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Abstrakt

Z vyzkumného a implementacniho hlediska je monitorovani kvality a efektivni fizeni vnitfniho
prostifedi v historickych objektech zajimavym problémem, s netrividlnim feSenim. Pfi stanoveni
charakteristik prostiedi je nutné jednak zajistit akceptovatelny komfort pro navstévniky a zejména pak
zajistit jeho vhodnost z pohledu ochrany interiéru budovy a vystavenych objektd pamatkové péce.
Néslednym problémem je technickd implementace systému dpravy vnitiniho prostfedi s ohledem na
jeho neinvazivnost a Setrnost vuci interiéru historické budovy. Dulezitym faktorem je téz casty
poZadavek na nizké pofizovaci ndklady a nizkou energetickou ndro¢nost. Z pohledu paméatkové péce,
je klicovym sledovanym parametrem relativni vlhkost vzduchu v interiéru. Kromé monitorovani a
fizeni dosaZenych extremdlnich hodnot, je nutné sledovat téZ variabilitu relativni vlhkosti
v kratkodobém casovém méfitku. I pfes zvysenou pozornost vénovanou navrhu metod fizeni relativni
vlhkosti v historickych budovach a jejich technické implementaci, Ize stile najit fadu otevienych
problémt, a to zejména praveé vzhledem k Setrnosti a energetické naro¢nosti danych feseni.

Tato price je zaméfena na analyzu vybranych metod fizeni prostfedi v historickych budovéch, a to jak
z pohledu stanovené metodiky, tak i z pohledu technické implementace. Prvni analyzovanou metodou
je kratkodobé vytdapéni historickych objektl, typicky aplikované u piileZitostné vyuzivanych kosteli
pted citkevnimi obfady. Nejprve je navrzen aproximativni hygro-termalni model dané tfidy objektu,
kde typickym faktorem je masivni konstrukce budovy s vysokou tepelnou kapacitou. V dalsim kroku
je stanoven postup parametrizace modelu na zdkladé neméfenych pribéht teploty a relativni vlhkosti
v odezvé na skokovou zménu tepelného vykonu otopného systému. Hlavnim vysledkem je poté ndvrh
algoritmu pro postupné zvySovani tepelného vykonu tak, aby byl eliminovdn nebezpecné rychly
pokles relativni vlhkosti. Dand metodika je validovdana na méfenych datech a simulaénich modelech
ttech kostelil nachézejicich se na ostrové Gotland, ve Svédsku.

U nevytdpénych historickych objektl 1ze Casto pozorovat zvySené hodnoty relativni vlhkosti, které
mohou vést k nezddoucimu rdstu plisni v jejich interiérech. Jednou z energeticky Setrnych metod,
kterou lze dané riziko sniZit, je tzv. adaptivni ventilace. Tato metoda byla zejména v poslednich letech
analyzovana jak z pohledu algoritmizace, tak i technické implementace. Zavéry provedenych studii
jsou ale nejednoznacné, v nékterych piipadech i protichidné. Dikladnd analyza této metody formuje
druhy feSeny problém disertacni prace. Kromé teoretickych aspekttli, spocivajicich zejména v aplikaci
pokrocilého zpracovani dat pomoci kritérii mapujicich riziko rlstu plisni a riziko mechanického
poskozeni vystavenych objektd hygroskopického charakteru, jsou analyzovany implementacni aspekty
této metody a to vCetné validace na historickych budovach. Z provedené analyzy vyplyva efektivnost
adaptivni ventilace ve vyznamném sniZen{ rizika vzniku plisni. BohuZel, pfi dlouhodobém provozu je
moZné indikovat nezanedbatelné Casové intervaly, kdy vlivem nevhodnych podminek venkovniho
prostfedi neni moZné kvalitu vnitintho prostfedi fizenou ventilaci zlepSit. V téchto intervalech je
vhodné vyuZit alternativnich metod redukce relativni vlhkosti, napf. pomoci sorpcnich odvlhcovact.
Z analyzy naméfenych dat téz vyplyva, Ze adaptivni ventilace vede ke zvySeni variability relativni
vlhkosti, ¢imzZ se zvySuje riziko poskozeni vystavenych objektti hygroskopické povahy nasledkem
zvySeni sorpné-pevnostnich gradienti. Nésledné je v prici provedeno vyhodnoceni tiiletého
experimentu na baroknim zdmku Skokloster ve Svédsku, s cilem porovnat tii riizné metody dpravy
vnitintho prostiedi, jmenovité — i) sorpéni odvlhcovani, ii) vlhkostné fizené vytapéni, a iii) adaptivni
ventilaci — a to vzhledem k schopnosti zamezeni vzniku plisni, udrZeni stability prostfedi a energetické
efektivnosti. Z vysledkll analyzy vyplyvd, Ze pro dany typ interiérd nachdzejicich se ve vrchnich
patrech objektu, s absenci vnitinich zdroji vlhkosti, je nejvhodnéjsi aplikovat odvlh¢ovani pomoci
sorpcnich odvlh¢ovacl. Analyza téZ poukazuje na dilleZitost zajisténi vzduchotésnosti jako primarniho
opatteni pro zachovani bezpecného prostiedi dané tiidy historickych interiért.
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Abstract

Indoor climate in historic buildings pose both practical and scientific challenges. There are two
fundamental challenges that must be addressed. The first challenge is establishing a proper indoor
climate with respect to both human comfort and, above all, conservation of the building itself and its
interior including artworks and furniture. The second challenge is achieving the desired indoor climate
in a non-invasive, sustainable, and energy efficient way. With a focus on preservation, relative
humidity is the most important parameter. Not only the level but also the change rate of relative
humidity is of importance. Although the methods and technical equipment for humidity control in
historic buildings have been widely investigated, a number of problems need further investigation,
including efficiency and safety.

