clear. To summarize and
compare both periods, Table | gives an overvievseiferal statistical characteristics for the three
different frequencies. For both the period with amdhout heating, the average with standard
deviation, and the minimum and maximum values ia data sets are given for temperature and
relative humidity. For example, consider the rethumidity for the mid-frequency fluctuations. For
both the period with and without heating, the ageraf the data equals 0, since the values fluctuate
around this value. The standard deviations are & 4rfor the period with and without heating,
respectively. The higher standard deviation for peeiod with heating should be interpreted as a
higher instability. The minimum and maximum valuedicate the most extreme values in this mid-
frequency domain. The range in which the RH fluttsais remarkable larger in the period with
heating (-17.2 to 15.5%) compared to the periotiouit heating (-12.1 to 9.2%).

Many of the chapels furniture is made of hygroscapiaterials that are most sensitive to relative

humidity fluctuations compared to temperature flations. Therefore, the most remarkable

observation from Table | is that for the low-, midnrd high-frequency fluctuations the standard

deviation for relative humidity is higher in thermels with heating. This means that the objects
exposed in the chapel are exposed to less stabtéitioms in these periods. The level of risk caused
by the different frequency fluctuations is deperidem the objects response time [1]. The results
observed for the Antwerp chapel are in agreemerth \ain elaborate study that analyzed the

hygrothermal conditions in 30 Estonian churchesedBaon average peak to peak amplitudes of the
indoor temperature and relative humidity on daigekly and monthly level, higher amplitudes were

observed in churches with heating compared to tlesravithout heating [28].



With heating* Without heating (summer)

Frequency Avg Stdev  Min Max Avg Stdev Min Max
L ow T 18.6 0.7 17.6 20.7 22 1 19.6 24.5
RH 51 7 35.9 64.2 63 2 59.9 67.5
Mid T 0 1 -5.5 3.1 0 1 2.1 3.6
RH 0 6 -17.2 155 0 4 -12.1 9.2
High T 0 1 -4.7 6.3 0 0.2 -0.8 15
RH 0 2 -11.8 26.5 0 1 -6.8 6.9

* All data except of summer data (21/06 until 20/@@re considered.

Table I: Comparison between periods with and withaating, for the low-, mid- and high-frequency
fluctuations. Used abbreviations: Avg — averagde®t- standard deviation, Min — minimum, Max —
maximum.

4. Discussion

The temperature and relative humidity graphs carehd as a complex superposition of responses to a
large series of hazards. The fluctuations are ctfte as peaks and drops in the graphs, and are
considered as undesired situations because thegsaoeiated with well-defined periods of elevated
risk. The identification of the (individual) hazarthat are responsible for the fluctuations islitatéd
when the fluctuations of different frequency ranges isolated. The low-frequency fluctuations are
disturbances that take place in a period of montiesmid-frequency fluctuations typically take mac

in a period of days to weeks, while the high-fregpyefluctuations take place within hours. The case
study clearly shows the presence of large mid-tagld frequency changes in RH of more than 20%.
Such fast and strong changes could affect the woolcts in the chapel [45, 46].

When performing climate assessments, it is importarconsider the impact of fluctuations on the
overall climatic conditions. Some peaks or droply aover a negligible fraction of the total measlre
period. This could result in overlooking or negiegt these periods during data processing as
suggested by some (averaging) indexes. Moreover,sbiould keep in mind that rarely occurring
hazards might fall outside the measuring period wiltl not contribute to the apparent indoor
environmental quality. In addition, fluctuationseamot only observed for temperature and relative
humidity but for all environmental parameters [4With monitoring campaigns that consider only
temperature and humidity such as performed in theudsed case study, many fluctuations remain
invisible although they might contribute to thealoharm of the collection. The invisible fluctuat&
could also lead to an overestimation of the indooguality.

The level of risk of the fluctuations on a heritag@lection can be estimated from the height of the
peaks and drops. That idea is considered in theoapp of standard EN15757:2010 where the tops
and bottoms of the most risky fluctuations do ribinf the bandwidth of acceptable fluctuations. By
comparing that height with warning and alarm liassdefined by some standards, the peaks can be
classified as dangerous occurrences (i.e., belewdrning line), events (i.e., between the warning
and alarm line) or incidents (i.e., passing thenaline) [47].

The level of risk of the fluctuations is also detared by the time-scale or the width of the
fluctuations. Depending on the objects response,ticertain frequency fluctuations will be worse



compared to others. The low frequency fluctuatiamesoften slow enough to allow stress relaxation in
the objects [1, 48]. For that reason they are pasidered as an important risk. This is also rédldc

in standard EN15757:2010. The mid-frequency fluotus should be considered as dangerous for
objects with response times in the range of daysseks, such as a wooden cupboard with open doors
that has a response time of around 6 days [27h-fiEguency fluctuations could be a considerable
risk for objects with a fast response time, such akeet of paper which reacts in the order of tasu
[27].

