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Preface 

History 

History is not dates. It is not the years of succession of Egyptian pharaohs, not the date of the 
Battle of Hastings and not a timeline recording the names of victorious kings and warlords. 

History is not words. It is not the text on the Rosetta stone, not Sumerian cuneiform or ancient 
runes. It is not letters and books from the past, not old orally transferred myths and legends, 
nor the written testimonies from people who lived centuries ago – or even decades ago. It is 
not even the books written about what happened in the past. 

History is not things. It is not the Chinese terracotta soldiers, the Gokstad ship, Cretan bull 
head statues or the frescos of Pompeii, nor coins and ceramics from any archeological dig, 
testifying about long-gone everyday life. It is not valued baroque furniture, impressive 
paintings of kings and nobility, or jewelry and robes once borne to show wealth and status. 

History is also not buildings. Not the Mayan pyramids or the Angkor Wat, not the gothic 
cathedrals of Europe, not Greek or Japanese temples or the rich reminiscences of ancient 
Rome. It is not Göbekli Tepe, the Bamyan Buddahs, Stonehenge or any of countless 
impressive fortresses and castles. It is not even the more humble buildings, like ornamented 
15th- – 16th- century timber frame houses, countryside churches or sturdy log houses. 

History is none of these. But it is the stories that they tell. History is the knowledge that we 
need in order to understand of how the people before us perceived their world and their lives, 
and how those perceptions have shaped their actions and choices. It is the understanding of 
how those perceptions have varied under different circumstances, and evolved over time. It is 
what makes us able to analyze our present perception of our choices in life and make as 
informed decisions about our future as possible. 

On an individual level, when a person loses his memory, he loses his orientation in time. 
People who do not have anything to navigate after tend to move in circles, repeating the past, 
not by choice but because they cannot see that it is happening. We need our roadmaps in order 
to be able to move forward, to be able to set a course for a specific destination and not drift 
aimlessly through time. The same mechanism can be seen in groups of people as well, and as 
a species we also need access to our past in order to be able to consciously choose our future 
actions. 

Today we live in a time of urgency. But our realization of that urgency has taken time. In 
1824 Joseph Fourier noted that the atmosphere had a property that made it retain heat at the 
surface of the earth, in 1859 John Tyndall discovered that CO2 had an important role in that 
property. Interesting science but not yet alarming. In 1896, however, Svante Arrhenius made 
some calculations and came to the conclusion that the CO2 that humans set free in the 
atmosphere through activities like burning fossil fuel could indeed create a rise in the global 
temperature, the first time a man-made impact on global climate had been shown to be 
possible. Still there was no sense of urgency, though, the idea that it was actually going to 
take place in real life remained hypothetical.  

In the 1950s global warming and resulting climate change passed from being a hypothetical 
threat to a very real one, as it started to be possible to measure the effect in reality. However, 
given the lack of any directly alarming consequences, and the fact that the benefits of the use 
of fossil fuels were too great to voluntarily desist from, the concept went from something to 
theorize over to something to monitor, but not to something to do anything radical about. 
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Consciousness about a need to reduce energy usage rose and methods to do so were 
introduced, but there was still no urgency. Yet. 

Then the consequences started to show up, with coral bleaching, melting glaciers, species 
starting to lose their habitats and disappearing or migrating, diseases spreading to new areas, 
crops failing due to more frequent and more severe droughts or flooding and more volatile 
weather starting to cause damage on a scale that had not been seen before. And we have had 
to realize that more than ever we do need to make informed decisions and take action. We do 
need as clear a perception of our situation as possible, in order to be able to make conscious 
choices. We need to be innovative and efficient in dealing with it, and we need ingenuity, 
knowledge and cooperation. However, as humans, we base our actual choices of action on 
how we perceive the world, and in that context we also need history. 

So history is not the dates, the words, the artefacts or the buildings or anything else belonging 
to cultural heritage. But those facts and things are what give us access to history, to that 
understanding of the human perception of life. Preservation of the items and buildings of the 
past and making them accessible to people, though, has a tendency to require energy. 

This constitutes a conflict of interests, since we still have not found ways to reduce our energy 
usage or replace the energy that we use with CO2-neutral alternatives at a pace that will 
improve the situation – and we might never succeed with that in time. In 2018 80,5 percent of 
the energy that we used globally came from CO2-emitting heat sources like coal, oil and gas, 
and the usage of those fuels increased by 6,6 percent compared to the use of them the 
previous year (IEA). Total CO2 emissions increased by 1,7 percent and reached a record high. 
The increase of CO2 concentration in the atmosphere from 2017 to 2018 was 2,4 ppm, or 0,6 
percent, a mindboggling increase in one year considering the size of the volume.  

Despite the efforts being made, despite China increasing its use of renewable energy by 10,9 
percent and Europe actually reducing its CO2-emissions by 1,3 percent in that one year, in net 
terms we are still emitting more and more CO2 and still speeding up global warming, not 
slowing it down. Therefore, while we need to preserve our cultural heritage, using more 
energy to keep it accessible will risk making the situation worse. 

Also, climate change itself may constitute a threat to the built cultural heritage. The older the 
buildings that remain are, the more likely it is that they can be characterized by two things. 
Firstly, they are likely to have been of importance from the time of their construction, and 
therefore built to be able to withstand time, using the best materials and skills that their 
builders could muster. Secondly, they are likely to have been built in ways that were well 
adapted to the local climate, making them survive for a long time without such damage or loss 
of function that would have led people to abandon or demolish them. This is the reason why 
climate change becomes a serious threat – buildings that have proved suitable for one climate 
may be less suited for another. In addition to that, the traditional ways of maintaining them 
that worked in the historical ambient climate might not be as functional in a new one. 

Now the situation is urgent. We need to reduce CO2-emissions, and buildings accounted for 
28,8 percent of the world’s total emissions in 2018. Therefore, if the CO2 levels are going to 
level out or be reduced at some time in the near future, the building sector has a lot of work to 
do. But we need to do that while maintaining suitable indoor climates that are not only 
comfortable enough for people but also ensure the preservation of our cultural heritage. So 
how do we find ways to do that? 

This thesis deals with building simulation as a tool for understanding the mechanisms of 
historic buildings, using that knowledge to identify issues necessary to address and to be able 
to design strategies to ensure preservation as well as minimized energy usage. Such a tool can 
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also enable assessment of potential strategies so that possible consequences can be evaluated 
in advance instead of afterwards, when damages have already been done. 

The aim of the work presented here is practical: To investigate simulation tools and methods 
to be able to identify aspects to pay attention to and to provide suggestions and 
recommendations for the use of building simulation in this context. Correctly used, building 
simulation can provide a view into the future as well as into the past. It has the potential to 
increase our understanding of the buildings, and the thoughts of the people who designed 
them, making it possible to work with the buildings instead of against them when deciding on 
retrofitting alternatives. It also provides us with opportunities to learn from and/or rediscover 
old, passive and potentially energy-saving methods to deal with the indoor climate. In short: 
building simulation has the potential to provide us with history that enables us to create a 
better future. 

My own motive for doing this work 
I am an architect. A curious architect. And for most of my time as a professional, I have been 
working on the restoration, refurbishment and rebuilding of old buildings, most of them of 
cultural heritage value. The oldest building I’ve had the privilege to work with was built in 
1360, but most of the buildings have been timber frame buildings from 1480 – 1580, plus 
some that are younger than that. Most of them became residential buildings, but often there 
were shops, offices and sometimes clinics on the 1st floor – the buildings had to be profitable 
after all. 

Also, a long time ago, during my education, I specialized in sustainability and studied the 
energy aspects of buildings. That was a bit early for the market when I left school, but I did 
manage to get use for the training. In the projects I worked with I was constantly faced with 
the issue of how to create usability and thermal comfort, without risking the integrity of the 
buildings. In many of the buildings we added interior thermal insulation. The chosen solutions 
for the refurbishments and restorations all respected the available rules and recommendations, 
but still I could not get rid of an uncomfortable uncertainty, the question in my mind whether 
the added insulation would be harmless for the building as the rules of thumb said, or whether 
there were going to be moisture issues in the construction, slowly building up over time. I 
wondered if, despite all good intentions for the building, the measures that we took to bring 
them to life actually managed to damage houses that had been around for some 600 years 
without that care, and that had done fairly well until then, all circumstances considered. 

As it is said, the road to hell is paved by good intentions. So I wished there had been some 
way to check in advance how that internal insulation would behave, say, 20 year later. What 
would have happened? Would there be mould issues? Rot? 

Getting the opportunity to conduct research on tools and methods that could do just that – 
look into the future and let me know, before anything was decided and done, what the 
consequences would be – was a dream come true.  

Now, building simulation is not without its uncertainties, simplifications, and approximations. 
It is not an immaculate peak into the future that it offers. There are distortions in the picture. 
And there is still a lot to work with, in order to make the simulation processes better suited for 
historic buildings. However, the view of the future that the simulation provides is 
considerably better than no view into the future at all, and having to rely on qualified guesses. 
Building simulation provides a much more detailed and useful basis for decisions than can be 
obtained without it, even if it is less than perfect. 

Working with the research that I present in this thesis has been something of a journey. 
Frustrating, arduous, and enlightening at the same time. Looking back it is amazing to see the 

 Preface  



 8  Chapter 1: Introduction  

development that the field, the project and I have gone through during this time. It has been a 
great experience, one that I am proud of and grateful for. I am looking forward to the future. 
After all, gazing towards the future is what building simulation is all about. 

 

 

 
Fig. 0.2: The inner yard of Skokloster Castle (Photo: Unknown, Statens Historiska Museum) 

 

 

 

“I am just a child who has never grown up. I still keep asking these 'how' 
and 'why' questions. Occasionally, I find an answer.” 

- Stephen Hawking 
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Abstract 

Background 
Historic buildings are often particularly poorly insulated and difficult to heat, and are also at 
risk for several reasons. These include potential lack of use due to low thermal comfort 
leading to low or no profitability, damage risks due to over and under-climatization and risks 
due to climate change altering the boundary conditions that they were built for. 

Building simulation can be a valuable tool with which to assess the building performance of 
historic buildings, it can provide a background of knowledge for the design of potential 
strategies, and then assess such strategies in order to facilitate the decision process. Thus, 
simulation can contribute to minimized energy usage and optimized preservation, and prevent 
the need for potentially risky full-scale experiments that could jeopardize the cultural values. 
Thus a wide-spread use of simulation of historic buildings would be useful. However, it is 
difficult to simulate historic buildings with tools and methods developed for modern 
buildings. This may lead to a level of uncertainty that can greatly limit the usefulness of the 
simulation results.  

The work of the thesis 
The aim of the work presented in this thesis is to facilitate the choice and design of strategies 
for enhanced energy efficiency and preventive conservation in buildings of the cultural 
heritage. The subject of the thesis is the use of building simulation as a tool in that context, 
and specifically as a tool in the hands of the consultants who should perform such 
investigations. The work relates to the work of practitioners in the field, as a basis for making 
decisions on suitable strategies for enhancing energy performance and/or damage risk 
mitigation, not to academic tools. The focus is on whole-building simulation, in order to be 
able to obtain a full picture of the building performance, including deviations in conditions 
between different parts of the buildings. 

The work contains several parts:  

 Investigation of tools and methods relating to the specific demands of historic 
buildings 

 Identification of particular issues that challenge the usefulness of the simulations 

 Investigation of the particular issues and suggestions for how to deal with them 

 Several case studies testing the usefulness of the suggestions 

Several issues have been identified and investigated: 

Issue 1: Conditions by thermal bridges 
Mould issues do not occur in mid-air, they take place on surfaces, and often at the coldest, or 
most extreme temperatures of the room – which is often at the thermal bridges. Hence there is 
a need to assess the thermal performance of the thermal bridges as soon as possible in the 
simulation process.  

In this thesis wall-parts mimicking the performance of geometrical thermal bridges are 
proposed as a way to solve the problem and to allow evaluation of the potential risk of high 
levels of RH at places where there are two-dimensional thermal bridges in a calculating 
environment that can only handle one-dimensional building parts.  

The suggested method can be implemented in most whole-building simulation environments 
as long as wall-parts models can be created and their surface temperatures logged in the 
simulations. The method can be seen as satisfactory for the cases shown in the study. It 
manages to include the impact of two-dimensional heat conduction and the impact of thermal 

 Abstract  



 10  Chapter 1: Introduction  

inertia in one-dimensional simulations. This makes damage risk assessment, specifically 
mould issues, possible at the points where it is most likely to occur. 

Issue 2: The impact of the wind pressure on the air exchange rate 
In buildings with natural ventilation and irregular shapes the wind pressure coefficients have a 
considerable impact on the air exchange rate. If the air exchange rate in the simulation does 
not correspond to that of the actual building, it does not matter how correct the rest is: the 
energy performance cannot be correctly assessed and neither can the damage risk, since the 
relative humidity will not be correct either. 

To investigate the wind pressure coefficients a series of wind tunnel experiments were 
performed with models of Skokloster Castle: The building with surrounding vegetation and 
neighboring building, the building without the surrounding, and the building without 
surrounding and without the characteristic towers. The last one was included to test a building 
body resembling a simpler shape, corresponding to the models used to derive the generic wind 
pressure coefficients that are likely to be used if no object-specific ones are available. 

The results of the wind tunnel experiments were then analyzed and compared, to check the 
validity of different methods to estimate wind pressure coefficients in this case. The 
geometric complexity added by the towers of the studied building caused additional 
turbulence compared to simpler geometry. This turbulence affected the pressure coefficients 
which in turn influenced the air exchange rate in the rooms profoundly. The value of the 
investigation is the quantification of the deviations between the different models, and the 
consequences of simplifications of the wind pressure coefficients for the model reliability. 

Issue 3: Mould risk 
In order to visualize the potential mold risk a display method was also developed to facilitate 
the overview and understanding of the mold risk. The most important benefit of the method is 
that the most critical time periods become easy to identify. This is not a new mould risk index 
or mould growth prediction tool as such, but rather a way of displaying the mould risk over 
time, so that critical periods can be identified and the pattern of the mould growth risk can be 
analyzed, to facilitate the design of preventive measures. 

Issue 4: Combining complexity in the model with moisture calculations without 
stability issues and long run times 
Commercial tools have to specialize on certain aspects of the simulation, which makes it 
difficult to find a single tool that can fulfill all the requirements for being a suitable tool for 
simulation of historic buildings. 

In the work, a new method is suggested, which is built on dividing of the simulation process 
into several steps in a serial fashion. This solves the issue by adding complexity and function-
nality gradually. That way calibration and error-checking is facilitated while all the desired 
functions are provided, and stability issues are avoided. The method is tested in a case study, 
it proved fast and stable, and the results displayed good correspondence to measured values. 

Conclusion 
The contribution of this work is the identification and development of simulation tools and 
methods that are suitable for planning retrofitting strategies in historic buildings. The 
simulation process of historic buildings has been analyzed and a series of demands on suitable 
tools formulated. The issues of thermal performance of thermal bridges and the impact of 
wind pressure on the air exchange rate have been investigated, leading to a series of suggested 
methods and tools that have been found to fulfill their purposes under the conditions that they 
were made for and tested in. Hence, the investigations and suggestions should be of value in 
the simulation of historic buildings. 
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Sammanfattning 

Bakgrund 
Historiska byggnader är ofta dåligt isolerade och svåra att värma upp, och är också utsatta för 
ett antal olika sorters risker. Låg termisk komfort kan leda till dålig eller ingen lönsamhet pga 
svårigheter att hitta lämpliga användningsområden, vilket i sin tur ge bristande resurser för 
underhåll. Både över- och underklimatisering utgör risker, liksom även klimatförändringarna 
som riskerar att utsätta byggnaderna för randvillkor som de inte var byggda för. 

Byggnadssimulering kan vara ett värdefullt verktyg för att bedöma en kulturhistorisk 
byggnads prestanda, det kan ge en kunskap att bygga på när potentiella strategier ska utformas 
och därefter utvärdera de strategier som tagits fram, för att ge en god grund för 
beslutsprocessen. Det möjliggör en minimering av energianvändningen och en optimering av 
villkoren för bevarande av byggnaden och dess föremål, och gör att det går att undvika 
riskfyllda fullskaleexperiment. Sålunda skulle en utbredd användning av simulering av 
kulturhistoriska byggnader kunna vara till nytta, men det finns hinder för den användningen. 
Ett sådant är att det är problematiskt att simulera dessa byggnader med verktyg som är 
framtagna för moderna hus. Det leder till en osäkerhetsnivå som kan reducera användbarheten 
av simuleringsresultaten betydligt. 

Det arbete som presenteras i avhandlingen 
Målet med arbetet är att underlätta beslut kring åtgärder och framtagande av strategier för 
energieffektivisering och förebyggande konservering i kulturhistoriska byggnader. Specifikt 
handlar det om byggnadssimulering i det sammanhanget, som verktyg för de praktiserande 
konsulter som skulle utföra den typen av undersökningar. Arbetet är orienterat mot praktisk 
verksamhet, det relaterar alltså inte till akademiska verktyg som konsulterna inte har tillgång 
till eller tid att använda. Fokus ligger på helbyggnadssimulering, för att kunna ge full 
överblick över byggnadens prestanda, inklusive skillnader mellan olika rum och hur dessa 
påverkar varandra. 

Arbetet består av flera olika delar: 

‐ Undersökning av verktyg och metoder relaterat till de kulturhistoriska byggnadernas 
specifika förutsättningar och behov 

‐ Identifierande av särskilt viktiga problemområden som kan utmana 
simuleringsresultatens användbarhet 

‐ Undersökning av dessa problemområden och förslag för hur de kan hanteras 

‐ Ett antal fallstudier för att testa förslagens användbarhet 

Problemområde 1: Klimatförhållanden vid köldbryggor 
Mögelangrepp inträffar inte mitt i luften i ett rum, de inträffar på ytor där svampen kan 
etablera sig. Det sker ofta först vid de kallaste ytorna i rummet, där den relativa fukthalten blir 
högre. Dessa kalla punkter återfinns ofta vid köldbryggor. Om faktisk mögelrisk ska kunna 
bedömas måste man alltså veta förhållandena vid dessa punkter, och det skulle vara av värde 
att få med dem i simuleringsprocessen. 