This thesis explores the link between technical implementation and target ranges for indoor climate,
including control strategies and algorithms that take into account cost effectiveness, energy efficiency,
and sustainability. The first addressed method is intermittent heating of massive historic buildings. To
control the change rate of relative humidity at a heat-up event, a simplified model is presented for heat
and moisture transfer during the heat-up period. In addition, a method is presented and validated to
derive the hygrothermal parameters and the time constant of the building from measurements
measured at a step response test. Finally, the study considers a feedforward control algorithm that uses
the model to predict and control the change rate of relative humidity during the heat-up procedure. The
method has been validated on measurements and models of three churches on the island of Gotland,
Sweden.

Unheated historic buildings often face problem with high humidity levels that can lead to increased
risk of mould growth. One of the energy efficient methods that can decrease the mould growth risk is
adaptive ventilation. Adaptive ventilation was designed to be a low energy and low impact option, but
needs validation and further development. The main questions are if the measure is sufficient to limit
the risk for mould growth, how it influences the stability in relative humidity, and if it is an energy
efficient measure. These aspects are widely addressed in the thesis. A great deal of attention is paid to
installation aspects of the case study objects and subsequent thorough data analysis. The performed
research shows that adaptive ventilation essentially lowers the number of hours of risk for mould
growth on a yearly basis, but there is still an increased risk for some short periods when adaptive
ventilation is not a sufficient measure. The performed study also indicates that the adaptive ventilation
measure is likely to increase risk of mechanical damage to objects due to increased variability of
relative humidity fluctuations. Finally, in a three year study of Skokloster Castle, three climate control
measures are compared: dehumidification, conservation heating, and adaptive ventilation. This
comparison includes efficiency to prevent risk for mould growth, indoor climate stability, and energy
efficiency. The study shows that dehumidifying had the best result regarding all three criteria for
rooms located in the upper floors, which typically lack internal moisture sources. However, rather than
a method to eliminate the risky levels of relative humidity, the air-tightness of the interiors was
revealed as the prime mitigation measure for the given interior class.
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1 Introduction

Indoor climate in historic buildings such as museums, castles, and churches pose both a
practical and a scientific challenge. There are two fundamental challenges that must be
addressed [52]:

1. What is the proper indoor climate with respect to human comfort and conservation of
the building itself and its interiors such as artwork and furniture?
2. How do we achieve the desired indoor climate in a sustainable way?

In conservation science, much attention has been paid to defining climate-induced risks and,
as a consequence, safe ranges for temperature and relative humidity (RH). Heating and
humidity control equipment used in historic buildings are also well researched. This thesis
aims to further explore the link between technical equipment and target ranges for indoor
climate. That is, control strategies and algorithms based on the hypothesis that smarter and
more effective control of the indoor climate using specific characteristics of the building in
question can be cost effective ways to achieve a sustainable indoor climate.

Heating practices in historic buildings have varied over the centuries. Monumental buildings
such as churches, castles, and manor houses were kept cold when not being used. If used
during the winter, only part of the building was heated, usually by stoves and open fireplaces.
More recently, central heating systems such as electric radiators and hydronic systems have
been installed, making it possible to control the climate both for comfort and for conservation
[24]. However, for economic reasons many historic buildings are still intermittently heated
and kept cold when not used. As a complement to intermittent heating, some buildings have
simple climate control measures such as dehumidification or background heating at low
temperatures.

Insufficient climate control will result not only in unfavourable indoor climate for both the
building and its historical artefacts but also in unnecessarily high energy use. The energy cost
associated with climate control is a major problem as it might prevent owners of historic
buildings from using proper climate control, leaving the building to disrepair.

According to the Intergovernmental Panel on Climate Change (IPCC), climate has warmed
since the 1950s and most probably it will be warmer in the future [76]. As the climate
becomes warmer, humidity and precipitation will most likely increase. A warmer and more
humid climate will lead to higher risk of damage to historic buildings as well as artefacts and
objects. To manage the cultural heritage in a sustainable way, it is important to predict how
the future climate will influence the indoor climate so necessary proactive activities can be
performed.



The European project Climate for Culture (CfC)' [77, 86, 87] aimed to develop effective and
efficient strategies for indoor climate control to preserve cultural heritage. The project
combines high resolution models for the future climate scenario in Europe with building
simulation software used to predict the future indoor climate. By studying the outcome of
these simulations, damage risks for different regions in Europe can be identified. The project
goes further and develops damage/risk assessments tools based on damage functions. For a
definition of damage function, see section 1.1.1. In connection to the future challenges of
climate change, the project also focuses on energy efficient climate control. The present
thesis, originating in the Climate for Culture project, aims to further develop a model for
climate control of historic buildings.

1.1 Climate requirements for conservation

From a conservation perspective, the indoor climate in a historic building is mainly
determined by air temperature and humidity. Common climate-related problems in
occasionally used historic buildings include corrosion and biodegradation as the result of high
RH and damage to the mechanical workings of the building and objects. In addition, large
variations in temperature and RH can result in salt efflorescence on masonry walls. Major risk
factors and climate target ranges are presented below.

1.1.1 Damage functions

Generally, a damage function transforms some sort of input data to a quantified damage risk.
Damage function is defined as ‘a quantitative expression of cause and effect relationships
between environmental factors and material change’ [88]. In climate control for conservation,
damage functions are used to assess the risk for microclimate conditions, such as temperature
and RH, for cultural heritage objects, and the output, for example, is quantified damage risk
for mechanical degradation, chemical degradation, or biological degradation [91]. The
damage function is usually expressed as a formula or a dose-response relationship but can
also be in the form of a graph or a table [88].