Hazards can reoccur in future with a possible hidénel of risk. Therefore, it is advised to perfor
mitigation actions to avoid or reduce the identiffeazards to occur in future, and, as such, rethee
level or risk to which the heritage collectionsiviié exposed. Thus, the identification of undesarab
situations contains valuable information for prainconservation and should not be neglected, even
when they did not cause any noticeable harm so far.

The case study illustrates that the implementagbmitigation actions can induce new hazards.
Several years ago, the installation of an HVAC-aystwas common sense in the heritage sector.
However, such systems are energy consuming, regugand management and maintenance, and are
not always reliable due to technical failures. huiches and chapels, heating installations aren ofte
installed from the visitor’s thermal comfort ratitban from a conservation point of view. The cutren
case study shows that a high temperature set painires heating during almost 8-9 months a year.
Since humidification seems to fail, this induces IRH values, certainly in winter when the outdoor
temperature is low. Since the heating installatioes not switch on during warm summer days, the
summer indoor RH reaches elevated values, sifodlatvs the outdoor RH. The fluctuations for all
frequencies are more pronounced during the penwitts heating. Thus, the heating installation
induces more unstable RH-conditions.

5. Conclusion

Several methods that analyze the indoor climatéityweae based on the calculation of the percentage
of time the environmental parameters fall withispecific range. Such methods are popular because
they enable easy and fast climatic quality assestsnEor heritage collections, this method must be
used with caution because the damage on heritdlgetomns can be dominated by brief moments of
inappropriate conditions. An example of such momee the severe drops in RH for a period of
about 14 days seen in the case study, which ca@ &awajor contribution to the total accumulated
damage of the furniture. Therefore, climatic qyaéivaluation based on averages or overall indexes
could underestimate the risk of damage. Moreovmsd methods provide little practical guidance in
the decision making to improve the preservatiorddans.

We proposed an alternative and complementary apprimaanalyze climatic conditions by focusing
on peaks and drops in environmental data graplth §uaphs are often the result of a high number of
superimposed fluctuations due to a complex comiginabf hazards. This impedes easy hazard
identification. Therefore, we introduced a methad isolate low-, mid-, and high-frequency
fluctuations. The isolation of the different freques is not perfect but the interference is sigfity
small. The proposed data processing gives insighthe hazards that cause the fluctuations, the
moments these hazards occur, and the level ofthisk provoke. Such information is particularly
valuable when the heritage guardian must decidehghenitigation actions are needed, which action



must be implemented first, and when the implemanriadf mitigation actions needs to be planned.
Therefore, the proposed method supports decisiddinga

We applied the developed method on a case studychfpel with an HVAC-climate control system.
Monitored data of temperature and relative humiditya 22 month sampling campaign were used.
First, the low-frequency fluctuations related t@senal variations were isolated from the raw data.
They have a substantial effect on the trends irgthphs due to their high amplitude. Most standards
do not consider seasonal fluctuations as harmfuhéoitage objects. Subsequently, the mid-frequency
fluctuations were isolated, giving insights in fluations with a duration of days to weeks. Frons thi
frequency range, it became clear that the humidifiedule of the HVAC system was not working
properly, resulting in severe drops in relative fdity during outdoor freezing periods. Finally, hig
frequency fluctuations (matter of hours) were sddiA clear difference was noticed between periods
with and without the HVAC-system working. The rigkvards high- and mid-frequency fluctuations
depends on the response time of the objects. Haowéve mid-frequency fluctuations should be
considered as the ones with the highest risk teee@amage to the moisture-sensitive heritage abject
inside the chapel. It can be concluded that th&allason of an HVAC system should not only be
considered as a solution that improves the pregenveonditions but also introduces new risks due t
machine failure, inability to stabilize climatic rditions or to improper maintenance. These hazards
need to be considered as well when invasive reitmstre planned. Finally, many of these hazards
generate sudden changes in the environmental d@mglitvhich can be seen as well-defined moments
in the mid- and high-frequency fluctuations.
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ACCEPTED MANUSCRIPT



Highlights

- Stable climate conditions are recommended for heritage preservation.

- Wedeveloped a methodology that focuses on peaks and drops in climate data.

- Weisolate low-, mid-, and high-frequency fluctuations to ssimplify hazard identification.
- Thissupports the selection of mitigation actions that improve conservation conditions.

- We demonstrate the method on data of a 22 month monitoring campaign in a chapel.