Föreslagen metod för hantering: Användande av väggdelar vars termiska funktion 
efterliknar de geometriska köldbryggornas, för att kunna avgöra risk för hög relativ fuktighet 
och därmed mögelrisk. Det kräver att endimensionella väggbitar fås att fungera som 
tvådimensionella köldbryggor skulle ha gjort, om de hade kunnat integreras. Metoden är 
begränsad till putsade väggar av solitt murverk. 
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Den föreslagna metoden kan användas i vilket helbyggnadssimuleringsprogram som helst, så 
länge programmet tillåter skapande av enskilda väggdelar och loggning av yttemperaturer. I 
de studier som har gjorts inom ramen för det här arbetet så har metoden visat sig fungera väl. 
Den inkluderar effekten av tvådimensionella värmeflöden i en endimensionell 
simuleringsmiljö, och integrerar den avvikande resulterande termiska trögheten. Det gör det 
möjligt att bedöma risknivån, speciellt mögelrisken, i de punkter där den sannolikt är som 
högst, vilket ger en mer realistisk bedömning. 

Problemområde 2: Vindtryckets påverkan på luftomsättningen 
I byggnader med naturlig ventilation och oregelbunden form så har vindtryckskoefficienterna 
en betydande inverkan på luftomsättningen inomhus. Om simuleringsmodellen missbedömer 
luftomsättningen så spelar det ingen roll hur korrekta resten av de byggnadsfysikaliska 
beräkningarna är: Det kommer inte att vara möjligt att göra en korrekt uppskattning av vare 
sig energiprestandan eller skaderiskerna, det sistnämnda eftersom luftfuktigheten också 
kommer att bli felaktig. 

För att undersöka vindtryckets inverkan så genomfördes en serie vindtunnelexperiment med 
modeller av Skokloster slott. Vindtrycket mättes i modeller med och utan omgivande byggnad 
och vegetation, samt utan de karaktäristiska tornen. Den sistnämnda modellen inkluderades 
för att efterlikna de förenklade byggnadsformer som generiska vindtryckskoefficienter är 
baserade på, den typ av koefficienter som ofta används när byggnadsspecifika koefficienter 
inte finns tillgängliga. 

Vindtunnelexperimenten analyserades och jämfördes, för att utvärdera effekterna av 
användning av koefficienter från källor av olika förenklingsgrad. Den geometriska 
komplexitet som tornen utgör visade sig skapa kraftig turbulens och förändrad tryckbild. 
Denna turbulens hade en mycket stor inverkan på den resulterande luftomsättningen i 
byggnaden. Studiens värde ligger i kvantifieringen av potentiella skillnader beroende på val 
av koefficientkälla, och påvisandet av dess betydelse för simuleringens tillförlitlighet. 

Problemområde 3: Bedömning av mögelrisk 
För att underlätta bedömning av mögelrisk togs en metod för att visualisera risknivåerna fram. 
Den största fördelen med metoden är att de mest kritiska tidsperioderna blir tydliga. Metoden 
är inte en modell som avser att ta fram ett index eller förutsäger mängd tillväxt, dess syfte är i 
stället att redovisa riskens variation över tid, så att mönster i mögelrisken kan framträda och 
kan anlyseras, så att identifiering av orsaker och lämpliga lösningar underlättas. 

Problemområde 4: Att kombinera komplexitet i simuleringsmodellen med 
fuktberäkningar med minimerade stabilitetsproblem och körningstider 
Kommersiella simuleringsverktyg specialiserar sig på vissa bestämda aspekter, vilket gör det 
svårt att finna enskilda verktyg som kan uppfylla samtliga av de krav som kan ställas på 
verktyg som är lämpliga för att simulera kulturhistoriska byggnader.  

Föreslagen metod: Att dela upp simuleringsprocessen i olika steg, så att komplexiteten kan 
tillföras gradvis. Detta underlättar kalibrering och felsökning samtidigt som det kan inkludera 
alla de funktioner som behövs och kan minimera stabilitetsproblem. 

Slutsatser 
Det här arbetets bidrag ligger i identifierandet och utvecklandet av metoder och verktyg som 
är lämpliga för att simulera kulturhistoriska byggnader. Simuleringsprocessen har blivit 
analyserad, och krav på lämpliga verktyg och problemområden blivit identifierade och 
undersökta. De föreslagna metoderna och verktygen har befunnits fungera under de 
förutsättningar som förelegat och bör därför vara av värde i simuleringen av historiska 
byggnader. 
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Chapter 1: Introduction 

“Prediction is very difficult, especially if it’s about the future.” 

- Niels Bohr 

1.1 A window to the future – and the present and the past 

1.1.1 A window to the future 
It is a poetic way of describing building simulation, but poetic or not, the simulation makes it 
possible to look at future consequences of actions taken today in a way that few other 
methods can deliver. It collects what can be known about the present and about future 
possibilities and transforms it into a mathematical model, which creates a perspective that 
could not be seen without it.  

 

It is not flawless. The perspective has its limitations, and one of them is exactly the fact that it 
builds on what can be known. Everything about reality cannot be known, and reality also has 
a tendency to keep changing. Thus, the input data inherently contain a certain amount of 

Fig. 1.1:Window at Skokloster Castle 
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uncertainty. There is also the issue of complexity – the more complex the model, the more 
resource-demanding the process becomes and the more can go wrong with it. Therefore, the 
complexity of reality can never be entirely encompassed by the simulation model. Hence, 
simplifications are necessary, both within the mathematical calculations of the simulation 
software, and in the model that the user builds within it. This also adds to the uncertainty. 

Thus, the picture that the results of the simulation process create does not provide an absolute 
truth about the building, or the future of it, but it has the potential to provide a much better 
and well-founded picture of the future than can be reached without it. Yet the tool is currently 
only used to a limited extent, even in cases where decisions are to be made that might have 
irreversible consequences, such as when choosing which strategy to use to enhance comfort, 
energy performance and/or preservation conditions in buildings of the cultural heritage. A 
more widespread use – if properly conducted – would have the potential to prevent damages, 
possibly decrease energy usage and/or increase comfort, and make sure that the buildings 
receive the most optimal care they can get. At the same time it can reveal information on how 
the buildings function today, and in some cases disclose old, passive solutions to indoor 
climate control that are now forgotten. 

One reason that simulation is not more often used for the assessment of historic buildings, or 
is only used for parts of the buildings, is simply that it is complex, and that tools and methods 
which are well suited for modern buildings are not necessarily quite as suitable for historic 
ones. The ways the cultural heritage buildings deviate from moderns ones – in complexity in 
geometry, in different materials, in deviating conditions from room to room and in natural 
ventilation – often cause problems in the model-building or take a lot of time and hence 
money to deal with. There might also be larger uncertainties to take into account, such as 
materials that may be partly unknown or impacted by deterioration, air leak flows that may be 
relatively large and a use and indoor climate that is somewhat different from newer buildings. 

The purpose of this work is to examine how such simulations can be made more reliable, to 
identify the potential issues and to suggest ways to deal with them. Several areas have been 
identified, along with analyses of how historic buildings generally deviate from their modern 
counterparts as simulation objects, what are the demands that can be made on the simulation 
software, the building physics involved etc, and some suggestions have already been made, all 
presented in the licentiate thesis (Widström, 2012). In this thesis four major issues have been 
addressed:  

 how to assess damage risk where it actually occurs,  
 how the wind pressure in a leaky building with natural ventilation affects the air 

exchange rate,  
 how to assess the mould risk over time in order to identify cause and potential 

strategies and  
 what a simulation methodology would look like, in order to get both the required 

complexity and functionality on the one hand, and stability, ease of handling and clear 
and comprehensive results on the other. 

1.1.2 Why is it important to be able to simulate historic buildings? 
One reason is that historic buildings often are difficult to climatize to an extent that is expec-
ted in most other buildings today, and when it is achieved, it is often energy inefficient. An-
other reason is the need to prevent damages on the historic substance, to not lose the past. 

There have been times, mainly during the 20th century, when people thought that they no 
longer needed knowledge of the past. That the bright new future that they stood before was to 
be conquered with new tools, based on new knowledge, and that everything from the past had 
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exceeded its expiry date. Hanging on to it would only slow down the evolution that would 
bring on the new and previously unimaginable future. Occasional unresolved issues in the 
new strategies implemented could be ignored; someone somewhere would eventually come 
up with a new way of solving them if necessary. Precautions based on lessons learned in the 
past were not only considered unnecessary; they were deemed retrogressive and detrimental 
to the development of society. That kind of ignorance has led to many mistakes, some of them 
contributing to the predicament of the world today, facing the consequences of climate 
change, and overuse of resources including energy, pollution and financial instability. 

As is now known from studies of the human mind, a person that has lost his/her memory has 
great problems planning ahead and creating a future. In order to move forward in a deliberate 
way, there is a need for knowledge of the past, a map telling where the person has been and 
knowledge of tools and methods which were useful before. This knowledge and know-how of 
the past will be modified as new situations occur and new experiences are made, but there 
need to be something to modify and build on to start with. In order to be able to take out a 
course to move from point A to point B, one first needs to establish where point A is situated 
to find the direction to travel towards point B. Without any points of reference, one ends up 
moving in circles. 

A community is no different from an individual in that respect. It too needs to build its future 
on the knowledge of the past, build its new understandings and inventions on the foundations 
laid down by old experience, just like new scientific discoveries build on an pre-existing body 
of scientific knowledge. In that sense, the preservation of the physical evidence of the 
knowledge of the past is now more important than ever, while also being more at peril than 
before. Our built cultural heritage is one of the most important expressions of that knowledge. 
It reveals cultural identity and perspectives of life of the people that preceded us, and 
manifests the skills and ingenuity of the past, for us to learn from and build on. 

In times when it is becoming more urgent than ever to reduce energy usage, many historic 
buildings are either requiring too much energy to be climatized to contemporary standard of 
indoor climate, or they cannot be that effectively climatized and may therefore not be 
considered as useful, profitable and hence as necessary to maintain as modern buildings. Thus 
retrofitting to ensure usability as well as minimized energy usage is of great importance.  

But retrofitting buildings to meet modern standards and expectations that they were not 
designed for, might be a hazard in itself. Modern indoor air conditions may serve the building 
structure poorly, create a large gradient over the building envelope that it is not built to deal 
with, indoor moisture sources might cause condensation at cold wall surfaces, and modern 
indoor temperatures when it is cold outside may bring down the relative humidity so much 
that wood starts to fracture. In addition, the mere installation of the equipment used in the 
retrofitting strategies themselves might cause irreparable damage. So the clash between 
modern life and historic substance may cause issues. 

Another threat is that the buildings are being exposed to changing boundary conditions due to 
climate change and pollution as well. The conditions that they were built to last in may no 
longer prevail, making the buildings more vulnerable to deterioration and damages. They are 
also threatened by loss of skills necessary to maintain the buildings according to their needs, 
and the fact that that maintenance in the past often was rather labor-intensive as labor was 
fairly cheap at the times when they were erected, and now it is no longer as readily available. 

So if building simulation can be used to ensure the use and preservation of the built cultural 
heritage, at as low energy cost as possible, then it should. But how reliable is it, under what 
circumstances, and what are the issues that need to be solved? 
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1.2 The task 

1.2.1 Aim 
The aim of the work presented in this thesis is to facilitate the choice and design of 
strategies for enhanced energy efficiency and preventive conservation in buildings of the 
cultural heritage. The subject of the thesis is the use of building simulation as a tool in that 
context. The focus in that respect is on whole-building simulation, in order to be able to 
obtain a full picture of the building performance, including deviations in conditions between 
different parts of the buildings. 

The advantage of whole-building simulation is its capacity to envision how the building 
works as a system, including how the indoor climate of individual rooms is influenced by 
adjacent rooms, air flows, heating etc. Though buildings of the cultural heritage may be of 
varying sizes, ages, materials and vary also in condition, there are some traits they often have 
in common. The main common traits are: a. lack of, or having very limited, thermal insulation 
and b. natural ventilation, sometimes with large leak flows compared to modern buildings. 
These two traits can give rise to deviations in indoor climate within the building and also even 
within individual rooms, which makes it important to include the entire building in the 
simulation model. Another common trait is of course the presence of cultural values, which 
means that potential damages could cause the loss of irreplaceable values, making a careful 
examination of the performance of the building, both before and after potential retrofitting 
strategies, of utmost importance. 

Whole-building simulation has the potential of providing that kind of an examination, though 
there might still be even further investigations to be done once the whole-building simulation 
has revealed the building performance and possible issues have been identified. A wide-
spread use of whole-building simulation capable of energy performance evaluation as well as 
comfort assessment and damage risk assessment could thus lead to informed and well-
founded decisions on retrofitting, resulting in optimization of resource usage as well as 
preservation and, in the cases where it is appropriate, improved availability to our cultural 
heritage. 

Whole-building simulation as such is already a well-used tool, especially for the assessment 
of the energy performance of new buildings. In cultural heritage buildings, where the damage 
risk assessment is also crucial and the potential consequences of damages even more difficult 
to amend, the demands on the simulation tools and methods are larger than those in mere 
energy performance simulation in a modern setting. There are, however, tools in the academic 
environment that, with different levels of accuracy depending on amount of time and effort 
put into the work, can assess the performance of the historic buildings. These more advanced 
tools are however in most cases not available to the consulting practitioner, and generally 
require more time and effort than the practitioner can charge for, which means that the vast 
majority of the buildings of the cultural heritage cannot be simulated with such tools. 

This creates a gap between the need for and the access to knowledge and useful information 
on the building performance to base decisions on. This is also something that may become 
increasingly problematic as climate change starts to shift the ambient conditions that often-
used rules of thumb where based on. The consequence may be either that decisions which 
would ensure improved or at least continued conservation as well as minimized energy usage 
are not taken, due to uncertainty as to their usefulness, or that decisions are taken on rather 
shaky premises, which may lead to undesired consequences. 

The gap in needed and accessible knowledge for the decision maker is hence related to a gap 
in knowledge about how to make the simulation tools and methods that are meant for practical 
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application deliver reliable simulation results for historic buildings. Bridging this gap would 
open new possibilities for the preservation and use of the cultural heritage. 

The task of this work is to identify and when necessary develop simulation tools and 
methods that are suitable for planning of retrofitting strategies in historic buildings. The 
tools and methods in question are thus limited to ones that can be used by practitioners, 
meaning that the investigation is not aimed at gaining new knowledge at the frontiers of 
building physics, but rather on knowledge on how to apply knowledge about building physics 
in such a way, that even the more complex and vulnerable historic buildings can benefit from 
the building simulation process. To achieve this, it is also necessary to identify and analyze 
what demands such tools and methods would have to fulfill, in what contexts different 
simulation strategies are suitable, how the demands on the tools might be met and what results 
and how the results would facilitate the decision making process in the most optimal way. The 
first part of that work was presented in (Widström, 2012), and for a detailed background of 
the work the reader is referred to that source. 

After the general orientation the work is then focused on some specific areas within the 
simulation, areas which are found to have the most prominent impact on the usefulness of the 
results. These specific investigations, though substantial in the work of the thesis, thus 
function as subtasks to the overall task. 

1.2.2 Research questions 
As the work consists of a general orientation part, analyzing the field and then putting focus 
on the areas that are considered the most problematic, there are several research questions. 
The more specific research questions of the subtasks are however mainly specifications within 
the research question of the whole work. 

The main research question can be formulated as: 

“What tools and methods are necessary to allow whole-building simulations of sufficient 
reliability to be carried out on buildings of the cultural heritage, by practitioners in the 
field, in order to provide a useful basis for decisions on retrofitting strategies?” 

The more specified research questions following therefrom, related to the thermal bridge 
study, the wind coefficient study, the mould display and the development of the serial 
simulation method and the tool MOIRA, are presented in the introductions to their respective 
chapters. Due to the empirical approach of this work they can however mainly be categorized 
as the type “What are the consequences for the reliability of the simulation process if the 
method x, y or z is used?”, where methods “x, y or z” in the first subtask can be identified as 
assessing damage risk based on conditions of the room air, averages for wall surfaces or at 
geometrical thermal bridges, where the problems most often occur. In the second subtask the 
“x, y or z” symbolizes the use of wind pressure coefficients from sources of different levels of 
simplification, and so on. 

1.3 Method 

1.3.1 Scientific context 
The scientific area of this work is building technology, including building physics and also 
connecting to building services. In order to identify and take the potential demands of the 
simulation process into account, it has also been necessary to consider the related area of 
building preservation, the field of the conservators, and to some extent also at least relate to 
the conservation of items of cultural value that are sometimes kept in the buildings. The needs 
of the decision makers as well as the situation of the simulation tool users do also contribute 
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with demands and limits, and are hence also relevant to consider. Hence the work has a cross 
disciplinary aspect, and the investigations have had to include areas outside the field of actual 
simulation technique, as background for the actual simulation studies. This gives the work a 
width that is mainly covered in more general terms in an initial orientation, while the depth is 
provided within the specific areas of study chosen as the most crucial ones directly related to 
the building simulation tools and methods. The thesis thus consists of a general background 
that serves as an orientation, and some subareas chosen for more detailed study based on the 
findings in the general part. 

1.3.2 Approach 
The strong emphasis on applied science has led to a basically empirical approach in the 
detailed investigations, relating strongly to actual cases and construction types. They are 
designed as studies of the impact of choice of different simulation input and/or methods, 
examining the resulting deviations in specific cases. This means that the actual numbers found 
in the results are valid as such only within a limited context. However, the point of the work is 
not the numbers as such, but rather the potential size range of deviations, which can be used to 
determine whether or not a certain kind of input or method can be considered reliable in this 
context. It is quite possible that a simulation method that has delivered misleading results in 
the cases presented here actually could deliver acceptable results in other cases, where the 
circumstances are different. However, if that cannot be made absolutely certain in those cases, 
it does mean that there is a risk that the results are flawed to such an extent where damage risk 
may be missed or overrated. Hence, such methods should be considered unreliable, and, if 
they are used, the user should at least be advised about the possible uncertainty increase 
caused by such a choice. 