1.1.2 Moisture content

Moisture content in hygroscopic materials is determined by ambient air RH and temperature.
The equilibrium moisture content (EMC) — i.e., the moisture content when the material
neither absorbs nor releases moisture — in relation to RH is described by sorption isotherms
empirically-derived for different materials at a given temperature [94] (Figure 1.1). The
sorption isotherms depend on the material and how the material is structured, but common to
all is that EMC depends predominantly on RH and temperature (Figure 1.1). From the
preservation point of view, which will be discussed in more detail later, it is recommended to
keep the moisture content constant or at least within a limited range [12]. These
recommendations are motivated by the association of the EMC variation with mechanical
damage [13]. Control methods concerning the EMC ramifications will be further discussed in
the following text.

! https://www.climateforculture.eu/
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Figure 1.1. Sorption isotherms of lime wood for several temperatures. The lower for adsorption, the
upper for desorption [14].

1.1.3 Mechanical degradation of wood

Due to absorption and desorption of moisture, hygroscopic objects will swell and shrink as the
EMC changes with changes in RH of the ambient air [15]. Dimensional change is also due to
temperature change, but dimensional changes due to humidity are generally much larger [14].
Although a restrained object exposed to fluctuating temperature or RH can’t swell or shrink,
but will experience stress instead [12, 16]. Fast changing RH causes gradients in moisture
content as the parts closer to the surface respond faster to humidity changes than deeper parts.
These moisture gradients lead to increased stress levels that in turn can result in cracks in the
outer wood. The outer part will be strained by tension while the inner part will be strained by
compression. These increased stress levels in combination with the weak tangential strength
can result in radial cracks [16, 17].

Slow changes in RH are considered less harmful to wood as the moisture gradients are
smaller. Rapid and slow changes are relative concepts as they depend on the object’s material,
composition, and size. In a study of RH variations on a wooden cylinder with a diameter of 13
cm it was found that the initial level of RH and the amplitude of RH variation are important.
A RH variation of 10% is regarded as safe only if the variation’s initial value is between 30%
and 70%. Outside this range, the object will experience irreversible strain levels. RH
variations of 40% could cause direct failure if the initial value is above 90%. In these
simulations, the variation of RH was performed over a few seconds, a condition rarely found
in historic buildings. However, in simulations where the RH changes over 24 hours, the risk
for irreversible strain is lower and the safe range of variations increases to approximately
20%. This result is in good agreement with the old conservator’s wisdom that a large change
in RH can be harmless if objects are given enough time to adapt [14].

One of the most sensitive types of objects include painted wood objects, which are composed
of several layers of materials with different hygroscopic properties that move differently when
absorbing or releasing moisture [18, 19, 20]. Historic buildings, especially churches, have a



number of objects of this type — e.g., the altarpiece, the pulpit, painted pews, and parts of the
organ [21]. In a case study of how real objects respond to variations in climate, Bratasz and
Kozlowski examined how climate variation affected an altar piece in an Italian Church. Using
laser triangulation, they determined the relationship between the indoor climate and
movements of wooden details in the altar piece. They found a strong connection between
large fluctuations in RH and dimensional change of wooden objects when the church was
heated intermittently. During an intermittent heating event, one small wooden part of the
altarpiece was exposed to stress levels that increased the risk for cracks [22].

The European standard EN 15757 — specifications for temperature and relative humidity to
limit climate-induced mechanical damage in organic hygroscopic materials [23] — does not
specify the indoor climate in numbers but rather provides a method to determine allowable
variations based on recent climate. The method is based on the hypothesis that an object with
hygroscopic materials that has been in a specific climate for a significant time has been
acclimatised to this climate. That is, the hypothesis assumes the possible damage to the object
such as cracks and straining has already occurred, which makes the object more adaptable to
future indoor climate changes compared to the climate that generally is accepted as good for
preservation. The standard also states that these more flexible specifications can lead to the
use of simpler climate control equipment that in turn leads to reduced costs for both
investments and energy.

To determine the target range for RH, the standard proposes that climate monitoring should be
performed for at least one year. In addition, 15+15 days of measurements are necessary when
calculating the 30-day running average over a full year. Then, 30-days central running
average over the full year is calculated as follows:

o) =1 [717 ot dt. (1)

where T is 30 days. The 30-days running average can be seen as a running monthly average.
Short-term fluctuations are calculated in the same way as the standard deviation except for
using of the difference between a RH sample and the 30-day running average instead of the
normal average of the full year:

$D30 = [ (p(0=Fan(®) de. @

where T is the whole investigated period. The target range for the future climate is then
between the 7™ and the 93™ percentile of the fluctuations, which corresponds to 1.5 SD30 if
the fluctuations are considered to be Gaussian distributed. This means that 14% of the largest
fluctuations are removed. If the 7™ and the 93™ are less than 10% RH from the running
average level, the target range is £10% RH. Figure 1.2 provides an example of this using data
from a measuring campaign in a historic farmhouse. The fluctuations are rather small and the
target range according to 7™ to 93" percentile is £ 3.3% RH from the running average, which
according to the standard is regarded as unnecessarily small. The target range for future
climate in this building is therefore set to +10% RH.
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Figure 1.2. One year of climate data from a farm house.

1.1.4 Mould risk

A common problem in historic buildings is mould growth. Mould spores are always present in
buildings [25, 26], and germination and growth rate depends on temperature, humidity, and
nutrition [27].

Mould goes through four life stages (Figure 2.2, left): spore, germination, hyphal growth, and
reproduction [27]. Mould degrades biological materials to some extent by, for example,
infesting and discolouring surfaces of objects, but the primary danger with mould growth in
buildings is the production of pathogens — e.g., mycotoxins or other microbial volatile organic
agents — that can cause illness or unpleasant odours [26, 28].

Surface humidity is quantified in water activity (ay), which is defined as the ratio of the
partial pressure of water vapour on the surface and the partial pressure of water, both given at
the same temperature. The water activity is expressed in a fraction ranging from O to 1. If the
surface is in equilibrium with the ambient air, the water activity is the same as RH divided by
100 [29], which often is the case in a historic building.

Several mould growth predictions models have been presented — e.g., the VVT model on
wood [30], time of wetness [25], and mould growth indices [31].

A commonly used model to predict mould growth is the isopleth system, where an isoline in a
RH-temperature diagram shows the combination of temperature and RH representing climatic
conditions for the same rate of mould growth [32, 33]. The lowest isopleth for mould, LIM, is
an isoline that represents the lowest RH level at different temperatures required for mould
growth on a specified substrate [28]. That is, the area above the LIM represents a favourable
and the area below the LIM represents a non-favourable climate for mould growth. Figure 1.3
(right) shows the LIM for substrate category I, building materials produced from biological
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raw material such as gypsum board and wall paper [34]. In the work that follows, the LIM I
isopleth is used as the damage function for evaluation of indoor climate for mould risk.

Traditionally, climate control aimed to eliminate mould growth has been based only on a safe
range for RH. As can be seen from Figure 1.3, this is either a risky approach or gives an
unnecessarily large safety margin, which often is costly.
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Figure 1.3. Left — mould growth stages. Right — Lowest Isopleth for Mould (LIM I) according to
Sedlbauer [28].

1.2 Climate control for comfort

Thermal comfort for people depends mainly on temperature and air movements and to a lesser
extent on RH. Physical activity, clothing, and duration of exposure will determine comfort
ranges for each person [35].

This section describes low energy climate control methods often used in occasionally used
historic buildings to achieve thermal comfort.

1.2.1 Intermittent heating of a massive building

Traditionally, historic buildings have been heated intermittently with open fireplaces or stoves
[36]. Even with the introduction of new heating sources, intermittent heating is still very
common in historic buildings [37]. Intermittent heating relies on the rapid heating of a
building before the building is to be used. In between periods of use, the building is kept cold
or heated using only background heating. Compared to continuous heating, intermittent
heating requires larger heating power [37]. Although intermittent heating is energy efficient,
fast changes in temperature and RH may be harmful to some objects and materials.

In historic buildings with massive walls, thermal inertia is the dominant factor in the heat
balance of the building. Because most of the supplied energy is used to heat the wall, the
ceiling, and the floor, steady state models are not applicable for intermittent heating [38]. As a
result, the indoor air temperature is largely influenced by the wall surface temperature.



Studies of intermittent heating in massive monumental buildings have been ongoing since the
end of the 19" century when heating systems started to be installed in such buildings. In 1922,
the Swedish state-owned energy company, Vattenfall, began to be interested in electrical
heating in churches. Engineer Frits Jacobsson conducted theoretical and practical studies for
the design of heating systems [39]. In 1930, Krischer presented a model that was similar to
the one that Jacobson had proposed. In 1936, Henning extended Jacobsson’s work by
including heat losses from transmission and infiltration [40], an approach also used by Krisher
and Kast in 1957 [41]. However, these extended solutions were not practical, so Jacobsson’s
and Krischer’s initial (and simpler) solutions were adopted. Pfeil gives an overview of church
heating models from Fisher in 1890 to Krischer and Kast in 1957 [42]. Brostrom used
Jacobsson’s model to develop a method that determined hygrothermal properties of a stone
church [38]. Brostrom found that heating a massive stone church with a constant heat flux, the
increase in temperature during a heat-up event is proportional to the square root of time.

The fundamental theory for intermittent heating of massive buildings is thus well known and
has been used to calculate heat up time in relation to the required installed power for
intermittent heating systems [39]. However, no existing theories or models have been used to
actually control a heat-up procedure for massive historic buildings.

1.2.2 Local radiative heating

Local radiative heating is used in intermittently-heated buildings to provide comfort in a
limited part of the building without heating the whole building. In addition to saving energy,
local radiative heating also saves objects from the consequences of unnecessary heating and
drying. The convective air movements that often are a problem in intermittent heated
churches will be reduced [43]. Local radiative heating is often performed with low-
temperature radiant sources such as electric panels, integrated heating foils, electric heating
glass, heated water pipes or water radiators, sub-floor floor heating coils, as well as infrared
emitters and electric radiators [44]. Local radiative heating has been evaluated using the input
of churchgoers sitting in pews such as in the church of Santa Maria Maddalena in Rocca
Pietore, Italy [45] and Lau church on Gotland island, Sweden [46]. In these studies, the test
participants in both churches experienced slight discomfort.

1.3 Climate control for conservation

This section describes how low energy and low invasive climate control methods can be used
for occasionally-used historic buildings to maintain a climate that inhibits mould growth —
i.e., lower RH.

1.3.1 Conservation heating

Conservation heating is a technique for climate control where heaters are controlled by
humidistats rather than by thermostats. The temperature varies to adjust RH to the set value.
This technique is also referred to as humidistatic heating control [47]. The term conservation
heating was introduced by the National Trust, UK, in the 1990s, but the technique was used
earlier, for example, by the Canadian Conservation Institute [48].



If there are no major moisture supplements to a building, power requirement for conservation
heating is relatively small. For example, in Scandinavia, heating a building to a temperature 5
to 7 degrees above the outdoor temperature will keep RH at approximately 60% [49]. The
required heating power can be five times lower compared with permanent heating [50]. Of
course, the energy consumption depends on the building infiltration rate and U-value, but
simulations have found that conservation heating consumes more energy than
dehumidification if the heat is supplied by direct electric heating but less if the heat is
supplied by heat pumps [51].

Conservation heating provides a stable indoor climate if the building is reasonably air tight. In
addition, conservation heating is simple and cheap to implement if a heating system already
exists. Of course, if a building requires a new heating system, there is some risk of damage
when installing the system. Another drawback of conservation heating is that the temperatures
may be uncomfortably high during the summer. If there are visitors in the building, one has to
either accept poor thermal comfort or turn off the heat and accept a temporarily higher mould
risk.

An additional potential problem is that the indoor air mixing ratio (MR), the mass of water
vapour to the mass of dry air, will increase due to evaporation from floors or walls,
counteracting the intended effect to reduce RH [50]. This problem is especially evident when
there are any sources of humidity in the building such as moisture in walls or if a large part of
the room is filled with hygroscopic material such as wood [53].