As the approach, as stated above, is largely focused on qualitative investigation, and the 
quantitative aspect is limited to a function as a means of determining the potential quality of 
different methods, there is a definite inductive streak to it. There are hypotheses formulated 
for each step, but their function is mainly methodological, rather than for distinguishing the 
knowledge, as such. Their role is more about formulating the direction of the study, for 
example, “It is possible to create a one-dimensional wall-part within the whole-building 
simulation environment that can mimic the two- or three-dimensional performance of a point 
at the thermal bridge”. There might be other ways than the suggested one by which the same 
goal – the knowledge about the performance at the thermal bridges – can be obtained, and if 
this one does not work, another one could be tested. This means that the verification or 
falsification of this hypothesis is not crucial to the finding of new knowledge, it is merely a 
check whether the suggested solution worked or not. If it did not, a new path will have to be 
pursued to reach the desired knowledge. So, instead of the focus being on the hypotheses, it 
rests on research questions, such as “What implications does this method have?” and “Is this a 
valid and reliable method?” 

However, there is one fundamental hypothesis which cannot be classified as merely having a 
methodological role. It is the hypothesis: “Several of the common simplifications that are 
made in whole-building simulation make it impossible to assess the damage risk to the extent 
necessary in historic buildings, and the estimated energy usage in such buildings may also be 
severely flawed.” This hypothesis can be found to have been verified by the results of the case 
studies performed. 
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1.4 Research process 
The process, developed in detail in (Widström, 2012), consists of several steps: 

1. Investigation of the background  
In this step the general background was investigated, different simulations tools were 
studied and general literature on the preservation of historic buildings, criteria for the 
choice of tools were formulated. Interviews were also conducted with conservators, 
decision makers and practitioners to form a basis for the problem identification. 

2. Problem identification  
Areas of specific issues related to the preservation of historic buildings, problematic 
simplifications in simulation tools and methods, the issue of multi-functionality and 
multiple criteria, the simulation demands to ensure possibility to simulate potential 
retrofitting strategies and the building physics involved were all listed and briefly 
characterized. 

3. Literature study  
Articles, dissertations and other publications on the areas mentioned above were 
studied, providing both theoretical and practical background. The issues found to be 
the most crucial for the simulation process were identified. 

4. Choice of areas to focus investigations on  
Two of these areas were found to be more crucial than the others and also possible to 
investigate within the scope of the thesis: (a.) the points where the damage risk is 
assessed, and (b.) the impact of wind pressure on the air exchange rate and hence the 
damage risk assessment as well as the energy performance assessment, in buildings 
with natural ventilation. Apart from that the possibility to assess mould risk over time 
and the development of a serial method and a tool related to that were also prioritized.  

5. Case studies  
Several case studies were condutcted within this work as experiments (Lau Church, 
Vederslöv’s Church, Hamrånge Church, Roggersdorf Church, Amerongen Castle and 
a test room at Fraunhofer’s site in Holzkirchen) before the ones presented in this 
thesis. The ones that resulted in conference papers, Lau and Hamrånge Churches, 
were presented in (Widström, 2012). After those, Skokloster Castle was studied, and 
that work constitutes the main part of the case studies in this thesis. The Hamrånge 
Church study is also included here, as an example of a suggested simulation method. 

6. Gathering and analyzing of the results  
The results of the investigations were gathered and analyzed. Some representative 
examples are shown in this thesis. The full work can be supplied on demand. 

7. Discussion and conclusions  
The findings were discussed and conclusions were drawn, as presented here in this 
thesis. 

1.5 Case study object 1: Skokloster Castle 

1.5.1 Building structure 
Skokloster Castle is built in the mid-17th century and it is basically left unaltered and intact 
since then. It has a square plan, approximately 46 m across, with an octagonal tower in each 
corner. The façade of the main building body is 19.2 m tall and its exterior walls consist of 
solid brick masonry with plaster on both sides. The interior walls are made of the same 
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materials. The knowledge of the materials used in the building is unusually good for a 
building of that age, as there is documentation from the construction period. The brick used 
for the masonry was made at the site, which could indicate relatively certain homogeneity of 
the brick walls, apart from deviations due to uneven furnace temperature. The exterior walls 
are of different thicknesses, ranging from about 1.4 m at the 1st floor to just over 0.8 m at the 
4th. The rooms at the 1st floor have vaulted ceilings, as do the staircases, all the way up to the 
4th floor. 

 

 

Fig. 1.2: Skokloster Castle, from the park side 

 

The plan, see fig. 1.3, is exteriorly symmetrical in two directions. The main body of the 
building has four floors (the towers five floors) and their heights are approximately the same 
at the 1st, 2nd and 3rd floor, ca. 4.2 – 4.7 m, the lowest height is on the 1st floor, and they then 
increase upwards. The 4th floor is considerably lower, at only ca. 2.9 m high. This can be seen 
in the section in fig 1.3. 

 
Fig. 1.3: Plan for Skokloster Castle, showing its exterior symmetry, and section. 
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1.5.2 The site 
The building is situated next to a narrow bay of Lake Mälaren, in eastern Sweden. The bay is 
an old water-way whose importance to the development of the settlements around Lake 
Mälaren dates back to prehistoric times. The estate where the building stands has been 
documented since the 12th century. The building is surrounded by trees at three sides, but with 
different height and density on each side. The variation of the vegetation around the building 
(fig. 1.4) makes it possible to study the impact of different kinds of surrounding vegetation. 
The almost total exterior symmetry of the building makes this even more comparable. To the 
east, the entrance façade facing the lake in front of the castle, there are few but large trees, 
higher than the main façade but lower than the towers. There are wide gaps in between them, 
allowing a view towards the water from the castle. 

To the south is a grove with a less formal layout and trees of varying size, less tall and wide 
than the ones on the eastern side. Between the grove and the castle there is a narrow open 
space with an open-air café and a formal parkway line with old, dense, trimmed linden trees, 
with broad trunks but low height, reaching just about to the measure points of the 2nd floor. 
Most of these are apparently as old as the building, which means that they were planted in the 
second half of the 17th century, and are now reaching the end of their lives. In some places 
they have already been replaced by younger trees, but this replacement has mainly occurred 
further down the parkway, away from the building. 

To the west, there is a large open park area with lawns and gravel paths in a formal layout, 
giving western winds more or less free access to the western façade. The northern side has the 
same kind of tree-lined parkway running along it as the southern side has, with trees of equal 
age and size, and on the other side of that parkway the neighboring building is situated, a 
building which had its exterior designed in 1740. It is, however, based on a building that 
predates the castle by some 400 years. This building partly shields the castle towards the 
north. Hence, all the façades of the building are exposed to different wind conditions. 

 

Fig. 1.4: The castle seen from the lake side, its eastern side 
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1.5.3 Materials 
As mentioned above, both the inner and outer walls are made in solid brick, covered with 
plaster on both sides. The knowledge of the materials used in the building is unusually good 
for a building of that age. There is still documentation from the construction period and 
onwards, and no changes of any consequence that could have introduced deviating materials 
have been made to the building.  

The glazing is single-paned lead-glass in most rooms although a few windows were changed 
in the 1940s when part of the building was inhabited. Those windows are double-glazed. 
These exchanged windows are also less deteriorated and more air-tight than the old ones, and 
the indoor climate in these rooms is better and display less mould issues. 

Many of the rooms on the 2nd floor have a layer of gilded leather (fig. 1.5) or wall tapestry 
(fig. 1.6) covering the walls, including the exterior walls. In some places the original 
tapestries have been removed, and thinner cloth, posing less of a mold risk, has been hung to 
replace them. In recent years, though before the investigations of this work, the tapestries 
have also been moved approximately 10 cm out from the wall to mitigate the risk of mold, 
keeping them off from the cold wall surface. This creates a special microclimate between the 
tapestries and the wall that was not taken into account in the BES simulation model, but was 
dealt with in the subsequent HAM modeling for moisture levels. 
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Fig. 1.5: Skokloster Castle, the 
suite of the builder, Count 
Wrangel. The lime stone floor 
at the 2nd floor can be seen, as 
well as the colorful gilded 
leather on the walls. (Photo: 
Jens Mohr, Statens Historiska 
Museum, CC BY-SA) 
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All of the rooms have painted wooden wall panels up to a height of about 0.8 m, although the 
exact height varies from room to room. Floors on the staircases and most of the floors on the 
1st and 2nd stories have lime stone surfaces (see fig. 1.5 and 1.8), the rest are wooden floors. 
Ceilings at the 1st floor are rendered vaults, while the other floors have wooden ceilings, most 
of them with visible beams. The wooden ceilings are painted or, at 2nd floor, covered with 
ornamented, and in some rooms also painted, gypsum plaster. 

 

Fig. 1.6: Skokloster Castle, the Countess’s Bedroom. Here, the wall tapestries are seen, and 
part of the gypsum plaster ceiling. 

1.5.4 Artefacts 
The building is a museum and has been practically since it was built, as its intended use was 
to display the collections of the builder, Count Wrangel, which largely consists of booty from 
the Thirty Years’ War (1618 – 1648). These collections are still on display today, and with 
some later additions the museum now houses some 50000 objects, most of which date from 
the same time period, the 17th century. In the Library, on the 4th floor, some 20,000 books and 
documents are kept, and the Armory, also at the 4th floor, houses an impressive collection of 
about 2000 objects are housed, mostly weapons of different kinds, but also some ethnographic 
and natural history artefacts. 

There is a huge amount of paintings, many of which are of Swedish nobility, and also many 
which were taken in the war. One of the most famous paintings is Arcimboldo’s Vertumnus 
(fig. 1.7), an allegorical picture of the Roman Emperor Rudolf II, painted in 1590 – 1591.  

Most of the artefacts in the building are seen in their historic environment and are not kept in 
climatized spaces, but Vertumnus and a few others are shown in showcases. 

1.5.5 Measuring 
The indoor climate of some of the most important rooms of the castle – the ones with most 
issues and reference rooms – have been monitored by temperature and relative humidity 



 26  Chapter 1: Introduction  

measuring more or less continuously since 1988. Hence, there is a large amount of data on the 
historical climate in the building. The measuring has been mainly limited to the room air, but 
also at some points the room air inside or behind cupboards where mould had been found. 

 

The measurements used in this work are the T/RH measures of sensors placed in the middle 
of the rooms, at a height of about 1.5 m from the floor. The measuring was performed by the 
University of Gotland (HGO) within the framework of the national research program Spara & 
Bevara, funded by the Swedish Energy Agency. The equipment used was Testo 175 H1, with 
combined T and RH logging and the sample time was 15 min. The high thermal inertia, no 
opening of windows or frequent opening or closing of doors making the short-term 
fluctuations small made it possible to make use of average hourly values for the purposes of 
the study.  

In addition to the T and RH-measuring two series of tracer gas measuring of the indoor air 
movements were also performed within HGO’s investigations. The tracer gas measuring was 
performed by the company Pentiaq AB in Gävle and is described in (Boman and Stymne, 
2011, 2009). The first series of measures took place from 30 June 2008 to 19 May 2009, 
during which four periods of measuring of with a sample time of approximately one month 
each were performed. The second occurred 10 October 2009 to 23 August 2010. As 2009 was 
the year selected for the case study in this thesis, the measuring periods utilized for calibration 
were the ones in February and May (the two last ones in the series) from the first series and 

Fig. 1.7: Vertumnus,
by Archimboldo

(Photo: Jens Mohr,
Statens Historiska

Museum,
CC BY-SA)
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the one in October (the first one) in the second. The following ones in February and May 
2010 were also used, to validate the calibration. 

The tracer gas measuring was of the passive type and followed the Nordtest method NT VVS 
118 (NT VVS 118:1997, 1997), and also the standard ISO 16000-8:2007. Determination of 
local mean ages of air in buildings for characterizing ventilation conditions. Two types of 
trace gas were released, on the 1st and 2nd floors respectively, and picked up by sensors placed 
at various places on the 2nd floor. The measuring provides an indication of the air exchange 
where the sensors were placed, but the air movements within a room in Skokloster Castle may 
vary. As stated in the report the sensor in one of the rooms, the Gray Room, 2V (seen in the 
plan of the building in fig. 1.9), shows an unexpectedly deviating result (fig. 1.10). The 
authors assumed that this could be due to the door of the room being fixated in an open 
position. However, as discussed with one of the authors, Carl Axel Boman, the placement of 
the sensor might also have contributed to the deviation. It may have been placed at a slightly 
less representative location, close to the doorway where a somewhat larger air flow might be 
expected.  

As it happens, the Gray Room is the one of most interest in this work since it is where the 
mould issues are most intensive, but the focus of the tracer gas measuring at the time they 
were performed was mainly the Kings’ Hall, three rooms away. Therefore, the placement of 
the sensor in the Gray Room, furthest away from the Kings Hall, was not given as much care 
as the others. 

The resulting air exchange rate, AER, for that room in the first series of measuring hence 
shows values that appear somewhat unreliable. In general the average AER acquired from the 
measuring indicates a fairly regular pattern: very high AER in the tower rooms which have 
leaky windows in almost every direction; also large in the corner rooms, which was the reason 
for the investigation of the wind pressure coefficients performed within the work of this 
thesis; and then gradually lower AER as the measuring comes closer to the middle of the 
façades. 

The Gray Room is not a tower or corner room and it should hence, if the pattern was 
followed, have a slightly lower AER than its neighboring room, the Count’s Bedchamber. 
Instead it breaks the pattern by displaying an AER that is approximately twice the size of the 
Count’s Bedchamber during two of the three measurement periods in the first measuring 
series (it was not measured during the first period), and significantly lower in the last one. The 
two last measure periods of that series were the ones utilized in this work, and hence more 
attention was paid to the measured AER of the other rooms in the study during those periods. 
In the second measuring series the sensor was placed further into the room and the derived 
AER is quite different and adheres better to the general pattern. 

 

 

Fig. 1.8: The Kings’ Hall, 
with the huge paintings of the 
kings on the wall. (Photo: 
Erik Lernestål, Statens 
Historiska Museum, CC BY-
SA) 
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Fig. 1.9: The mentioned rooms in the castle 

1.5.6 Indoor climate 
The building functions as a museum during the summer and houses a large collection of 
historic artefacts, most of which date from the time when the building was built. Still, and 
despite the cold Swedish climate, it remains mainly unheated. However, some parts of the 1st 
floor are heated, especially the office rooms used by the museum staff. Those spaces are 
heated to around 20 °C. Some of the other rooms, workshops etc, on that floor are kept at 
least at 3 – 5 °C to remain frost-free. This partial heating does affect some of the unheated 
areas as well, although the impact on average room temperature is rather small, if any at all.  

Some areas have been equipped with small heaters to supply conservation heating, among 
them the Library on the top floor and a storage room for paintings on the 3rd floor. However, 
in order to study the building performance before any mitigating measures were taken, the 
study in this work is focused on a time period, the year 2009, before any such measures were 
implemented within the studied area of the building, so that all areas studied at the time were 
unheated and were only to a very small extent affected by proximity to heated areas. 

The indoor climate in the unheated spaces, which constitute most of the building, displays 
striking deviations from room to room, also in rooms of similar volume and façade area. This 

2A 
The Kings’ Hall 

2X 
The Count’s 
Bedchamber 

2V 
The Gray Room 

2C 
The Countess’s 

Bedchamber 

2R 
The Blue Room 

2H 
The Nursery 
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Fig. 1.10: The AER at the first measuring period in the second series, in October 2009, where 
the sensor for the Gray Room was placed more centrally in the room, from (Boman and 
Stymne, 2011). The names used for the rooms are different in this graph, but “2020” is the 
Gray Room, “Ö hörn” is the Count’s Bedchamber and “Ö torn” is the tower room adjacent 
to the Count’s Bedchamber. “Kungs.” is the Kings’ Hall. 

is not only due to differences in proximity to heated parts of different temperature, but also 
due to different exposure to wind pressure and solar irradiation, both of which are affected by 
the direction of the room and sheltering and shading caused by towers and vegetation. Local 
turbulence of the air flow around the building does have a significant impact as well, is shown 
in chapter 5. 

The deviations of the indoor conditions are not huge but are still critical, given that the indoor 
climates of the unheated spaces practically all balance on the border between hazardous and 
less hazardous conditions from a conservation point of view. Thus, even rather small 
deviations may mean the difference between high or less high damage risks. Due to this the 
demands on the accuracy of the simulation model become high, hence increasing the 
importance of the correctness of the AER. 

Most of the rooms have large open fireplaces, and tile stoves adjacent to them. Some 
chimneys were left open at the time of the investigation, thereby providing a means for 
additional air movement, but the main causes of the relatively large leak flows are to be found 
in the openness towards the ambient climate towards the court yard and the leakiness of the 
exterior façades around the windows. 

1.5.7 Ventilation 
The ventilation is natural and the AER at the time of the documentation used in this report 
was heavily influenced by leak flows and doors being left open, or even permanently fixated 
in an open state, in an attempt to “air out the moisture”. Also the two large staircases were 
open to the ambient climate at the bottom floor and to some extent also towards the outdoor 
aired attic, creating a chimney effect. Therefore, the draft through the staircases was 
prominent, and the staircases are then also open towards the hallways along the inner court 
yard at all floors, ensuring ample air flow through the building. 

Towards the outer side of the building, which is more wind-exposed than the court yard-side, 
the main cause of leak flows was found around the windows. Most of the perimeters of the 
windows were fairly leaky at the time of this investigation. A majority of them may have been 
the original windows from the 17th century, although some might have been replaced in the 
19th century, using the same design and materials as in the original ones. Most of the windows 
were in a rather deteriorated condition, and in many cases there were gaps in the range of 1 – 
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5 mm between frame and wall, and similar gaps between frame and sash. The air exchange 
over the building envelope was hence noticeably high. In a few rooms, displaying an indoor 
climate that clearly deviated from the other rooms in that they were warmer as well as less 
mold-affected, the windows had been replaced with more modern ones in the 1940s when 
parts of the building were inhabited. Today, there is a renovation project in progress aimed at 
amending the window leakiness, and the investigations presented in this article refer to the 
pre-renovation state of the building. 

The air exchange is limited between the rooms at the 1st and 2nd floor due to the massive 
vaults of the floor structure between them, but at some locations there are or have been holes 
made between rooms with heating on the 1st floor and unheated spaces at the 2nd floor, which 
creates buoyancy caused air flows. This was particularly in the Countesses’ Bedroom (fig. 
1.6), that has a door to a hidden stairway within the exterior wall, connecting it to the lower, 
heated areas used as an office today. There is a door at its lower end as well, but both doors 
were leaky, and the air movement between them fairly prominent. Also connected to the 
stairway – without any door – is a low air volume between the ceiling of the office rooms and 
the vaults and the floor of the Countesses’ Bedroom.  