According to life time calculations, chemical degradation will increase with higher
temperature, which can damage, for example, paper [54].

To summarise, conservation heating has some advantages and some disadvantages. Although
the method has been used and has been investigated, it is still unclear whether conservation
heating is more energy efficient than other forms of climate control. A systematic
investigation of the performance in situ in a massive historic building with high temperature
inertia and buffered moisture is needed to see how it performs when controlled to minimise
the risk for mould growth in relation to other climate control methods.

1.3.2 Dehumidification

In practise, two techniques can be used to dehumidify air in historic buildings — sorption
dehumidifying and condensing dehumidifying [47, 48].

The basic idea behind sorption dehumidifying is to pass the air over a desiccant that adsorbs
or absorbs water vapour in the air. This type of dehumidifier operates in two stages. In the
first stage, humid air streams through the desiccant, which adsorbs water vapour from the air.
In the second stage, the desiccant is regenerated (i.e., dried), often by a hot air stream that
heats the desiccant so that the water evaporates, removing the moisture from the desiccant.
This drying process is often implemented by placing the desiccant on a turning wheel that
rotates through the two air flows, alternately taking up moisture from the inlet air and
releasing moisture into the regenerating air stream.



Condensing dehumidification uses a cooling element that cools the air below the dew point
and therefore water will condense on the cooled element. The condensed water is either
collected in a tank or drained through a tube. Some dehumidifiers have a built-in pump that
empties the water tank when the water reaches a certain level. The cooling element is cooled
by either a thermoelectric element [49] or a heat pump. Some dehumidifiers take advantage
of the heat from the heat pump condenser (or if it is a thermoelectric element, the warm side
of the thermoelectric unit) to reheat the air after it has been cooled down and dehumidified.
This principle makes the condensing dehumidifier very energy efficient. Condensing
dehumidifiers do not work efficiently under about 8°C [45] because frost forms on the cooling
element. More advanced condensing dehumidifiers use the heat from the heat pump to
defrost the cooling element periodically, which enables the dehumidifier to operate down to
0°C but with lower efficiency [47].

The two techniques work completely different. The sorption dehumidifier works adiabatic —
1.e., there is almost no difference in enthalpy between inlets and dried exhaust air. This means
that the temperature actually increases during the drying process as latent heat is taken from
the air. Energy is instead consumed when heat is used to evaporate and evacuate the moisture
and the moist air during the regenerating process. In a condensing dehumidifier, the air stream
temperature is instead lowered to a level under the dew point and water starts to condense on
the cooling coil. However, the indoor environment will gain heat from the condensing
dehumidifying apparatus, which is larger than the cooling effect and often is welcomed in
occasionally-used historic buildings [44]. As the condensing dehumidifier uses a container to
store condensed water, it needs to be periodically emptied either manually or by an automatic
pump, making condensing dehumidifiers unsuitable in buildings where the temperature drops
below 0°C. The sorption dehumidifier works at any temperature but requires an outlet duct
through the climate envelope for the moist regenerating air.

Dehumidification is a well-established and reliable method to reduce RH. To minimise energy
use and ensure the right capacity, a study is needed that assesses the long-term performance of
dehumidification systems installed to minimise the risk for mould growth under realistic
conditions in massive historic buildings.

1.3.3 Equal-sorption humidity control

Equal-sorption humidity control is a climate control method developed for use in exhibitions
and other locations where sensitive artefacts are stored and/or displayed. Equal-sorption
humidity control targets the moisture content in the object rather than the RH or temperature
of the ambient air [55]. Typically, climate control of historic buildings relies on HVAC
systems controlling both RH and temperature, but because the large thermal inertia of massive
stone walls makes controlling temperature more expensive than controlling humidity. By
focusing on the EMC of the material, the temperature can be allowed to fluctuate a little while
the EMC is compensated by adjusting RH. As it is not practical to directly measure the
moisture content of the historic objects, the equal-sorption humidity control method is based
on a mathematical model that predicts the EMC in the material using the RH and temperature
of the ambient air.



Zitek and Vyhlidal use the logarithmic Henderson three parameter model [56, 94] for the
equal sorption control method [55]:
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where @€[0, 100] is RH of the surrounding air, 9 is the temperature of the ambient air, and u
is the EMC expressed as the ratio of the mass of water to the mass of dry material. A, B
(B<273,16 K), and C € [0, 1] are material-specific parameters.

If RH is the controlling parameter, it can be expressed as follows:
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where 3, @, is the reference state and ¥ is the actual temperature, and ¢ is the set point
value to an air handling device controlling the RH in the room.

Equal-sorption humidity control has been tested in two sites with good results. In the Chapel
of Holy Cross at KarlStejn Castle, about 30 km southwest of Prague, a full air handling system
is controlled by the equal-sorption humidity control. Although the chapel’s ambient RH is
affected by the many visitors, the system keeps the chapel’s artefacts at an even EMC level
[55]. In the Historical Collection in State Archives in Tiebon Castle, Czech Republic,
previous studies show that a dehumidifier was the only needed air handling device.
Measurements showed that the EMC level in the archives was very stable during the period
tested [57].

A revision of the equal-sorption humidity control has been developed within a European
project Climate for Culture: the Quasi equal-sorption humidity control [77]. In this new
approach, the system is designed to avoid unrecoverable plastic deformation caused by
anisotropic swelling or shrinking due to variations in moisture content in hygroscopic
materials. Therefore, the allowed variations are larger than in the original version [58].

Equal-sorption humidity control is an innovative and energy-efficient method to control
moisture content in historic objects and wooden buildings, but its main purpose is to maintain
stable moisture content to prevent mechanical degradation, not to prevent mould growth. As
such, this method will not be further evaluated in this thesis.

1.3.4 Adaptive ventilation

The traditional method to reduce humidity, bad smells, or pollutants is to ventilate, either by
manually opening windows and doors to let fresh air into the building or uncontrolled by
infiltration. However, in occasionally used unheated or intermittently-heated historic
buildings, the humidity levels can fluctuate, sometimes being higher and sometimes lower
than outdoors. Therefore, ventilating when outdoor humidity is higher than indoor humidity is
counter-productive. The highest risk for this is during spring and the beginning of the summer
when warm and humid outside air is cooled down by cold massive historic buildings.
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An adaptive ventilation system has sensors for RH and temperature both indoors and outdoors
allowing the system to calculate the absolute humidity and compare the humidity levels and
decide when to ventilate. The system ventilates only when the humidity is lower outside
compared to inside. An adaptive ventilation system is thus a type of natural dehumidifier that
uses the difference in humidity between outside and inside air. When the humidity is lower
outside, a fan draws air from the outside into the inside, beginning the drying process.

In the church in Zillis, Switzerland, adaptive ventilation was used to stabilize the climate for
the painted wooden ceiling [59]. The system had pre-set limits for both RH and temperature;
if humidity and temperature were lower than the limits, the system turned off. As a result, the
system did not run during the winter. The results showed that the system had a positive effect
on the RH when running, but the air leakage was probably significant as the humidity levels
went back as soon as the fans shut off. During the two years the system was in use, it ran
approximately half the time and removed approximately 3 400 litres of water.

In the Antikentempel in Potsdam-Sanssouci Park, an adaptive ventilation system was used to
avert mould growth on the walls and ceiling from May to September 2005 [60]. The study
showed a positive result as the absolute humidity was 1-2 g/m’ lower inside compared with
outside during the whole test period. Between May and September 2007, measurements made
without the adaptive ventilation system in operation showed that the absolute humidity was 1-
2 g/m” higher inside than outside.

Case studies of adaptive ventilation were also conducted in Torhalle in Lorsch, Germany
where the goal was to prevent condensation on the wall paintings in the building [61]. The
system, which controlled the fan, had sensors for temperature and RH both inside and outside.
The system was designed to keep the dew point of the inside air below the surface
temperature of the walls. The system was used only for a short time as it was shut down by a
sceptical conservator [62].

Hagentoft, Sasic, Kalagasidis, Nilsson, and Thorin tested and made simulations for adaptive
ventilation of cold attics to prevent mould growth [63]. Their system ran if the partial pressure
of the water vapour in the outside air were lower than the attic air. The study showed that the
mould risk substantially decreased after the adaptive ventilation system was installed.

Hagentoft and Sasic conducted a field measurement campaign in eight different cold attics in
Sweden. Their results showed that the adaptive ventilation, compared with traditional
ventilation, gave lower and more stable RH during the winter. The risk of mould growth was
reduced significantly as the humidity levels became lower [64]. In both studies, Hagentoft et
al. pointed out the importance of air tight attics, but they also concluded that normal air
tightness measures are enough to get a positive effect of the adaptive ventilation system.

Antretter, Kosmann, Kilian, Holm, Ritter, and Wehle developed hygrothermal simulations
with WUFI™-Plus for two historic buildings with different ventilation strategies, including
adaptive ventilation [62]. They concluded that it is possible to lower the absolute humidity
during some periods of the year with adaptive ventilation, but it is more effective if run in a
building with some internal moisture loads such as dampness wicking through foundations.
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Antretter et al. notes that the fluctuations in temperature and RH increase with the use of
ventilation and point out the relationship between fluctuating indoor climate and salt damage,
which often can be a problem in historic stone buildings with plaster on the internal walls as
every phase change of the salt increases the risk for flaking plastered walls and wall paintings.

One study of heat supported adaptive ventilation was conducted on a building with many
visitors. The major purpose of the system was to lower the CO, level in the visitor’s zone
[65]. The supportive heaters were used only when the RH level was higher than maximal
allowed RH indoors combined with the mixing ratio outdoors was higher than indoors.
Otherwise, the system operated like any other adaptive ventilation systems. At the same time,
the indoor temperature set point during the winter was decreased from 19,5°C to 14,5°C. This
lowered temperature resulted in less occasions with dangerous low RH indoor values during
winter as well as for the whole year.

Adaptive ventilation can be a very cost effective way to reduce RH and could be an
alternative for preventing mould growth in historic buildings. However, the results and
control methods of previous studies diverge with respect to achieving stable RH. Thus
adaptive ventilation needs to be further validated and closely analysed in situ in massive
historic buildings to refine control algorithms and to define the need for auxiliary moisture
control.

1.4 Modelling and control

Hygrothermal models for buildings can be used to better climate control in terms of comfort,
conservation, and energy efficiency.

Generally building models can be categorized in three groups: black box, white box, and grey
box models [66]. As the name implies, black box models are developed from empirical
methods. That is, the parameters of a black box model do not have any physical significance
but reflect the behaviour of the modelled system when tested with input data [67]. However,
black box models require a vast amount of data to identify parameters and the models are not
as effective when non-training data are used. In addition, as the parameters are not physical,
they are not suitable for optimization of real buildings [66]. Neural networks are examples of
black box models. Unlike black box models, white box models, such as a lumped capacitance
models, are based on physical laws. However, it is difficult to develop a white box model that
considers all possible parameters in a building, especially for a monumental building where it
is impossible to know the exact hygrothermal properties of the building structures [68]. A
grey box model, as the name implies, combines properties of both black box and white box
models such as combining a white box building model with a black box subsystem model
[66]. In many cases, linear parametric models are considered grey box models as a linear
model is a black box model that uses parameters derived from physical data [69].

Using lumped capacitance models for both thermal and hygroscopic models, Kramer et al.
have developed a method to estimate a building model that includes both thermal and
hygroscopic properties of a building [68]. Yearly data processed in an optimisation algorithm
in MATLAB gives the parameters for the model. As full building models are complex and
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time-consuming to develop and use, the trend is to use simplified mathematical models when
controlling the indoor climate [68, 70, 71].