As mentioned above the AERs in the corner rooms, the ones adjacent to the towers, and the 
rooms in direct connection to these were generally larger than merely the corner location and 
leaky windows could motivate, according to the tracer gas measuring. Thus the hypothesis of 
the wind tunnel study was that the high AERs were caused by turbulence around the towers 
and a build-up of overpressure around them where they block the path of the wind. The 
question then, was to which extent it influences the reliability of a simulation of the building, 
and its resulting prediction of indoor climate, if this effect is neglected in the simulation 
model. 

The symmetry of the building and thick walls between the rooms might make it tempting to 
restrict the building simulation to just a quarter of the building and assume adiabatic 
conditions or measured values around. However, as mentioned above, the actual conditions of 
the rooms in the different quadrants are not equal, and adiabatic conditions cannot be 
assumed. Differences in solar irradiation and shading create varying conditions in different 
parts. Also, the abundant leak flows as well as the air flows within the building present 
unneglectable impacting factors, and the influence that the climatic conditions of the rooms 
have on each other is at times prominent. It is thus not possible to isolate one part and 
investigate it separately without considerable loss of credibility in the output of such an 
investigation. 

It is, however, reasonable to limit the actual assessment of the indoor conditions to the rooms 
that are most at risk – known to be so due to previous investigations and documentation of 
primarily mould issues. Hence the entire building has been simulated, but the results 
evaluated have been limited to mainly six rooms in the north-eastern corner of the 2nd floor, 
though also including reference rooms outside that corner, at the north and south sides of the 
same floor. 

1.5.8 Thermal inertia 
The simulation must also to take into account the actual variations of the outdoor climate, 
making use of at least hourly values, in order to be able to identify and study the climatically 
most critical points – in the building geometry as well as in time – from a damage risk 
perspective. In the case of buildings with a heavy construction, such as the one in this case, 
there is also the thermal inertia and its impact on temperature and moisture levels to take into 
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account. This impact may affect the climate on room level as well as on the level of the 
microclimate at the surfaces of the building components, especially by the thermal bridges. 

1.5.9 Issues in Skokloster Castle 
Since the building is mainly unheated there are no issues related to the energy usage as such 
in the building; rather there is a concern about how to limit the increase of energy usage that 
might be caused by solutions needed to improve the preservation conditions. Therefore, the 
main issues are the preservation problems, related to high relative humidity and large 
fluctuations in temperature and moisture levels. This is mostly seen as mould growth, but also 
in the peeling of paint and the cracking of wood. 

 

Fig. 1.11: Inspecting a mould outbreak on the back of a painting in the “Kings’ Hall”, one of 
the rooms towards the east. (Photo Ralph Kilian) 

Considering the indoor climatic conditions that the materials are exposed to, especially 
compared to what is considered suitable according to museum standards, many of them are in 
a surprisingly good shape. However, many of them are not, and for some of the better cases 
the state they are in is not just due to their ability to survive the climate, but rather to the 
tender care of the conservators engaged at the castle. 
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Fig. 1.12: Mould in tapestry, close-
up (Rothlind, 2011) 
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The lack of even more severe damage can partly be attributed to low temperatures, as 
microbiological growth is slowed or halted (Mattsson, 2004; Sedlbauer, 2001), just as some 
chemical reactions, at the temperatures reached. However, outbreaks of moulds do occur 
regularly, especially in rooms at the 2nd floor towards the north, and these outbreaks have to 
be remedied. The reason that these rooms especially are affected is likely to be found in the 
fact that the walls at this level are very thick, meaning they retain the winter cold for a long 
time in spring/early summer, which can potentially make the abundantly inflowing moist 
outdoor air condensate at their surfaces. Ont the 1st floor the thermal inertia may be the same, 
but the walls are not quite as cooled down during the winter due to artificial heating as well as 
the heat that the ground provides to these rooms. On the problematic 2nd floor, towards the 
other directions, east, south and west, the large windows, although they are covered by 
curtains to prevent UV-light from reaching sensitive materials, let in relatively large amounts 
of heat, and solar irradiation is speeding up the warming of the walls. Consequently, those 
rooms are kept at least somewhat more out of harm’s way, although mould growth outbreaks 
have been noted in these rooms too, albeit less frequently. The rooms towards the north do not 
receive much of such help from solar irradiation, and the conditions are more severe, or rather 
even more suitable for mould growth. 

 

 

Even the protective effect of low temperatures cannot prevent all the damage that high RH 
may cause. A diagram by Marion Mecklenburg, fig. 1.14, from (M. F. Mecklenburg, 2007), 
shows the strain that the some of the materials in a painting can cope with at different levels 
of RH. It shows that at a RH over 80% the hide glue in the painting loses all its integrity and 
is no longer of any use. Such RH-values occur frequently in the indoor climate of Skokloster 
Castle. The measured RH in the room air vary from about 48% – 94% over the year, and the 
RH in the microclimate by the wall surfaces may be higher, especially behind paintings and 
tapestries. 
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Fig. 1.13: Mould in a painting at Skokloster, 
before restoration. The effect of the wooden 
frame can be seen towards the edges, as the 
establishment of mould colonies are markedly 
less present there (Rothlind, 2011). 
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Fig. 1.14: Relationship between the performance of materials in a painting and RH, 
according to (Mecklenburg, 2007). 

The same thermal inertia that may cause the moisture issues due to high relative humidity by 
the thick, plastered walls, may however also have a smoothing impact on the temperature and 
moisture fluctuations within the rooms. This, in turn, may explain why the peeling of paint 
and cracking of wood mainly occurs in the corridors rather than in the rooms, as the peeling 
and cracking is mainly caused by fluctuations. In the corridor a high AER combined with 
large, unshielded windows make the climatic fluctuations more abrupt. 

An interesting deviation in the indoor climate of the castle is the conditions in the Armory on 
the 4th floor. This was planned already from the beginning as the showcase for the count’s 
weapons collection and also from the start the walls of the three rooms of the Armory were 
lined with rough, unpainted wooden boards instead of the painted plaster found in the other 
rooms. The indoor climate is generally less hazardous in terms of humidity on the 4th floor, 
which is the reason that the weapons collection as well as the Library are both located there, 
but that has not managed to keep the Library entirely out of harm’s way. The Library does 
however not have the same rough wood lining of the walls as the Armory does. 

 

Fig. 1.15: Part of the Armory, the tower room (Photo: Erik Lernestål, Statens Historiska 
Museum, CC BY-SA) 
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The Armory, on the other hand, has the best indoor climate in the castle, due to the moisture 
buffering properties of the wooden lining. This relates well to the investigations of (Künzel et 
al., 2004), which showed the impact of wall lining with wooden products on RH-fluctuations. 
As this was the plan from the start it is reasonable to assume that the wooden lining was a 
conscious strategy to ensure the best preservation conditions for the collection that the count 
treasured the most, his weapons. After all, it was as the great warlord he made himself a 
name. 

Hence, when simulating Skokloster Castle, it is crucial to have accurate moisture levels over 
time, in order to assess potential damage risks, and it must also be possible to simulate 
potential mitigating strategies. 

1.6 Case study object 2: Hamrånge Church 

1.6.1 Structure 
The building is a hall church from the mid-19th century, which was finished in 1851 and put 
into service in 1854. Its architecture is typical for the time period: 1.3 m thick, rendered 
masonry walls, large windows, barrel-vaulted wooden ceiling over the central nave and lower, 
horizontal ceilings over the side-naves. Towards the south there is an apse with the altar and 
two large windows flanking the altar picture. The naves are separated by slender pillars, and 
the pews surround the pillars so that there is one middle aisle and passage along the outer 
walls on the other sides of the pews. There are large entrance doorways for the congregation 
in the middle of the east, north and west walls. The dimensions of the building are 63 m by 
18.5 m in plan, and it has a height of 17.2 m except for the tower which is 45 m high. The 
interior volume of the church hall is 7620 m3. Underneath the church hall is a crawl-space. 
The church hall itself does not have any noticeable moisture issues, but the crawlspace did at 
the time of the investigation, and was also afflicted by mould growth at that point. 

1.6.2 Site 
The church is located on a small elevation, about 10 m high, in Bergby outside Gävle. It 
replaced a medieval church that was situated lower down a few hundred meters to the west, 
closer to a creek. The previous church had been damaged by cracks due to the argillaceous 
ground there, so the new church was built on higher, more stable ground.  

It was erected at a time when the traditional way of orienting the churches, with the altar in 
the east, was starting to break up, and in this case the apse with the altar is turned towards the 
south and the tower towards the north. 

The low-rise buildings of the village are situated to the east of the church, and towards the 
north, west, and south the church is surrounded by down-hill slopes with sparce vegetation of 
mostly low and a few higher trees; beyond that the vegetation is mainly open fields. Extensive 
felling of the vegetation next to the church in 2012, specifically towards the west, along with 
the high placement and surrounding open landscape makes it rather wind-exposed. The 
openness also accounts for rather large amounts of solar radiation. 

1.6.3 Materials 
The rendered masonry walls are made of stone, which is largely reused from the walls of the 
previous church. The windows have double glazing and are weather-stripped. The pillars are 
wooden, mottled to look like stone, and the floor between the church hall and the crawlspace 
is also wooden, with a filling of gravel. 
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1.6.4 Artefacts 
Being of a modest age for a historic building, the artefacts made for and collected later in the 
building might not be as sensitive as the ones in Skokloster Castle, but there is also a 
collection of older items from the previous church that was transferred to the new one when it 
was put into operation. The items are some painted birch wooden statues, but also furniture, 
pieces of ornamentations and a carved and painted altar piece from the 15th century. The 
baptismal font made of stone and a triumphal cross made of oak on pine and birch wood are 
both from the 13th century. These items might require particular attention in terms of 
preservation due to deterioration as well as cultural value. 

1.6.5 Measuring 
Measuring was performed by the University in Gävle, also within the framework of Spara & 
Bevara, and was supervised there by Magnus Mattsson. The temperature was measured by 
thermistors, 0.47 in diameter and 4 mm long, in a series of 11 measure points on different 
heights on a measure rig placed 0,88 m from the east wall and 13.3 m from the north wall. 
The heights ranged from 0.1 – 9.8 m above the floor. A 12th thermistor was placed in the 
crawlspace, 0.1 m below the floor between the crawlspace and the church hall. 

There were also six measure points for surface temperatures, measured by thermistors, about 
2.5 mm, taped to the wall with tape the same color as the wall. four of them were located on 
the east wall at heights ranging from 0.6 to 8.0 m above the floor, one in the south-east corner, 
at a height of 5.0 m above the floor and 1 in the ceiling, 9.9 m above the floor.  

In addition, there were six more sensors placed at strategic points in the pews and near the 
windows, but the values from those were not utilized in this work. The RH measuring was 
utilized, however, and it was measured in two points, one in the measure rig at a height of 5.0 
m above the floor and one in the crawlspace, at the same height as the thermistor there, 0.1 m 
below the floor. 

1.6.6 Indoor climate 
The thick, heavy construction means that the thermal inertia in the walls is high. The heating 
is intermittent, holding a temperature of 20 degrees during weekends and about 12 degrees 
during weekdays in winter. The heating is achieved with electrical radiators underneath the 
windows and underneath the seats of the pews. 

1.6.7 Ventilation 
The ventilation is natural, without vents in the hall. The crawlspace does however have vents, 
and some of the air enters the church hall from the crawlspace through the floor, bringing 
along moist air and sometimes a foul smell of mould.  

1.6.8 Issues 
The main issue was mould growth in the crawlspace. Also, from that the energy usage was 
undesirably high. 

1.7 Context for the investigations 

1.7.1 Global energy and CO2-perspective 
Historic buildings make up somewhere between 1 – 5 % of the total building stock, and if 
traditional buildings are added the percentage may be around 10 – 40 %, depending on the age 
threshold chosen (Webb, 2017). More than 40 % of the residential buildings in Europe were 
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built before the 1960s, when energy regulations were quite lax (Mazzarella, 2015), and they 
comprised 68 % of the total energy usage in buildings in that area in 2009.  

The total global building stock in turn accounted for 3050 Mtoe out of the total global energy 
usage of 14301 Mtoe in 2018, which is 21,3 %. As the energy efficiency in older building is 
generally lower than in new buildings (Mazzarella, 2015), the energy usage of older buildings 
does have a significant impact. The impact on CO2 emissions may be even greater – the total 
building stock was responsible for the emission of 9,5 Gt of CO2 in 2018, which is 28,8 % of 
the total emissions caused by humans. Enhanced energy efficiency has caused the energy 
intensity (measured as energy usage per m2) in buildings globally to decrease by about 1,5 % 
per year over the last few years. However, since the total building stock has grown more in 
that time, the total amount of CO2 emissions from buildings has increased by 7,2 % from 
2010 to 2018, when indirect emissions are included (IEA Global Energy & CO2 Status 
Report, 2019). In order to reach the United Nations Sustainable Development Goals the 
energy the energy intensity would have to decrease twice as fast as it is currently decreasing. 

Continuing on the global energy statistics, the carbon intensity of energy generation has 
decreased since 2013, but the energy usage for especially cooling, appliances and other plus-
related loads is growing quickly (IEA Global Energy & CO2 Status Report, 2019). Increasing 
temperatures and extreme climate events, such as heat waves, related to climate change may 
increase the importance of energy efficiency in strategies for cooling. While cooling is not a 
typical issue for historic building – appliances for heating and dehumidification may however 
be. Therefore, there is an urgent need to achieve suitable indoor climate and ensure 
preservation with a minimum of energy usage as well as exergy usage. Finding suitable 
passive measures, such as possibly utilizing old solutions that the buildings may have been 
equipped for from the start, would be of great value. 

One could argue that since the energy intensity is lower in modern buildings it would be a 
viable strategy to eliminate as much as possible of the old building stock and replace it with 
more efficient buildings. Apart from the cultural heritage values, that reasoning does not take 
embodied energy into account, something pointed out by (Jackson, 2005), who related the 
embodied energy concept to historic buildings and preservation.  

Jackson’s article made different life-cycle analyses, comparing embodied energy and 
operating energy for some scenarios, and showed that a scenario where an existing, energy-
inefficient building is demolished and replaced with one of the same size but with half the 
operating energy usage, would take 57 years before an actual energy saving was achieved. 
Letting the old building remain and be reused for another purpose, while building a new 
building, with half the operating energy usage for the function of the old one would take only 
34 years, almost half the time.  

Both of these are long times, though. The first scenario, the demolition case, where the time 
until an energy saving could be reached could be as long as the building’s life span, would 
hence potentially never reach a net energy saving. Those are just two examples and cannot be 
taken as generally applicable, but Jackson’s article concludes that it could take at least 30 
years before a demolition and replacement with a new building actually reaches a net 
cumulative energy saving. Keeping and retrofitting the old building would seem to be a better 
option from an energy saving point of view. Factoring in the sheer amount of buildings that 
would have to be replaced by modern ones if all old buildings with low energy efficiency 
were to be replaced, combined with the fact that the percentage of new buildings per year 
right now is about 1 % despite an alarming construction growth rate, it can be seen that it is 
increasingly important to find effective ways of improving the energy performance of older 
buildings. Finding ways to build new, net-zero buildings or even plus-energy ones is 
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important, but the real challenge is to improve the existing, less efficient building stock, if the 
energy usage of the building sector is to be significantly reduced. 

1.7.2 Guidelines, rules and regulations 
The fact that a large part of the building stock is old and that these buildings account for a 
large proportion of the total energy usage is also the reason for a shift in the perspective of 
legislators and authorities. The Energy Performance Directive of 2002 (Directive 2002/91/EC, 
2002) that the European Commission put forth was mainly focused on new buildings. In it, 
Member States were told to ensure the enhancement of the energy performance of the existing 
building stock “in so far as this is technically, functionally and economically feasible”, and 
any regulations for buildings protected for their cultural heritage values or buildings used for 
religious purposes were voluntary. Historic buildings were hence mostly exempt from the 
energy enhancement demands. This was also the case in other strategies of the European 
Union, the Energy Performance Certification and Energy Policy Strategy Horizon 20-20-20. 

A subsequent directive, the Energy Performance Directive of 2012 (Directive 2012/27/EU, 
2012) has a broader scope, and when it comes to buildings it still contains the passage making 
buildings of protected cultural value-status and/or buildings for religious use exempt from the 
demands of the directive, but it does contain much more aimed and mandatory demands on 
the Member States to improve the energy performance of the existing building stock. 

The shift in approach is seen even more clearly in the standards. EN 16883:2017 
Conservation of Cultural Heritage – Guidelines for improving the energy performance of 
historic buildings (EN 16883:2017, 2017) shows the difference in approach – from exempting 
the historic buildings to protect them from being exposed to radical measures to the issuing of 
standardized methods and procedures for the energy enhancement of them. This can be due to 
the realization of two important insights:  

a) That the increasing costs of energy and energy consciousness combined with a need to 
make the buildings useful and economically feasible to maintain them, will expose them to 
retrofitting attempts anyway, even if they are exempt from the regulations. 

b) Some of the energy-demanding climatization of the historic buildings may actually be 
exposing them to damage risks, making it valuable to examine their energy usage from a 
preservation perspective as well (Camuffo et al., 2004). 

EN16883:2017 puts the enhancement of energy performance of historic buildings into a 
sustainability context and contains a procedure for the decision process when energy 
enhancement strategies are to be made. It stresses the importance of a thorough investigation 
before any decision is made, with a survey and description of cultural values, historic and 
planned use of the building and the present condition. It also lists assessment criteria to be 
taken into account where applicable.  

As for the energy assessment EN 16883:2017 refers to the standards EN 16247-2:2014 (EN 
16247-2:201, 2014) on energy audits, EN 15603:2008 (EN 15603:2008, 2008) on assessment 
of overall energy use and EN 15643-1:2010 (EN 15643-1:2010, 2010) on sustainability 
assessment of buildings. However, one aspect that is lacking in these is the correlation 
between thermal and humidity performance. Since humidity is the most prominent factor in 
most of the potential damage risks in historic buildings, this is significant. The preservation of 
the cultural values are stressed in the standard, careful investigations and encouraged and 
diligent assessments are required, but the assessment of moisture performance as such is not 
explicitly addressed. EN 15026:2007 Hygrothermal performance of building components and 
building elements – assessment of moisture transfer by numerical simulation (EN 
15026:2007, 2007) is however mentioned in the bibliography of the standard. 
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It can be noted that EN16883:2017 does not define historic buildings in the same way as the 
Energy Performance Directives, which limited the term to buildings listed as protected, 
instead, it expressly states that a historic building does not necessarily have to be statutorily 
designated as cultural heritage; it is sufficient for it to be of heritage significance. 