In modern houses and offices that are intermittently heated on a diurnal schedule, first-order
or second-order building models have been applied [72, 73]. Model Predictive Control have
been used to control intermittent heating in and also using a low order model [74, 75].
However, low-order models will not work in a massive historic building as the heat-up
procedure in a massive historic building does not follow a linear pattern and a model for
controlling this procedure must mirror the behaviour of the temperature increase. Therefore,
massive historic buildings will need a new nonlinear model. To date, building models for
temperature and humidity in massive historic buildings that are intermittently heated have not
been developed except for the church heating models mentioned in section 1.2.1.
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2 Problem statement

Climate control of historic buildings is a complex task where the climate must meet a number
of requirements, some of them contradictory. If humidity is too high, risk for mould growth
increases; if humidity is too low, risk for mechanical damage increases. Similarly, if
temperature is too high, energy consumption increases and if temperature and RH fluctuations
are too large, risk for mechanical damage increases. An optimal situation is when temperature
and RH are stable at levels that entail no or low damage risk. The overall challenge is to
achieve this without intrusive installations and large energy consumption.

Today, intermittent heating systems in historic buildings are often controlled by on-off control
and are turned on manually. During a heat-up event, the system is turned on some arbitrary
time before use and, as a rule, the maximum heating power is used to minimise the heat-up
time and thereby energy use. Poor timing will lead to either insufficient heating or excessively
high energy use. Furthermore, sensitive objects may require a limited RH as well as a limited
change rate of RH. To provide an acceptable comfort and to minimise energy use and
detrimental effects on valuable objects, the timing and heating power of intermittent heating
are crucial, because RH decreases as temperature increases. In massive buildings with
masonry walls, the large change rate of RH is to some extent counteracted by moisture
buffering in the walls. As the indoor RH decreases, moisture is released from the walls. This
is a complex interaction, specific for each building and can also change throughout the year
[38]. Therefore, a control system for intermittent heating is needed where three factors must
be balanced: comfort for visitors; conservation of the building and its interiors; and energy
use.

By controlling the switch-on time as well as the heating power of a heat-up event, the
temperature change rate can be controlled and thereby also the RH change rate. The downside
is that the heat-up time will be prolonged and energy use may increase. Using hygrothermal
dynamical models can improve a climate control system, saving energy and improving indoor
climate. This leads to the first objective defined in the next section. Zitek and Vyhlidal used
an analogous model-based technique to derive the equilibrium moisture content (EMC)
control method [55] (see section 1.3.3); however, the EMC control method was designed to
vary the RH set-point for a dehumidifier based on temperate variation (4) with the objective to
keep the equilibrium moisture content constant in long-term operation using the static
Henderson model (3). No dynamical models of the indoor climate response were involved in
the design. For intermittent heating, however, no direct relative humidity control by
dehumidification is considered. The well-known dependence of RH on temperature coupled
with simple indoor climate models are to be used to keep the conditions safe in this unsolved
optimised intermittent heating task.

When a building is not being used, energy efficient control of RH, mainly to prevent mould
growth, is needed. Adaptive ventilation has been shown to be a cost effective option, but there
are still questions about the method and whether it really is an effective measure to prevent
mould growth. Thus, adaptive ventilation needs to be further validated and analysed and
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compared to other low energy and low invasive climate control measures. This leads to the
second objective of the thesis.

There are mainly two measures — conservation heating and dehumidification — that are used to
reduce RH in order to reduce mould growth. In addition, adaptive ventilation could also be
used to help prevent mould growth. No previous case studies have compared the energy
efficiency and mould prevention effectiveness of these three RH-reducing technologies in
massive historic buildings [51]. This forms the third objective of the thesis.

16



3 Thesis objectives

The objectives of the thesis are defined based on the identified research gaps in the non-
invasive control methods of indoor climate in historic buildings.

Objective 1: Propose and validate a methodology for shaping the heating power for
intermittent heating in massive historic buildings with regard to heat-up time and
change rate of RH.

The objective is to propose and validate a low-cost and energy efficient methodology for the
heat-up procedure for intermittently-heating massive historic buildings (typically churches)
with regard to creating a safe indoor climate for valuable historic objects. In the first stage, an
approximate hygrothermal model of air temperature and relative humidity during a heat-up
procedure in such a building will be developed as well as a method for finding the model
parameters based on measured data. The subsequent and main task is to design a model-based
control strategy for shaping the heating power so indoor climate safety and low energy
consumption are established. In addition to achieving the desired indoor temperature in the
predefined time, the objective is to avoid fast changes of relative humidity at the beginning of
the heating procedure as the fast changes in relative humidity are identified in the literature as
very risky for the upper layers of hygroscopic objects (e.g., objects made of wood, canvas,
and paper).

Objective 2: Perform validation and analysis of adaptive ventilation method for relative
humidity control in historic buildings

The objective is to perform a case study analysis of indoor climate control of historic
buildings that use adaptive ventilation. The particular task is to investigate whether adaptive
ventilation is an efficient alternative to other climate control measures for lowering relative
humidity in order to prevent mould growth. Therefore, adaptive ventilation systems are
designed, tested, and validated in real case studies in situ to uncover the practical and
theoretical obstacles. The control methods are evaluated and refined based on the analysis of
measured data.

Objective 3: Propose and validate improvements of indoor climate control methods in
historic interiors with the focus of mould growth prevention.

The objective is to propose improvements of interior relative humidity control in historic
buildings, taking into account recently quantified mould growth characteristics. A subsequent
task is to evaluate selected climate control measures for lowering relative humidity in order to
prevent mould growth in massive historic buildings in terms of energy efficiency, mould
prevention effectiveness, and stable relative humidity. These goals are addressed in a case
study of an historic building under comparable parameters of the controlled interior. The
analysis is based on recent developments in indoor climate analysis.