1.7.3 Preservation and historic climate 
One crucial aspect of the matter of preservation of buildings as well as the potential 
collections kept within them is the question about the climatic requirements. The 
determination of what is to be considered a suitable, or even just acceptable, indoor climate 
for preservation is not a simple matter. Parameters such as the type of collections, materials 
and material combinations – of artefacts and building, level of deterioration, wear, etc., may 
all differ widely and hence have a wide variety of preferable conditions. How prioritize? And, 
once an ideal climate for preservation has been determined, it is not necessarily easy – or even 
possible – to achieve it. It might require excessive amounts of energy but it might also require 
invasive measures in the building, to accommodate the installations necessary, threatening the 
integrity and authenticity of the cultural values of the building fabric. So, parallel to the 
development of strategies for energy enhancement of buildings of the cultural heritage, 
another debate is taking place, on the climatic requirements for preservation, addressed in EN 
15757:2010 Conservation of Cultural Property – Specifications for temperature and relative 
humidity to limit climate-induced mechanical damage in organic hygroscopic materials (EN 
15757:2010, 2010). 

1.7.4 Museum guidelines 
After World War II and during a period with relatively cheap energy and quick development 
of effective HVAC strategies (Silva and Henriques, 2015), museums started to find it possible 
to restrict the indoor climate in order to ensure preservation of their objects. The focus was 
initially on monitoring the microclimate, but as developing technology allowed it, rather strict 
guidelines for what constitutes a suitable climate for the preservation of museum objects 
emerged, more or less each of the important museums creating or at least adopting their own 
guidelines.  

With slight variations and sometimes divisions into sensitivity classes with more or less strict 
boundaries, the general idea has been that around 50% RH with seasonal fluctuations from 0 
to 15 % and short term fluctuations most often less than 5 % would constitute an acceptable 
climate for preservation for sensitive museum objects (Bratasz, 2012). The allowable 
temperature range has often been a bit more flexible with a preferred temperature of about 21 
°C with allowed minimum temperatures ranging from as low as 5 °C to as high as 20 °C and 
maximum temperatures of 22 - 25 °C.  

1.7.5 Issues with the guidelines 
Keeping the RH that stable, and the temperature within the allowed range in museums in 
historic buildings with little or no insulation, requires tremendous amounts of energy – and 
might not be possible to reach at all, even with that expenditure. The prescribed conditions 
may also clash with suitable conditions for the preservation of the building, as the relatively 
high temperatures compared to those that often prevailed in the past may be decidedly 
unsuitable for the building envelope as well as for interior surfaces in some cases. As (Rose, 
1994) stated, the larger the gradient over the building envelope the larger the stress. The 
building structure may be able to handle that stress reasonably well, but unnecessarily large 
differences between indoor and ambient climate means unnecessarily high risk for the 
materials of the building envelope. 
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However, the risks to the building envelope are however not limited to stress. A lack of 
insulation or erroneously applied insulation and a warm indoor air with relatively high 
absolute humidity may cause problems. Such problems may be thermophoresis and soiling 
(Camuffo, 1991, 1998a), rot, corrosion and spalling (Brown and Rose, 1996), condensation at 
cold surfaces in spite of low RH in room air and ensuing potentially favorable conditions for 
microbiological growth or loss of adhesive properties in hide glue (Brown and Rose, 1996; M. 
Mecklenburg, 2007; Neuhaus and Schellen, 2007; Šijanec Zavrl, 2004). (Melin and Legnér, 
2014) has also shown that craquelures in paint layers may occur more often the higher the 
energy usage is, and indicated a correlation between indoor temperature and paint damage as 
a general tendency, although the correspondence was not entirely clear-cut in all the examined 
cases. 

Also, as mentioned above, the strict and inflexible museum guidelines in the most cases 
would require quite elaborate HVAC installations to ensure the prescribed climate under all 
circumstances. The stress on the building envelope is not the only issue in that regard, it might 
also be a problem to install such systems in buildings of the cultural heritage without causing 
irreversible damage to the building fabric when ducts, piping and/or electrical installations 
have to transverse it. 

1.7.6 Criticism 
(Burmester, 2000) stated that due to the differences in suitable conditions for various 
collection items by virtue of their composition, age, history, and so on, it would seem 
impossible to set fixed conditions as the “right” ones for every case and under all 
circumstances, Instead, it must be the responsibility of the curator/care taker to know the 
objects in the collection well enough to decide what would be the most optimal conditions. 
That could mean both very narrow limits for the climatic conditions and much more lax ones, 
as compared to the harsh museum guidelines, depending on the specifics of the collection. 

There has also been criticism pointing at a lack of scientific evidence for the claims that the 
specified restrictions for the preservation climate actually constitute the best option, even in 
general. (Erhardt et al., 2007; Mecklenburg, 2007) and (Brokerhof, 2007) have all attempted 
to relate the guidelines – and often conditions outside the ranges of the guidelines – to the 
science of micro climates for preservation, especially in studies of the impact of RH 
fluctuations. 

The results in the literature both support and reject that criticism. Almost every study on the 
subject shows that 50% RH is an optimal level in most cases. In that sense the guidelines are 
correct – it’s not just a myth or made up figure, preservation conditions are generally better at 
that relative humidity. However, this is not universally the case for all objects and/or materials 
under all circumstances. And that is likely not the real issue in this context either; the main 
question is how far from that ideal the preservation climate can diverge before it becomes 
hazardous for the collections and/or the building. Another crucial question, relating back to 
(Burmester, 2000), is whether there is a correct answer to that first question at all. 

Basically, different materials respond differently to fluctuations in RH and T, and also to 
varying extents depending on the frequency and length of the fluctuations. (Bratasz, 2010; 
Jakiela et al., 2007; Knight and Thickett, 2007; Mecklenburg, 2007) have all discussed the 
impact of fluctuations. The intermediate to short ones, or sudden changes of longer duration, 
would appear to be the most dangerous, and may have the largest impact. The hazardous 
length of the time period may vary from material to material, but would mostly be in the 
range of days or weeks. As for general average levels, it is indeed so that the risk for 
biological ongrowth increases with the temperature and relative humidity. Therefore, 
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disregarding the question of whether a collection has been kept in a climate with high 
temperature and relative humidity in the past or not, and has been acclimatized to it, the fungi 
do not bother about the past, they live entirely in the present. 

However, while criticizing the traditional museum guidelines for lack of foundation in 
science, (Michalski, 2007) spent a large portion of his article telling a story about how he 
began working with a chapter on climate recommendations for museums in ASHRAEs 
Handbook, and about the benefit of keeping objects in a microclimate they have been kept in 
previously, disregarding whether it complies with the museum guidelines. He then elaborated 
on the notion on the historic climate, object acclimatization and his concept of “proofed RH 
or T”. 

1.7.7 The concept of the historical climate 
The theory he puts forth is that cracking in materials due to fluctuations in humidity and/or 
temperature occurs because of strains between two material layers with deviating 
hygrothermal behavior, and once that strain has resulted in fracturing the stress is released and 
does no longer constitute a threat. This would then lead to the conclusion that once an object 
has been through a fluctuation of a certain kind and amplitude a few times, all the cracking 
that can occur has already occurred and it becomes so to say “pre-disastered”, as an analogy 
to The World According to Garp (Irving, 1978). Further exposure to such conditions will not 
produce more damage, so the object can hence be kept in that specific microclimate without 
any continued risk. The claim of Michalski and others is that a climate that an object has been 
kept in for some time – even if it does not comply with the stricter museum guidelines – will 
be suitable as an environment for the object from a preservation perspective. It is argued in 
Michalski’s article that it will even be more advantageous from a preservation point of view 
than RH and T values would be considered better in the museum guidelines, since a change of 
climatic conditions would cause new strains and hence pose a new potential damage risk. 

This theory has also been mirrored, reiterated, elaborated and commented on by others, such 
as (Bratasz, 2012), and heatedly debated. Yet, as it has won approval in the standard EN 
15757:2010 which is entirely based on it, many of the articles on the subject and in the 
ASHRAE guideline on the matter, it might at least seem as if the debate has already been won 
by the historical climate advocates – and that it is now a matter of how it should be applied 
and to what extent. 

1.7.8 Issues with the concept 
In its most basic form the theory is as appealingly simplistic as it is controversial since the 
issue is anything but simple. As also the people propagating the idea state, there are several 
issues that disrupt the simplicity: 

 Different materials behave differently; even different samples of the same kind of 
material in the same surrounding may display deviating response to humidity 
fluctuations. Therefore, the fact that one object is fractured enough to not be able to be 
harmed by a specific micro climate does not mean that a neighboring item of the same 
kind is not going to be damaged by it (EN 15757:2010, 2010). 

 Fluctuations of the same amplitude may pose different risk depending on the level 
they are varying around. As (Jakiela et al., 2007) shows, the damage risk due to stress 
of a specific RH change is variable depending on the initial RH-level, with a larger 
stress response the further from the midrange the RH comes (though that study 
involves sudden, stepwise changes in RH rather than cyclic fluctuations back and 
forth). A graph from that study can be seen in fig. 1.16, showing curves for different 
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sizes of RH-change related to initial RH before the change and the stress in the wood 
that the change generated. Also included are the ranges within which the response was 
reversible, irreversible and where failure occurred. It can in that graph be seen that 
reversible response was only seen for changes of 10 %, and only if the initial RH was 
between 30 % and 75 %. The stress was in all cases at its lowest when the initial RH 
was around 50 %. So the RH level from which the fluctuation originates would seem 
to have an importance, not just the amplitude. 

 Restoration rebinds layers of the materials and undoes the “acclimatization”, so that 
new cracks can occur if exposed to the same historic climate as before the restoration. 

 It is hard to know when the cracking actually ceased, since the deterioration may be 
cumulative and can proceed in a stepwise manner – it may seem that no new cracks 
are occurring and that the material is stable, and then it suddenly starts disintegrating 
again. Then, keeping the object in that climate did cause damage even if after it was 
assumed to be “safe” (Bratasz et al., 2007). 

 Cracking due to dimensional changes and/or chemical changes due to different 
moisture content is not the only potential source of damage at temperatures and 
relative humidity outside the standard range. Salt transport and crystallization, soiling, 
condensation issues, microbiological growth and pests can all benefit from high or low 
temperature/moisture levels (Michalski, 2007), and several of the people taking part in 
the debate recommend continued limits to the climates for preservation.  

 Knowledge of the actual historic climate that an item has been exposed to may be less 
adequate than is known. Monitoring of the micro climate may be done without enough 
regard for local deviations, and/or may be performed for too short a period of time or 
be carried out with equipment that has not been calibrated often enough. This may 
give false references about what could be considered safe or not (Bichlmair et al., 
2012). 

 

Fig. 1.16: The stress in wood after instantaneous changes of RH of different sizes were 
introduced, from the work of (Jakiela et al., 2007). 
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1.7.9 What is actually meant? 
It can also be slightly unclear what the term “historic climate” actually refers to, both in terms 
of how far back in the past it should reach and how closely monitored it should have been at 
that time. As for the length of the monitored time period EN 15757:2010, the standard on the 
specification of suitable T and RH for preservation of items of the cultural heritage and also a 
standard that has embraced the historical climate concept entirely, states that the time period 
should be “a prolonged period (at least one year)”. Considering the age of the buildings and 
items that are involved as well as the potential magnitude of climatic deviations between 
years in uninsulated and/or naturally ventilated historic buildings, a single year can hardly be 
called a “prolonged period”, nor “historical” in the usual sense of the word. (Luciani, 2013) 
engaged in the question of how a historical climate is defined. 

What demands should be made on the monitoring, calibration and accuracy of equipment, 
how in-depth should the investigations of the condition of the objects be, and exactly what 
parts of a collection should be considered? Should the actual micro climate of every single 
object be taken into account, or are general room values for T and RH enough, disregarding 
potential deviations within the room? This question was also posed by (Bichlmair et al., 
2012). 

In museums with extensive HVAC installations and precision climatizing of rooms it might 
be possible to assume somewhat similar climatic conditions within a room, but the whole idea 
of the historical climate concept is to allow for museum environments that do not have that 
even and precise indoor climate, and to accept historic buildings with a lot more varied indoor 
conditions, where the deviations within a single room may be considerable (Camuffo, 1998b). 

1.7.10 The standard 
EN 15757:2010, Conservation of Cultural Property – Specifications for temperature and 
relative humidity to limit climate-induced mechanical damage in organic hygroscopic 
materials, is entirely dedicated to the concept of the historical climate as tool for determining 
a suitable indoor climate. There are still some vague points in it, especially with respect to 
allowable fluctuation – although the entire concept of historical climate builds on the impact 
of the fluctuations. For instance, in §5.2 of EN 15757:2010 it would seem that reference to 
historical climate means that the general, average temperature and/or relative humidity can be 
allowed to wander outside the previous recommendations of the museum guidelines but that 
fluctuations should be kept to a minimum. Yet the theoretical background of the concept, built 
on the stress caused by fluctuations, does not really suggest that – although it does warn about 
the stress that could be built up if a change in particularly RH is made, even in order to adjust 
the climate to the “ideal”. Rather it would suggest that it is the historical frequency and 
amplitude of the fluctuations that could be allowed, something that is also, somewhat 
contradictory, referred to in the standard in §5.3. However, merely high or low temperatures 
and relative humidity levels have other implications, compared to the fluctuations; some are 
advantageous, some less so. 

Not keeping track of the relationship in time between the moving average RH and the short 
time fluctuations may be problematic, as the frequencies and amplitudes have different 
impacts depending of the level that they are moving around. Therefore, it would be essential 
for the preservation conditions to assess the fluctuations differently depending on different 
moving average levels. As (Jakiela, S et al., 2007) shows, the fact that an object has been 
subjected to RH variations of 20 % when the moving average RH was 50 % and fluctuations 
of 10 % when the moving average RH was 70 % does not mean that it is possible to say that it 
will not be damaged at a RH of 70 % and short term fluctuations of 20 %. However, the 
standard does says that the fluctuations should be kept below the historically recorded ones, 
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so it does not explicitly claim that the maximum fluctuation is safe, however, the theory 
behind it maintains that the damage that could be done to the object by such fluctuations has 
already been done. So while it might be obvious to anyone now in the field that the 
fluctuation may have different impact at different average RH levels, the standard treats all 
fluctuations the same, regardless the level of the moving average. 

There is also the question of the duration of the fluctuations and how short is short (Bichlmair 
et al., 2012)? Are fluctuations of all kinds of frequency just as acceptable, as long as they are 
recorded in the past? They should be if the logic behind the theory is followed, but it does not 
seem to be entirely clear if there is a general consensus among the experts on that point. 

In EN 15757:2010 different priorities in the determination of preservation criteria are noted, 
stating that if a hygroscopic material is affected more by RH then by temperature then 
fluctuations in RH should be avoided. However, it also states that the most appropriate in such 
cases would be to limit the fluctuations so that they do not exceed the historical variability. 
Therefore, the fluctuations should both be avoided and not avoided. A few sentences later, the 
standard concludes that daily cycles should be avoided and the RH should remain constant 
day and night. So which is it – daily variations not exceeding the historical variance are 
allowed or the RH should remain constant?  

It can also be seen as somewhat problematic that EN15757:2010 focuses entirely on the 
criteria for the micro climate on only one damage risk: the cracking due to dimensional 
change. This is motivated in the standard by the claim that it would be too complex to take 
other damage risks into account. But if an indoor climate is adhering to a standard dedicated 
to defining suitable conditions for preservation, would not it be logical to assume that that 
climate would be safe enough from all, or at least most, damage risk perspectives – even if the 
name of the standard states that it only deals with mechanical damages due to temperature and 
relative humidity? One could argue that if the condition for the keeping of an object in a 
“historical” climate is that the object can be documented as out of harm’s way, then such a 
mandatory investigation would probably also be able to conclude whether there were any 
other kinds of damage taking place. So if the object would get cleared to remain in that 
climate, it would be safe from other damage risks as well. In that case too, the deterioration or 
damage course may be slow and/or intermittent, and it is not certain that all ongoing damage 
processes or damage threats can be observed, however closely investigated the object is. Also, 
as stated earlier, the standard does not include the observation of other damages in the 
determination of suitable preservation conditions. 

1.7.11 A question of balance 
So what became of the ASHRAE chapter (ASHRAE Handbook Chapter 21, 2009) that 
Michalski was working on? Table 1.1 summarizes the ASHRAE guideline. There the 
structure is quite different and clear on sensitivity classes as well as allowable fluctuations – 
and the latter are, by the way, still very strict for the classes for the most sensitive objects. The 
ASHRAE guideline is more like the previous museum guideline, but with a loophole in the 
form of mentioning of the concept of historical climate, while the European standard has left 
all other regulation behind and is focused exclusively on the historical climate. Another 
feature of the ASHRAE guideline is the listing of potential damage risks for the different 
specified climates – useful and pedagogic. 

Now, the standard and the ASHRAE guideline are not entirely comparable. EN 15757:2010 
has one target only, defining suitable temperature and relative humidity conditions to limit 
mechanical damage in organic hygroscopic materials, while the ASHRAE guideline addresses 
the entire issue of suitable preservation conditions for collections, hygroscopic or not, taking  
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Table 1.1 Museum climate guidelines according to ASHRAE, after (Martens, 2012) 

Type Set point or 
annual value 

Maximum fluctuations and gradients in controlled 
space 

Collection risks and benefits 

Class Short 
fluctuations & 
space gradients 

Seasonal 
adjustments in 
system set point 

General 
museums, art 
galleries, 
libraries and 
archives 
All reading and 
retrieval 
rooms, rooms 
for storing 
chemically 
stable 
collections, 
especially if 
mechanically 
medium to high 
vulnerability 

50% RH (or 
historic annual 
average for 
permanent 
collections) 
Temperature 
set between 15 
and 25°C 
Note: rooms 
intended for 
loan 
exhibitions 
must handle 
set point 
specified in 
load 
agreement, 
typically 50% 
RH, 21°C but 
sometimes 50 
or 60% RH 

AA 
Precision 
Control; no 
seasonal RH 
changes 

±5% RH, ±2°C RH no change,  
T ±5°C 

No risk of mechanical damage 
to most artifacts and paintings. 
Some metals and minerals may 
degrade if 50% RH exceeds 
critical relative humidity. 
Chemically unstable objects 
unusable within decades. 