17



3.1 Thesis outline

Objective 1, addressed in Chapter 4, analyses a hygrothermal model based on the heat
conduction equation. The model is validated against measured data from three churches. A
method for how to derive parameters to the models from a step response test is studied and
further developed. Objective 2, addressed in Chapter 5, analyses a system for adaptive
ventilation using two case studies. Objective 3, addressed in Chapter 6, analyses a three-year
comparative study on climate control to prevent mould in Skokloster Castle. In the study,
adaptive ventilation is compared with conservation heating and dehumidification.
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4 Intermittent heating of massive
historic buildings

Intermittent heating, introduced in detail in Section 1.2.1, is a common heating strategy in
many historic buildings. The systems are often on-off controlled and the heat-up procedure is
not controlled at all. The lack of control is evident as the buildings do not reach a comfortable
temperature during winter or are heated unnecessarily long time (days) before use, ultimately
wasting energy. The fast increase of temperature during a heating event induces a fast
decrease in relative humidity (RH) that can be harmful for the building and its interior. This
section will solve the problem stated in Objective 1 by developing a hygrothermal model for
intermittent heating and designing a control method for limiting large fluctuations in RH at
the beginning of the heating event. This section is an extension of a published papers [1, 2]
(the author of this thesis is the lead author of both papers).

4.1 Model for intermittent heating of massive buildings

In this section, an approximate model for air temperature in response to a constant heat input
in a massive historic building is developed. First, known equations based on heat balance in a
building and the wall heat transfer equation are presented. Then, as the main result of this
section, an approximate model under specified assumptions is developed.
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Figure 4.1. Major heat flux and temperatures during intermittent heating according to the simplified
model, where 9,5 is the surface temperature (°C), 9,is the air temperature (°C), Py is the supplied heat
(W), P,y is the irradiation (W), P, is the losses (W), and Py, is the heat transferred to the walls ().

In Figure 4.1, the main heat fluxes at a heat-up event are shown schematically. The supplied
heat from the heaters, P; (W), is mainly divided in two main fluxes. The large part, Py, (W),
heats the walls and interiors via the air. The smaller part, P, (W), represents losses due to
infiltration and conductive losses. Irradiation, P,z (W), also contributes to the temperature in
the building. The heat balance can then be described as follows:
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VaPaCpa— = Ah(9y (0,) = 94 (1)) + P—P+Pp, (5)
where V, (m3)is the indoor volume, p,(kgm~3) is the density of the indoor air,
cpa (J K~1kg™") is the heat capacity of indoor air at constant pressure, A (m?) is the effective
indoor wall surface area, and h (W m~2K~1) is the heat transfer coefficient. In addition,

9, (0,t) (°C) is the wall surface temperature and 9, (t) (°C) is the indoor air temperature.

The model (5) is rather simple as it only relies on a single differential equation. Therefore, it
is very useful for control design purposes. However, next to the control input by the heater,
P, there are two additional inputs, P; and P;p, which create disturbances in relation to the
model on the air temperature (J,) evolution. Further derivation of the model for intermittent
heating in massive building is based on the following simplifying assumptions:

* Assumption 4.1: Heat loss due to infiltration, P;, is a small and constant fraction of
the supplied heat compared to the heat flowing into the wall.

* Assumption 4.2: Heat gain due to irradiation, P;g, has a negligible impact on a single
heat-up event.

Assumption 4.1 is valid for a typical medieval massive stone building. The overall area of
windows and doors in such a building is small compared to the wall area, so the infiltration
rate is small. In buildings with wooden floors built on a ventilated crawl space or a wooden
ceiling, the infiltration rate can be higher [98]. However, the heating power in intermittently-
heated buildings is usually very large compared to heat loss due to infiltration, so P; can be
assumed to be a small and constant fraction of the supplied heat compared to the heat flowing
into the wall.

Similarly, Assumption 4.2 is due to the small window area and the relatively short heat-up
time during which irradiation does not have a substantial impact on a single heat-up event.
While irradiation has an influence on the long-term conditions [99] during a single heat-up
event, which often lasts from half a day to a few days, the impact is small and assumed to be
negligible. An estimation of the average diurnal temperature variations, which to some extent
mirror the effect of irradiation, can be calculated by the root mean square (RMS) of the
difference between indoor temperature and a five-day running average of indoor temperature.
For example, for Fide Church, which will be discussed later, RMS is 0.69°C from September
1 to April 31, which indicates that the contribution from irradiation during this period is low.
Furthermore, heating is mostly required during the winter months, where the contribution
from irradiation is low.

The following steps in deriving the model for intermittent heating are preconditioned by
Assumptions 4.1 and 4.2, which are due to the considered building type. However, the
infiltration and irradiation phenomena are not entirely neglected. They are covered by the
constant loss factor, F; (F; < 1), which accounts for all losses in the building (assuming
P, > P, ) and forms the effective power used for heating, P, = F; F. The heat balance at a
heat-up event can then be simplified as follows:
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Since building volume, effective wall area, and the heat transfer coefficient between air and
wall will not be determined using real physical parameters, the equation is further simplified
as follows:

dAd,
dt

T, 2% 4 A9, = A9, (0,t) + by P, (7)

where AY, and A9, are increments of temperatures from equilibrium,

VapPaCpa
T, = A—hp )

is the time constant, and

Fp
b, =—
17 an

9)

is the static gain. The two parameters T; and b; of model (7) are determined experimentally
based on input-output data using the grey box modelling approach. To simplify the notation,
the wall surface temperature is denoted by Ad,,; = A9, (0, t).

Note that the quasi-linear model (7) is valid under the assumption that the heat transfer
coefficient h, influencing both the time constant T; and gain b;, is approximately constant.
This assumption also applies to classic convective heating. However, due to the well-known
dependency of h on 