A 
Precision 
Control; some 
gradients or 
seasonal 
changes, not 
both 

As 
±5% RH, ±2°C 

RH ±10%,  
T -10% - +5% 

Small risk of mechanical 
damage to high vulnerability 
artefacts; no mechanical risk to 
most artefacts, paintings, 
photographs and books. 
Chemically unstable objects 
unusable within decades. 

A 
±10% RH, ±2°C 

RH no change,  
T -10% - +5% 

B 
Precision 
control; some 
gradients plus 
winter 
temperature 
setback 

±10% RH, ±5°C RH ±10%,  
T ±10% as long as 
it does not exceed 
30°C, down as 
much as is needed 
to maintain RH 

Moderate risk of mechanical 
damage to high vulnerability 
artefacts; tiny risk to most pain-
tings, most photographs, some 
artefacts, some books; no risk 
to many artefacts and most 
books. Chemically unstable 
objects unusable within deca-
des, less if routinely at 30°C, 
but cold winter doubles life. 

C 
Prevent all 
high-risk 
extremes 

Within 25 - 75% RH year-round 
Temperature rarely over 30°C, usually 
below 25°C 

High risk of mechanical da-
mage to high vulnerability arte-
facts; moderate risk to most 
paintings, most photographs, 
some artefacts, some books; 
tiny risk to many artefacts and 
most books. Chemically unstab-
le objects unusable within deca-
des, less if routinely at 30°C, 
but cold winter doubles life. 

D 
Prevent 
dampness 

Reliably below 75% RH High risk of sudden or cumula-
tive mechanical damage to 
most artefacts and paintings 
because of low-humidity frac-
ture, but avoids high-humidity 
delamination and deformation, 
especially in verneers, pain-
tings, paper and photographs. 
Mould growth and rapid corro-
sion avoided. Chemically un-
stable objects unusable within 
decades, less if routinely at 
30°C, but cold winter doubles 
life. 

Archives, 
libraries 
Storing 
chemically 
unstable 
collections 

Cold store: 
-20°C, 40% RH 

±10% RH, ±2°C Chemically unstable objects 
usable for millennia. RH fluc-
tuations under one month do 
not affect most properly packa-
ged records at these tempera-
tures (time out of storage be-
comes lifetime determinant). 

Cold store: 
10°C, 30 - 50% 
RH 

(Even if archived only during winter setback, this is a net 
advantage to such collections, as long as damp is not 
incurred) 

Chemically unstable objects 
usable for a century or more. 
Such books and papers tend to 
have a low mechanical vulnera-
bility to fluctuations. 

Special metal 
collections 

Dry room, 0 - 
30% RH 

RH not to exceed some critical value, typically 30%   
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the entire impact on damage risk into account. Still, the way they may be used as 
recommendations for the design of criteria for the indoor climate in historic buildings that are 
housing collections is similar, disregarding the differences in aim and perspective. To users 
looking for an answer on the question of what indoor climate to pursue, those differences 
might not be all that relevant. And if compared as sources of such answers they do send out 
rather different signals. ASHRAE is saying that the aim should be the limited range of 
conditions for sensitive items, with more or less fixed values for T and RH and very little 
fluctuations allowed – though historic climate could also be used as a baseline The EN 
15757:2010, on the other hand, is saying that there is no inherent need to respect any such 
specified ranges, the historic climate is decisive and fluctuations should be limited if possible, 
but as long as they stay within the limits of the 7th and 93rd percentile of recorded fluctuations 
– disregarding base level – preservation is acceptably ensured. 

In a way this means going from one extreme to another. From unrealistically limited 
conditions to allowing a very flexible range of conditions that may be safe enough but also 
may not be, due to the issues mentioned above. The latter largely leaves it to the user of the 
standard to decide what is right and what is not right for the collection in question, if the 
measuring of the historic conditions is reliable enough, if the calculation of the acceptable 
fluctuations is trustworthy enough given the range of average levels they relate to, and, most 
importantly, if the degradation in the historic climate has indeed ceased. This personal 
responsibility, and the demands it poses on experience and expertise, might be both 
reasonable and desirable, and is in accordance with the reasoning of (Burmester, 2000). 
However, this is not as explicitly addressed in the standard as one might wish it to be, which 
begs the question of whether that aspect is getting the full attention it deserves. 

The very strict indoor conditions of a totally controlled modern museum building may not be 
something to strive for in historic buildings, but neither is the decay of the items kept in 
Skokloster Castle with its uncontrolled but definitely historic climate. Left entirely 
unconditioned, a building tends to revert to nature, and nature does not take any interest in 
preservation. On the contrary, in nature the dissipation of existing structures is a necessity for 
the creation of new ones. Life is often about balance, and nature is it always. A balanced and 
nuanced view on the recommended criteria for the indoor climate would seem to be 
necessary. While experienced and well-educated curators and decision-makers in the realm of 
historic buildings are likely to be fully aware of this, the choice of climate criteria remains a 
challenge, even more so in a world where the outdoor climate is changing and the need for 
attention on environmental impact is urgent. The clarity and trustworthiness of available 
guidelines and standards then becomes crucial. 

1.7.12 Conclusion about the concept of historic climate 
The conclusion on the subject of the historical climate may be that the concept is here to stay, 
by virtue of the standard if nothing else. This not necessarily because it is the safest way to 
ensure preservation but because it relates to what can actually be achieved as well as what is 
energy-wise defendable, and even more importantly because it is possibly more likely to 
respect the preservation requirements of the historical buildings where such are involved, not 
just those of the artefacts. One party in the matter that could display resistance to the concept 
is the insurance companies, which are looking at minimization of risk from another 
perspective, one where they do not need to take into account the costs of maintaining very 
limited climatic conditions, or the realistic possibilities of achieving them in the first place, 
nor the environmental impact. Relating to a world of statistics and general tendencies they 
may not be able to relate to the diversity of the suitable ranges of different artefacts either, in 
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the way that a conservator or curator would. So the debate may continue, but it may have left 
the scientific arena and entered the one of the financial reality instead. 

1.8 Investigations in this thesis 
The work in this thesis consists of three parts: An investigation of building simulation of 
historic buildings as such and two studies of specific issues within that field that can be 
considered the most troublesome for the usefulness of the simulation. The first part, the 
investigation into the simulation tools and methods is holistic in in nature, having a broad and 
partly cross-disciplinary scope in order to get an overview over the subject, to identify its 
context, possibilities, and issues. It relates to a broad palette of areas of research within the 
field.  

1.8.1 The why, the what and the how 
The first, general part can be characterized as the investigation of why, what and how, with 
the how being the goal of the investigation, but the why and the what determining the suitable 
how. In order to establish the how, a wide range of related topics – some central to the 
research questions, some more peripheral but essential as boundary conditions – have been 
studied. In that regard it has been of very valuable that the work has been carried out in 
connection with some cross-disciplinary research programs, primarily the EU project Climate 
for Culture and the Swedish Energy Agency’s national research program Spara & Bevara 
(“Save & Preserve”), the latter also funding the work of this thesis within the Energy 
Efficiency and Preventive Climate Control project. The work within that project has been 
cross-disciplinary and has involved a multitude of universities, institutions, decision-makers 
and practitioners, able to provide an insight in the research front as well as the needs and the 
practices. Spara & Bevara also led to cooperation around the work of this thesis with other 
universities, mainly the University of Gotland (now part of Uppsala University) and the 
University in Gävle. Another source of useful insights and conversations has been 
conferences, mainly ones on building simulation arranged by IBPSA, but also ones 
specifically on the preservation of historic buildings. 

To understand what would be required of suitable simulation tools and methods, it has been 
necessary to look at the context in which they are to be used: the needs of the buildings, the 
collections and the people around them, of users of the buildings, users of the simulation tools 
as well as of decision-makers; the threats that the simulation objects might encounter; what 
the simulation would need to reveal; and what the technical possibilities are to do so. Thus a 
series of areas have been investigated: 

 Simulation tools and methods as such – governing physics and its mathematical 
expressions, simplifications, limitations in software structure, user interface, 
calibration of the model etc. 

 Uncertainty – resulting from the limitations and simplifications 

 Criteria to fulfill with the achieved indoor climate, including the debate on what 
indoor climate should be reached, thermal comfort to what level, priorities etc. 

 Implications of climate change – the potential need for enhanced resilience, which old 
methods could be reused and what would be rendered obsolete in a changed climate; 
and the need to handle more extreme weather events 

 Strategies to ensure improved energy performance as well as good conditions for 
preservation – and their suitability, conflicts of interest etc. 

 Measuring – techniques and pitfalls 
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 Materials – what to expect, performance of different historic building materials, 
dealing with unknown properties, response to moisture 

 Damage risks – of different kinds, although the focus has been on mould issues, since 
that has been the primary problem in most case studies. 

Less extensively but no less importantly, some connected areas have been surveyed, to 
establish needs, ambitions and demands: 

 Rules and regulations 

 Decision-making and MCDA 

 Conservation 

One outcome of these investigations has been the determination of crucial issues to 
investigate further. This has led to the choice of some specific subjects to focus on in the latter 
part of the work: The performance of thermal bridges and the impact of wind coefficients in 
buildings with irregular geometries. Hence the areas of building envelopes and thermal 
bridges as well as studies of the impact of wind on buildings have been central to the work. In 
addition to that the visualization of mould risk over time and the development of a suitable 
simulation method and additional tool have also been focus areas. 

With the increasing urgency in the refurbishment of the existing built environment in order to 
reduce the energy usage, and the realization of the conflicts around historic buildings – their 
vulnerability, their cultural values that might be threatened, their disproportionate energy-
usage and the need to make the buildings useful, meaning they are likely to have to offer 
some kind of thermal comfort – the research within the field has been quite intense over the 
last decade or so. (Webb, 2017) provides a comprehensive review of the development within 
the field, covering everything from decision-making and global impact to specific topics like 
susceptibility to climate change, retrofit criteria, potential strategies and embodied energy. 
Much of the later research has aspects of cross-disciplinary traits, enriching the scientific 
development. Hence, there is old research in established fields to fall back on – on simulation, 
wind tunnel studies, moisture calculation, etc. – as well as new and inspiring studies. The 
sources that have been of significant importance to this work are noted in the references, but 
there are plenty of others of high quality and profound interest. 
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Fig. 1.17: Gilded leather in Skokloster Castle (Photo: Luc Pages) 
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Chapter 2: Simulation of historic buildings 

“As far as the laws of mathematics refer to reality, they are not certain, 
and as far as they are certain, they do not refer to reality.” 

- Albert Einstein 

2.1 Investigations 

As mentioned in chapter 1, the starting point for my investigations is the why, the what and 
the how. The why has already been disclosed in the previous chapter. That leads on to the 
what. To be able to determine what demands that can be made on the simulations of historic 
buildings, the desired outcome – as in what the simulations must be able to deliver – must be 
examined. Basically, the desired outcome is enhanced energy performance in the historic 
buildings while simultaneously ensuring preservation and acceptable thermal comfort for the 
people involved. The priority order of these aspects may vary from case to case, but since 
cultural values are the common denominator for the buildings preservation is likely to end up 
high on the priority list in most cases.  

Simulation of energy performance and thermal comfort is a rather well developed area today, 
and there are good and reliable tools available – as long as modern buildings are the targets. 
The tricky part is the complications added by the specific traits and requirements of the 
historic buildings as simulation objects. So the investigation of this work starts by 
determining what categorizes historic buildings. 

2.2 Historic buildings 
What is a historic building? First it is necessary to establish what “historic” refers to. The 
adjective “historic” means that something is of value by virtue of its importance to history. 
This could be by involvement in historic events, but also other connections to history, like 
having qualities that are of importance because of the insights they provide in the history of a 
place or a people. Such items bear witness about the knowledge and skills, as well as of the 
conditions and views of life of the people that made and used them. The term “cultural 
heritage” is also often used, also pointing at a value and importance to more than just the 
owners/users of the building/item. “Historical”, on the other hand, refers to something from 
the past, something not modern – regardless of whether it is of importance or has any special 
cultural qualities. It is just simply something old. 

According to (Mazzarella, 2015), there are three attributes that define a historic building, and 
they all have to be obviously present in the object: age, integrity, and significance. 

Age 
There is no general, clear-cut specification on how old something has to be to be historic, but 
there are a few different definitions to be found, in different contexts. One of them is that to 
be old enough to be historic an artefact or building will have to be at least 50 years old, as a 
rule of thumb. Another common definition is that the item/building has to be from before 
WWII. As time moves on, and WWII is disappearing further than 50 years away in time, the 
second definition so to say prevents history from being made after 1939 – which probably 
does not correspond to most people’s perception of history. The first definition, however, 
does allow for war and post-war items and buildings to be considered historic as well, which 



 52  Chapter 2: Simulation of historic buildings  

is reasonable. The key point should probably be, that in order to bear witness of another time, 
the item/building must come from a time period that differs from the present one, and it must 
be possible to conclude that almost every society today has changed quite a lot during the past 
50 years. In many cases the way people lived just 30 – 40 years ago would be almost 
unrecognizable to people today. 

Integrity 
In accordance with the bearing witness-quality, the item/building must also retain a specific 
physical integrity, a property of being time-typical, not having changed with time to such an 
extent that the time it was created in can no longer be seen. It must be recognizable as a 
representative of its age and hence relatively intact. 

Significance 
Significance is the most subjective of the properties. This criterion says that the item/building 
has to be of importance, but importance can be many different things, so there are three 
different kinds defined. The first, as mentioned, is the direct involvement in some historic 
event, or having been owned or inhabited by people that have historic significance. In that 
sense the item/building serves as a backdrop for these events and/or people to make us 
understand them better, or feel closer connected to them. The second is that the item/building 
is embodying some distinctive physical traits that are characteristic for a time period, 
revealing the artistic skills and/or the craftsmanship of that time. Many of buildings that are 
considered historic are churches and castles – buildings where often the most exquisite artistry 
and craftsmanship that could be mustered at the time was invested. The third kind of 
importance is revealing something about how people lived and thought in the past, making it 
possible to understand the roots of a culture and its development and history better. 

2.2.1 What characterizes historic buildings? 
From the definition above there are some common traits that can be distinguished about 
historic buildings. 

Different 
The first “common” trait is that they are different. One of the requirements above is that they 
should be recognizable as stemming from a different time – hence they have to be different 
from modern buildings. However, they are also likely to be different from each other, since 
history is long and there are a lot of different time periods to come from. Being different – in 
geometry, materials, use etc. complicates simulation, since one of the ways simulation 
software makers reduces complexity is by making assumptions about what the software user 
wants to simulate. When the object deviates from that which is anticipated it means that the 
software user must adapt the model to the possibilities of the software. The more inflexible 
the software, the more issues the user will have, the larger the requirements on the users skills 
and knowledge and the greater uncertainty in the results.  

The paradox here is of course that buildings that perform more or less like every other 
building are less likely to really be in dire need of simulation – it is with the deviating ones, 
the ones that have an unknown performance, that simulation really has the potential to make a 
difference. 

Old 
The most obvious trait is of course that they are old, since that was the most basic part of the 
definition, but that also has subsequent connotations. It also means that they are likely to have 
been subjected to some degree of deterioration – if not they would have had their materials 
replaced and would not fulfill the integrity criteria – and potentially also alterations, repairs 
with deviating materials etc. The impact of deterioration may be difficult to estimate, and 
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hidden alterations where materials deviate in quality/properties may add to uncertainty and/or 
poor correspondence between simulation results and measured values. 

Sturdiness and/or climatic resilience 
In order to remain when other buildings from their time are gone the historic buildings must 
have some “survival skills”, be built with sturdy materials, have good climatic adaptation and 
or be built with skill and care to start with. It could also be that they have been exceptionally 
well taken care of due to other qualities that make them valuable to people, such as 
relatedness to historic people etc., but it is still likely that they have an inherent durability to 
start with. This could mean heavy materials, massive construction, large size, but also passive 
climatization strategies and skillful design. Such old, passive strategies can change how a 
building performs and are valuable to identify and make use of, if possible, so that the utilized 
strategies work with the building instead of against it. 

Cultural values 
The buildings would not be part of the cultural heritage without cultural values. Those can be 
of two kinds: shape/geometry/architecture and materials/surface treatments. Both have a 
tendency to make dealing with the buildings difficult, since the value of those properties and 
materials is depending on them not being changed – in correspondence with the integrity 
requirement. This makes invasive investigations as well and invasive or disfiguring 
retrofitting and/or refurbishing measures impossible, if the cultural values are to be retained. It 
limits the options, calls for a greater level of creativity when designing strategies and may 
obscure knowledge of the building fabric to some extent. 

Lack of thermal insulation 
Modern thermal insulation materials had obviously not been invented when the historic 
buildings were erected, and hence they are usually very poorly insulated compared to their 
modern counterparts. This means potentially large temperature gradients and condensation 
risk by cold inner surfaces of exterior walls. Uneven distribution of the temperatures within a 
room and also within a building means that a room temperature corresponding to the average 
value of the room air cannot be used for damage risk assessment, since it does not relate to the 
conditions where potential problems would occur – by thermal bridges and/or cold wall 
surfaces. 

Lack of moisture barriers 
While thermal insulation was largely missing in old times, some kinds of moisture prevention 
– birch bark, tar, bitumen products etc., were sometimes used. However, even if those 
measures may have had some effect when the building was fairly new, deterioration is likely 
to have sent that effect into oblivion a long time ago. Many buildings never had the benefit of 
any kind of moisture barriers to start with; they relied entirely on the frequent and diligent 
care of their owners/users.  

In terms of how they deal with moisture, (Webb, 2017) identifies the difference between 
modern and historic buildings: 

“Modern buildings control moisture by excluding it, through the use of impermeable 
membranes, wall cavities, and damp-proofing. In contrast, traditional buildings control 
moisture by allowing the building fabric to wet and subsequently dry through the use of 
materials and assemblies that both absorb moisture and allow it to evaporate easily.” 

Rising damp is however a common issue, and one that the one-dimensional simulation 
environment of a whole-building simulation software cannot take into account. Moisture 
transfer through walls is another issue. Moisture buffering may have advantages, as hinted in 
the quotation above, as it can level the interior RH out and thus avoid mechanically stressful 
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RH change that can cause damage. However, also may have disadvantages, such as storing 
and subsequently releasing undesired moisture, potentially providing good conditions for 
mould growth for instance. 

Therefore, the software must be able to deal with moisture calculations including capillary 
transfer which is heavy for the program/computer to deal with and hence not included by most 
otherwise suitable software. 

Natural ventilation 
Fans and other parts of air handing units were usually not invented when the buildings were 
erected, and hence they are most often lacking, and the building relies of natural ventilation. 
This is trickier to model than controlled ventilation, and requires knowledge on air tightness 
of the building envelope and size and character of leaks etc. In buildings with heavy masonry 
walls the infiltration through the walls as such may be more or less negligible, but windows 
and doors, as also sometimes floors towards crawlspace and ceilings may be quite leaky, 
enhanced by deterioration. 

Deviating use 
Many historic buildings cannot be used like any other buildings by virtue of their deviating 
indoor climate, sensitive and/or valuable surface layers, or just due to cost of maintenance and 
repair. It might be difficult or undesirable to use them like any other building, such as offices 
or residential use. Yet, a building not used is a dead building, and it’s a building that does not 
cover its costs. It is also a building that will not be looked after – because of a lack of 
resources and because of a lack of people who can observe any issues in time and have them 
amended. So these buildings have to be given some function, in spite of their particular 
properties. In search of a suitable use it is easy to discover the fact that they have one specific 
asset to make use of – their cultural value – and therefore often end up as museums. 

Along with the use as a museum, there is often desire to display collections that correspond to 
the particular setting of the building. The collections, in turn, may have requirements 
deviating from the ones of the building and the users of the building, which adds complexity. 
Even if the building is not used as a museum, it might still be a challenge to be able to deliver 
an indoor climate that makes the building in question useful. It can end up as a conflict of 
interests or a negotiation, where environment, owner, users, society around, artefacts and the 
building itself all have different needs, desires and demands regarding the indoor climate. 

One option that could be explored when looking for a means to make the house earn its pay is 
to rent it out for events, parties etc. The availability of impressive venues in a historic setting 
does make it a viable option to cash in on the cultural values. (Kilian, 2013) provides some 
examples of what that could lead to, when a lot of people excreting moisture accompanied by 
a large temperature increase to keep them comfortable, changes the indoor climate quickly – 
too quickly for the historic buildings where the events took place, resulting in considerable 
damages and loss of historic values. 

2.2.2 Degradation 
Nothing lasts forever. Degradation – mechanical, chemical, and biological – will occur. 
Hence, preservation is not about stopping degradation, just delaying it or slowing it down.  

Mechanical degradation is the effect of stress and strain on a material, caused by factors such 
as dimensional changes due to heat or moisture shifts, loads that cause strain or vibrations.  

Chemical degradation is caused by changes in material properties due to chemical reactions, 
often oxidation or reaction with acids, such as sulfuric or nitric acid. It is often related to 
pollution of different kinds, locally produced by activity within the building or pollution that 
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is brought in with ambient air. Chemical degradation can also occur due to exposure to heat or 
light, especially UV light. 

Biological degradation is induced by infestation of moulds, algae or bacteria, and may also 
have secondary chemical degradation effects. The same may be true about infestation of pests, 
which can cause mechanical damage as well as cause chemical reactions due to deposited 
excrements.  

Mechanical degradation 
The kind of mechanical degradation that is commonly addressed in preservation literature is 
the one caused by dimensional changes due to shifts in temperature or moisture, which is also 
the reason for the entire historical climate discussion. It is easy to see why: temperature and 
moisture fluctuations are difficult to avoid and the impact of them – fracturing of organic 
materials (Bratasz, L, 2010; Jakiela, S et al., 2007), peeling of paint layers (Mecklenburg, 
2007) and irreversible deformation, are all effects that have a profound impact on the integrity 
of the item or building part. Especially the surface layer that often are the most culture bearing 
ones have a tendency to get affected.  

The main driving forces behind the mechanical degradation are hence temperature and above 
all relative humidity fluctuations. Since the sensitivity to the fluctuations deviates with 
average relative humidity that should also be considered a risk factor in this context. 

Chemical degradation 
Chemical degradation is accelerated by heat and moisture (Thickett, 2010). Heat facilitates 
the chemical reaction as such, and moisture may dissolve the reacting chemicals and increase 
their access to the material they are reacting with, both by increasing the proximity of the 
molecules and by carrying the chemical further into the material so that layers that otherwise 
would be protected are not (Camuffo et al., 2010). It also often takes place in surface layers or 
the layers fixating the surface layers. One of the reasons for that is that the reactive chemicals 
may be air borne and the surface materials are exposed to them.  

Prominent chemical agents causing damage are CO2, O2 or O3, sulfuric acid (H2SO4), nitric 
acid (HNO3), and nitrous acid (HNO2). For instance can sulfur, S, introduced from outside air 
or pollution sources indoors be turned into sulfuric acid when dissolved in water, highly 
corrosive and discoloring on paint layers, just as a high CO2-level in combination with surface 
moisture can turn into H2CO3, for instance reacting with lime stone surfaces (Fassina, 2010). 
Sulfur dioxide and ozone tend, depending on ventilation rates, not to reach very far into the 
interior of buildings in high concentrations, whereas reduced sulfur gases and nitrogen gases 
do reach the interior more readily. The generally low RH indoors compared with the outdoor 
environment makes the solution of pollutant chemicals into acids indoors slower than 
outdoors; on the other hand the chemicals may be able to react with the surface layers over a 
longer period of time. 

Photochemical processes are also common, mainly causing fading of colors and 
embrittlement of fibers. The damage is cumulative and irreversible. Ultraviolet light (UV) is 
the most damaging because of its higher energy content (Bachmann, 1992).  

Salts can be considered as a special kind of pollution, as they often has other paths of reaching 
the building. In some cases the salts may be contained in the building material itself from the 
beginning, but has caused no harm previously as the moisture transport pattern of the building 
was different, sometimes salt pollution of the materials have been taking place or the salts 
find their way into the material by suction of contaminated ground water through the 
foundation walls of the building. Salts are an issue as they interfere with the heat and moisture 
transport mechanisms, and expand within the pores when they crystallize, causing damage. 
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Studies on the weathering effect of salts on stone are numerous and have different 
perspectives, one with a climatologic perspective is (Grossi et al., 2011) and one looking at 
modeling changes in stone due to salt crystallization is (Benavente et al., 1999). However, as 
the latter concludes that pore system characteristics and chemical quality of the stone is 
necessary for such calculations, and those belong to uncertain parameters in many historic 
buildings, such calculations are not included in the present work. 

Chemical degradation can have a severe impact in the exterior of the building as well, seen in 
(Fassina, 2010), but that is not within the scope of the work in this thesis either. 

Biological degradation 
Moulds, algae and bacteria may degrade organic materials, especially at high relative 
humidity. In nature they fill an important function by decomposing dead material and making 
it reusable for other organisms (Sedlbauer, 2002). Unfortunately, items and components of 
organic materials in buildings and collections do also count as suitable dead material for fungi 
and bacteria, making them formidable opponents to preservation efforts. 

The microbiological growth can cause devastating damages, breaking down the organic 
compounds chemically and also breaking up the structure of the material mechanically by 
extending into it and expanding by growth. Apart from that, moulds and bacteria may also 
release airborne pollutants and gases that may be harmful. 

Impressive colonizers, the mould spores carry their own lunch pack with them when they 
migrate to new areas, making them able to survive until they find new nutrition on the surface 
where they have landed. The mold spores are airborne and start their colonization at the 
surface of a material but they do not stop there, they may infest the material to an extensive 
depth and may cause more damage covertly than can be seen at the surface.  

Moulds have four requirements for its survival: The temperature must be suitable, the 
humidity must be high enough, there must be nutrients to be found – organic materials – and 
there must be an absence of chemicals that are toxic to the fungus.  

Mould requires a certain level of humidity to grow and germinate, but can survive in lower 
humidity by becoming inactive and wait for the humidity to rise again. However, the tips of 
the hyphae will be damaged by longer periods of dry conditions, and hence the fungus needs 
to grow back the lost mass before it can continue spreading, once the humidity is favorable for 
growth again. Thus, there is a lag in spreading and germinating when the humidity fluctuates 
between favorable and unfavorable growth conditions. Shorter periods of favorable conditions 
may therefore not always lead to mold growth (Sedlbauer, 2001), if the period ends before the 
fungus has recovered from the last drought. It does hence make sense to pay attention not only 
to the levels of humidity in the indoor environment, but also for how long they last and how 
they relate to the limit for favorable conditions.  

The limit for growth is also temperature-dependent, with lower temperature decreasing the 
mould growth rate. However, there are thousands of species of mould, and the individual 
species have their own distinct limits for their preferred growth conditions, with some of them 
even able to thrive in subzero temperatures. Although presence of moisture is a prerequisite, 
some species are also able to transport moisture into the materials they are infesting, making 
sure that they have the humidity they need to thrive, even if it was not there to begin with. 

2.2.3 Threats and damage risks 
So the deterioration is limited to three processes, even if some of the actual threats may 
contain attributes of several of them. Before moving on to the threats and the damage risks is 
may be of value to examine what a risk is, to start with. A risk, according to (Michalski, 
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2007), consists of two parts: a hazard and a potential impact. The first has to with the odds or 
the likelihood that something occurs – what are the chances – and the other is what the 
consequences are if the unfavorable event occurs. This is what is used in some prioritizing 
techniques: by evaluating the odds that something happens if a certain action is done or not 
done and multiplying the with the discomfort with the consequences, the potential actions on 
a list can be prioritized. The Eisenhower Matrix, in fig. 2.1, said to have been used by 
president Dwight D. Eisenhower, can be translated into a risk assessment matrix, fig. 2.2. 

 

Fig. 2.1: The Eisenhower matrix 

 

Fig. 2.2: Risk assessment matrix 

One additional aspect that is not directly taken into account in the risk assessment matrix in 
fig. 2.2 above is that in the context of preservation the consequence part also has a distinct 
time aspect to it. The potential damage may occur quickly, like a mould infestation, or slowly, 
like the process of fading of color in textiles. It may also be possible to observe and monitor, 
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like the fading, or it may be a covert process, like the infestation of the fungus Serpula 
lacrymans, dry rot. It may happen gradually, again like the fading, or stepwise, like the 
fracturing of wood that takes place when the stress within the material has built up over time 
until it has reached the breaking point. So there are several aspects to take into account when 
assessing the consequence part of the risk. Ultimately, however, all decision-making when it 
comes to choosing any kind of action related to historic buildings is about choosing what you 
are prepared to lose or not – and by when. 

So threats are situations, events or conditions that may activate one or more of the degradation 
mechanisms. Examples of threats in historic buildings can be: 

a. Lack of use 
As mentioned, finding asuitable use may be trickier for historic buildings than for 
modern ones. And if a building does not fulfill a purpose, or generate revenue in some 
other way, and is not frequented by users, the incentive to spend resources on its 
maintenance is likely to be limited. Also, if the building is not regularly tended to, 
issues that need attention might not receive it in time, before substantial damage has 
already occurred. Thus it is important that the buildings are conceived as useful and 
worth keeping. This means that conflicting interests might have to be accommodated 
within the building, such as attempting to create at least acceptable comfort in a 
building made for very different, colder, draftier and varying indoor conditions, or 
exposing a building with sensitive surfaces and materials to the public, in order to 
make use of it. 

Risk: Loss of values due to water damages, microbiological infestation or pests 

Main danger factor: Water/humidity 

Possible impact: Likely severe 

Likelihood: High, if not prevented by active measures 

b. Lack of skills and/or materials 
The buildings being erected in a different time might have made use of techniques and 
tools that are more or less forgotten or unavailable today. There are places where such 
traditions are attempted to be revived or kept alive, but often mainly for museum or 
archeological purposes, not normally for the use in any historic building in need of 
knowledge of that technique. In many cases such special techniques might not be 
feasible to make use of in reality, but when replacing them with modern substitutes, 
some insight into the purpose and consequences of such a technique might be 
necessary. It is easy for people of today, used to comparably advanced equipment, to 
disregard the knowledge of the past. It is however a mistake to overlook that a certain 
amount of ingenuity was necessary at a time when all the gadgets of today did not yet 
exist, and that people of the past were not necessarily less intelligent or inventive just 
because they did not have access to the same technical advancement as people do 
today. In a way they had to be even more careful in their design of the buildings to 
make the best possible use of the materials and the invested labor when they didn’t 
have the possibility to climatize by artificial means. They were forced to make use of 
passive strategies that might be valuable to reinvestigate today too. Ignoring these 
potential passive strategies could result in systems working against the building 
instead of with it, which in turn may cause unnecessary use of energy and sometimes 
increased damage risk in the building. A thorough understanding of the function and 
design of the building would hence seem crucial, before undertaking any retrofitting 
strategies. 



  Chapter 2: Simulation of historic buildings  59 

In addition to the lack of access to skills that might occur, there is a definite danger in 
choosing materials. Dire consequences may occur if new materials with a moisture 
behavior deviating from the old, existing ones are combined. The plastic paints of the 
1970s caused a lot of harm to underlying materials, by trapping moisture under its 
surface, instead of protecting against it, as was the intention. This is now well known 
and alternatives and also paints made like in the times of the buildings may be found, 
but this is not always true for all other materials. 

Risks: Loss of values due to malfunctioning moisture performance due to mismatches 
of materials and/or technical solutions, loss of values due to destructive measures 
when installing extensive building services, unnecessarily high energy usage 

Main danger factor: Moisture, mechanical impact 

Possible impact: Varying, case-related 

Likelihood: High, if not prevented by active measures 

c. Over-climatization 
In the pursuit of usability for historic buildings, excessive adaptations to modern 
expectations may cause harm to the existing structure. If a building with more of less 
no thermal insulation is heated and/or cooled to an indoor temperature of 21 degrees 
centigrade all year around, this will have consequences, some which may be 
irreversible damage, apart from an excessive and costly energy usage. Heated air, 
containing relatively high amounts of moisture, meeting cold walls for instance in 
spring/early summer, is an efficient way to create condensation on the interior sides of 
the building envelope. This is often made even worse by new internal moisture 
sources, as people today expect a more abundant availability of water indoors than 
they did in the past. As concluded in (Brown and Rose, 1996; Mecklenburg, 2007) 
condensation at exterior walls is a common cause for damages. While (Mecklenburg, 
2007) focus is on damages on paintings, the same issue applies to other items in close 
proximity of the damp walls, such as panels, tapestries, furniture etc. In winter, when 
the absolute humidity of the outdoor air is low, the heating may also result in moisture 
being transported from the materials of the building as well as of movables and 
removed from the room when vented out, creating excessive dehydration, deformation 
and fracturing. 

Dehumidification, which may be used to prevent mould issues may prove difficult to 
direct only towards the moisture at the specific places where it is a problem, and may 
thus also dehydrate materials and structures that are not benefitting from it, again 
causing strain in especially wood and/or between wood and adjacent, less influenced 
materials, resulting in cracking. 

Therefore, the good intentions of investing in a “good” indoor climate, at least on 
average, may actually cause harm to the building and some of the items kept within it 
in locations that are exposed to more extreme conditions than those averages would 
indicate. 

Risk: Loss of values due to humidity related damage caused by mismatched indoor 
climate conditions, too warm or cold, too humid or dry, loss of unnecessary energy 

Main danger factor: Humidity related to heat 

Possible impact: May be severe 

Likelihood: Medium to high 



 60  Chapter 2: Simulation of historic buildings  

d. Effects of fluctuations in temperature and moisture due to lack of climate 
control 
As previous sections discussed, a main theme in conservation is the detrimental effect 
of fluctuations in temperature and moisture. This effect may be even more enhanced 
when materials of different characteristics with respect to their hygrothermal behavior 
are combined, as the build-up of stress within and between the materials may lead to 
fracturing. In the same manner a solid material that is exposed to large gradients that 
cause significant deviation in climate in different parts of the same sample may be 
exposed to detrimental strain. The dimensional changes in one region compared to 
another may cause cracking. Repeated cycles of shrinkage and swelling lead to fatigue 
that may wear out the material and make it more sensitive to the fluctuations 
(Michalski, 2007). 

Furthermore, temperature induced dimensional changes in metals, such as 
reinforcement, may cause cracks in surrounding materials, as may salts crystallizing 
or frost forming inside a building component due to changes in moisture content and 
temperature respectively. 

As noted earlier, the damage risks of fluctuations are related to the magnitude, 
frequency, change rate and duration as well as average temperature and humidity 
(Bratasz, 2010; Jakiela et al., 2007). 

Risk: Loss of values due to stress induced fracturing – cracking, fractures in and 
between material layers, deformation 

Main danger factor: Moisture content 

Possible impact: May be severe 

Likelihood: Depends on magnitude, frequency, change rate and duration of the 
fluctuations, average temperature and humidity and on condition of the affected 
materials 

e. Effects of high temperature and relative humidity due to erroneous 
control strategy 
High temperatures and high levels of relative humidity provide favorable conditions 
for moulds, bacteria and algae. Apart from being a threat to collection items and 
building fabric infestations may also pose a threat to the health of the users of the 
building. It may also be very difficult to mitigate or even investigate the damage 
thoroughly without causing potentially substantial secondary mechanical or chemical 
damage to culturally valuable substance. 

Keeping the relative humidity to a level below favorable conditions for the fungi and 
bacteria is a challenge – keeping the temperature down is often less of an issue to 
achieve. The challenge with the temperature is instead how to make the building 
useful if it is kept relatively cold. 

Risk: Loss of values due to deterioration caused by mould, algae or bacteria 
infestation, and potential secondary mechanical damages by mitigation of the problem 

Main danger factor: Moisture and temperature in combination 

Possible impact: May be severe and difficult to mitigate 

Likelihood: Depending on the condition of room climate, sources of infestation and 
susceptibility/nutritional value of materials (Berger et al., 2013; Isaksson et al., 2010; 



  Chapter 2: Simulation of historic buildings  61 

Krus et al., 2007; Peuhkuri et al., n.d.; Sedlbauer, 2002, 2001; Thelandersson and 
Isaksson, 2013; Vereecken and Roels, 2012; Viitanen and Ojanen, 2007) 

f. Thermal insulation and moisture barriers 
As concluded earlier, most historic buildings are, compared to modern standards, 
largely uninsulated. In addition they are fairly seldom equipped with any kind of 
vapor barrier, and are also often open to water transport in liquid form through the 
outer walls, allowing both water from precipitation and from moisture in the ground to 
enter the components of the building envelope and reach the interior. When 
attempting to increase indoor temperature to increase usability, the lack of thermal 
insulation becomes a problem, as mentioned before due to the unnecessarily high 
energy usage and also due to potential condensation issues. However, as outdoor 
façade surfaces are often of culture-bearing significance, they are often exempt from 
measures of added exterior insulation, leaving only the indoor surfaces, if any at all, to 
add insulation to. 

Added indoor insulation does have some well-known issues, though, and these are not 
less prominent in historic buildings. Walls and joists that reach the building envelope 
through the added insulation layer constitute efficient thermal bridges, but they may 
also allow warmer, more moisture-laden indoor air into the colder parts of the façade 
turning into moisture bridges as well. While tightening between such insulation-
penetrating building components is essential to limit the moisture transport, this is 
often even more difficult to achieve where for instance cracked wooden beams reach 
from direct contact with the indoor air and more of less all the way out to the façade 
surface. In addition to this, there is of course also the issue of the dew point being 
moved, sometimes from outside the façade to within it, causing the moisture escaping 
from the indoor air to condensate and cause rot or mould growth, but also the risk of 
frost damage. 

Based on the notion that hygroscopic and capillary active thermal insulation materials 
would adhere closer to the original function of buildings with a moisture permeable 
building envelope, interior thermal insulation plaster with inorganic materials were 
tested by (Arregi and Little, 2016) and with lime and vegetal fibers by (Bianco et al., 
2015). Both found the tested strategies favorable, however a study of (Vereecken and 
Roels, 2016) on the other hand finds such materials in interior thermal insulation a 
rather risky solution.  

Studies of non-hygroscopic interior thermal insulation utilizing vacuum insulation 
panels have been carried out in (Johansson et al., 2014). Johansson has also written 
about both interior and exterior thermal insulation of historical buildings with vacuum 
insulation panels in (Johansson, 2014). 

Sometimes it is possible to exchange exterior render without damaging the historic 
integrity of the building; in such cases a render with enhanced thermal insulation 
properties could also be used, such as aerogel plaster (Wakili et al., 2015) of inorganic 
nature, or lime-hemp concrete (de Bruijn and Johansson, 2013; de Bruijn et al., 2009; 
Strandberg-de Bruijn and Johansson, 2014).  

The addition of thermal insulation in historic buildings is however often a tricky issue, 
concluded by (Häupl et al., 2002; Little et al., 2015). Therefore, endeavors of 
additional thermal insulation should hence not be undertaken without great caution, 
both for the sake of the reversibility of the measure but also to prevent damage that 
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might be both severe and difficult to discern early enough to prevent loss of 
irreplaceable values. 

Risk: Loss of values due to humidity related damages because of condensation, 
moisture in buildings components due to driving rain or rising damp, frost damage or 
salt crystallization 

Main danger factor: Moisture, temperature 

Possible impact: May be severe 

Likelihood: Medium to high 

g. Added moisture sources 
People of today are expecting to have water, cold as well as hot, much more easily 
available than people of the past, and also make use of it more frequently. The result 
may be a substantial increase in internal moisture sources. In buildings used as offices 
there may be coffee-machines and/or dishwasher and there might be toilets and/or 
bathrooms added to the building. In residential buildings it might be bathrooms and 
kitchens that add moisture sources. Added moisture of course often means added 
trouble. The difficulties in climatization as far as ventilation goes, and the often more 
uneven distribution of temperatures in historic buildings compared to moderns ones, 
generate much larger risks with high humidity in older buildings than in new ones. 

Risk: Loss of values due to humidity related damage because of damp from 
appliances and bathrooms 

Main danger factor: Water/humidity in combination with temperature 

Possible impact: May be severe 

Likelihood: Low if handled correctly 

h. Pollution 
The sources of the pollution, that cause issues in specific cases, are not always related 
to the usage or maintenance of the building in question itself, but it is still a potential 
danger to the building and its artefacts and something that must be taken into 
consideration. However, some pollutants may come from the interior elements used to 
display collections, such as wood that can release volatile organic compounds that 
may cause corrosion (Odlyha, M et al., 2010). 

Pollution has several implications. Uneven temperature distribution can cause issues 
such as thermophoresis, as described in (Camuffo, 1998), binding airborne particles to 
cold wall and ceiling surfaces and causing soiling. This is both in itself a damage as it 
may discolor the surfaces, but there may be a risk for secondary mechanical damages 
when the pollutants are removed by restoration. However, left untreated it may also 
provide better conditions for microbiologic growth of different kinds (Dornieden et 
al., 2000), further adding to the damage. Other implications are chemical degradation 
mechanisms mentioned in section 1.2 Degradation. 

Risk: Loss of values due to soiling, microbiologic growth and/or chemical degradation 
processes 

Main danger factor: Airborne chemicals 

Possible impact: May be severe 

Likelihood: Depends on exposure 
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i. Inherent deterioration and wear 
Wear and to some extent also inherent deterioration can be seen as a part of the charm 
of old things. They are signs of authenticity, of use by people long since gone, and by 
perceiving these signs of use and age the observer can get an experience of history and 
of maybe get a sense of time. However, wear is also a form of mechanical 
deterioration and, if allowed to continue, a cumulative process that eventually will 
damage surface layers and eventually disfigure the object in question until it is no 
longer fulfilling its purpose. Inherent deterioration of historic substance is generally a 
slow process – by virtue of time, as those materials that were breaking down more 
quickly are already gone, but also due to the fact that the materials of old were often 
chosen for their durability. Yet inherent deterioration may be speeded up by high 
temperature and repetitive cycles of shifts in relative humidity. 

The prevention of wear is obviously not a question of building physics, but potential 
deterioration that may alter the material properties is a factor to take into account 
when looking at the building performance. 

Risk: Loss of values due to chemical and mechanical deterioration 

Main danger factor: Age 

Possible impact: May be severe, also increases sensitivity to other threats 

Likelihood: Depending on age, material and condition 

j. Pests 
Insects, birds and rodents can cause damage, and while the birds and rodents are 
relatively unconcerned about indoor climate as such as long as it provides a more 
protective environment than the outdoor does – and possibly also offering a free meal 
now and then – the conditions suitable for insects may vary. Several species will 
thrive better in high RH-conditions, and thus this threat is also at least partly related to 
the performance of the indoor climate of the building. The common house borer, the 
culprit behind the familiar “wormholes” in some old furniture, can for instance not 
survive in relative humidity lower than 50% (Stockholms Länsmuseum) 

Risk: Loss of values due to mechanical impact (gnawing, boring) as well as chemical 
impact (excrements) 

Main danger factor: Access, but also in some cases humidity 

Possible impact: Varying 

Likelihood: Depends on indoor conditions and access routes for the pests to enter the 
building 

To add to this list there are a couple of threats that are not intrinsically related to the building 
usage or maintenance but rather to exposure from deteriorating influences from exterior 
sources, yet do constitute threats: 

k.  Light 
As stated in the description of the degradation processes, the radiation in light, 
especially UV-light, may cause irreversible damages. Light may cause paint and dyes 
to fade or change hue, varnish to turn yellow, paper to become discolored and cause 
brittleness in for instance cellulose fibers. As lighting is usually a prerogative for the 
indoor environments to be usable, this gives rise to a conflict between usability and 
display of collections within the historic building on one hand, and the preservation of 
valuable surface layers on the other. While it is not exclusively the UV-part of the 
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light that is responsible for the damaging effects, this kind of light does have a more 
prominent influence, and thus some protection can be achieved by limiting the amount 
of UV-radiation while retaining the visual light in cases where preventing lighting in 
general is not feasible. Impact is dose-related (Bacci and Cucci, 2010). 

Risk: Loss of values due to radiation damage to color pigments and fibers and 
chemical reactions 

Main danger factor: Radiation 

Possible impact: Depends on exposure and sensitivity, may be severe and difficult to 
mitigate 

Likelihood: For a photosensitive material that is exposed to radiation it is guaranteed 

l. Climate change 
Buildings that have survived over a long period of time, enduring social changes and 
shifting use over the years, may seem to have what it takes to withstand the test of 
time. Yet that may not be as true today as it used to be. One of the reasons that the 
historic buildings that exist today do so, is that they were suited for the climate they 
were built for. Often hundreds of years of trial and error before their erection 
motivated the choices of construction and functions. Those trials and errors were 
performed in a climate changing somewhat from year to year but with few exceptions 
remaining fairly stable and reliable over the centuries. As with organisms being 
adapted to a certain environment, a change in the conditions of that environment may 
have severe implications. With the climate change of today, the boundary conditions 
for the building change too. Suddenly that which was a good choice of construction 
when the building was created and which has served it well during the long lifespan it 
has already endured, might not be quite as successful today or tomorrow. 

This brings new issues along, issues that might not have been anticipated before. 
Buildings of sun-dried brick, having been able to remain intact for hundreds of years 
in a dry climate, may start to melt away if the environment changes and becomes more 
humid. Tiled roofs without any wind-breaking substructure, with the tiles simply hung 
on rafters and nothing else separating them from the air volume of the attic, may have 
been able to cope with storms encountered for hundreds of years, though a few tiles 
every now were lost and then had to be replaced, but frequent and much stronger 
storms may become a serious problem. Wooden structures embedded in stone or brick 
structures may, if the climate becomes much drier or moister, shrink or swell so much 
that damaging cracks between organic and inorganic matter appears. 

While the consequences of climate change are affecting humanity in many more ways 
than this, the historic buildings do not go unaffected, and in many cases this may be 
one of the greatest challenges in the preservation of the built heritage. A further 
complication, in addition to the direct impact on the building substance, is that some 
of the historic experience, that which has remained of knowledge on how to take care 
of these buildings, may be made obsolete when the exterior climate change. The rules 
of the game become different. Some of the strategies that have been proven to 
worthwhile by the experience of many generations before the present ones, may lose 
their validity. This is where simulation becomes even more crucial, as it makes it 
possible for us to learn from the past and check what of that old knowledge that can be 
reused, and also what need to be modified. 

Risk: Loss of values due to change in average levels of temperature and humidity 
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Main danger factor: Temperature and humidity 

Possible impact: May be severe 

Likelihood: Depending on local rate of climate change and type of change 

Thus, most of these threats are related to usage, maintenance and retrofitting of the building, 
while some are coming from exterior sources. Apart these threats there are however a specific 
kind of threats that are often the most common as well as have the most impact – the ones 
related to the continuous performance of the indoor climate: 

Looking at these threats it can be seen that heat and moisture levels are involved in most of 
the threats – sometimes as main factors, sometimes as accelerators of the impact of other 
damaging agents. The main domains for simulations to investigate would thus be heat and 
moisture performance. 

2.2.4 Conflicting interests and criteria 
It is easy to imagine that a building that has endured a few centuries already would be sturdy 
enough to last a few more without much effort. However, in most cases it has not lasted that 
long without quite a lot of work in the first place, and deterioration of materials, more or less 
fortunate modifications and alterations during the years, changes of use that might have 
resulted in altered and impaired performance, and not least more or less fortunate 
climatization, may all make the future lasting of the building less certain. 

So the preservation of the building requires certain criteria to be fulfilled. However, as 
concluded before, these criteria may very well clash with those preferable for the users of the 
building. As well as potential collections displayed in the building. These potentially 
conflicting climatic criteria relate to the debate on the suitable indoor conditions and the 
historic climate, although that debate pays less attention to the people and more to the 
artefacts. As boundary conditions for the simulation work, it can be useful to have a closer 
look at the ranges of these climatic criteria. The principle of their relationships, disregarding 
actual size and spread, is displayed in fig. 2.3. 
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Fig. 2.3: Principle for the overlapping of the different sets of criteria to take into account in 
historic buildings 

Obviously, the overlap between the sets of suitable climatic conditions is depending on how 
wide ranges each of the sets of criteria are given. If the principle is translated into actual 
ranges in T and RH terms, the preferred criteria might approximately look more like in fig. 
2.4. The RH range is similar, around 50 %, for all categories but also fairly narrow, while the  

Fig. 2.4: Preferred criteria for the different categories displayed in terms of T and RH 
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T range may differ quite a lot, resulting in very different levels of absolute humidity and the 
overlapping region becomes very small. Also, as stated earlier, the different artefacts may not 
have the same ideal conditions at all, items in archives might need low temperatures to slow 
down degradation, while items on display may have a variety of different suitable conditions 
for their preservation, so that the given range for the displayed artefacts in the figure actually 
consists of a multitude of smaller ranges, possibly irreconcilable. This makes the suitable 
climate range very small, if possible to find at all. 

(Michalski, 1998) strives to increase the overlap between the criteria by distinguishing 
between what the respective categories want and what they need, seen in table 2.1. Contained 
in the definitions of the needs is also the notion that the conditions do not need to be fixed, but 
rather that they can be allowed to vary, with the seasons as well as over shorter intervals. 

Translated into a graph like the display in fig. 2.4 the widened criteria of (Michalski, 1998) 
could be displayed as in fig. 2.5, showing a much larger overlap and also the effect of the 
allowed fluctuations. 

The ranges in fig. 2.5 should not be seen as direct translations of the (Michalski, 1998) table, 
as that table does not contain any numbers. It can however serve as an illustration of the how 
the author’s two different versions of the criteria – the wants and the needs – may relate to 
each other. 

There are a few things to note in Michalski’s table. For one thing it seems to use the terms 
“need” and “tolerate” as interchangeable. “Tolerate” can however be more problematic, as it 
has a connotation of being more subjective – people are in the table more prone to tolerating 
varied climatic conditions than the artefact and the buildings, but people also tend to have 
rather flexible ranges for what they tolerate. The research on thermal comfort shows that it is 
possible to predict the general preferences of people as a group rather well, but the individual 
preferences may vary and the flexibility of the range also. The normal comfort zone of people 
ranging from about 21 – 25 degrees, with some variation due to outdoor conditions, does not 
quite correspond to Michalski’s “can tolerate a very wide range”. And although people may 

Table 2.1: Michalski’s distinction between wants and needs(Michalski, 1998) 

   Humans  Artefacts  Building 

Temperature  Wants  Constant moderate T, no 
variations 

Constant moderate T, no 
variations, low T in archives 

Constant moderate T, no 
winter heating or summer 
cooling 

Needs  Can tolerate very wide range  Can tolerate wide range, but 
sustained heat speeds up 
chemical decay 

No summer cooling beyond 
the point that causes 
condensation in or on walls 

Humidity  Wants  Constant moderate RH, but 
wide variations usually 
unnoticed 

Constant moderate RH, no 
variations 

Constant moderate RH, 
assuming outdoor T as above 

Needs  Can tolerate very wide range 
(sustained damp dangerous 
if toxic molds result) 

Moderate average RH, but 
permissible variations 
graduated over wide range 

No humidified winter heating 
to the point that RH drops low 
enough to damage interior 
surfaces, and no winter 
humidification beyond the 
point that causes 
condensation in walls 
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not actively reflect of the relative humidity they are exposed to, their experience of thermal 
comfort is still linked to it, again not quite in line with Michalski’s “very wide range”. 

 

Fig. 2.5: Criteria for the different categories displayed in terms of T and RH according to 
(Michalski, 1998), in principle as there are no set ranges in that source 

That being said, the experience of the people may also vary a lot with their activity and the 
duration of their exposure to the conditions. People working in an office environment in a 
historic building may be very impacted by conditions outside the comfort zone, and display 
very little tolerance – or low productivity if the conditions are not within a rather narrow 
range. Visitors in a museum – which is likely to be what Michalski is referring to – may have 
a very different level of tolerance, given that their stay is more voluntary in nature, they are 
driven by a specific interest, the duration of their stay is of their own choosing and they may 
be able to wear outdoor clothing indoors if that is allowed. Local heating with IR heaters may 
also be a way for visitors to regain some heat in an environment otherwise cooler than 
comfort indices would recommend.  

It is also possible to argue that the needs of the collections and buildings must have a priority, 
as people can come and go and hence leave before they are in harm’s way, while the artefacts 
and buildings can not. Again, this may be valid for visitors in a museum, and also to some 
extent to church visitors, but does not apply in the same way for other users of historic 
buildings, such as people doing office work, or residents in historic housing stock. To people 
who are exposed to the indoor conditions in a more permanent way, the “tolerance” may not 
be just about what is endurable but also a question about health and wellbeing.  

Energy poverty is a concept linked to people being forced to live and/or work in indoor 
environments that are unhealthy due to high energy costs. This is particularly pronounced in 
historic buildings, with generally large amounts of energy required for the maintaining of the 
indoor climate. Changeworks in Scotland has been working with the refurbishment of housing 
in historic buildings, and could conclude that although the refurbishment was successful in the 
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sense that it did save a significant amount of energy as well as improved the indoor climate, 
the predicted saving of 35 % of the CO2 emissions actually ended up being around half of 
that, 17 %, to at least some extent due to the investment in the improvement of the thermal 
comfort to make the indoor conditions more healthy (Heath, n.d.; Heath, 2008). 

However, the work of (Michalski, 1998) is related to museums in historic buildings, not 
housing. And in that context his criteria might be useful – as long as there is not a need to 
keep visitor numbers up. Lack of thermal comfort might deter some visitors. There are 
historic settings in which that is a good thing, if too many people are interested in visiting 
sensitive environments and a limitation of the moisture and heat loads of the visitors is 
desirable (Kilian, 2013). Yet in other contexts it might not be quite as desirable. For instance 
is there a conflict of interest in the Church of Sweden. There the energy usage would need to 
be reduced and the historic churches and especially the artefacts in them are threatened or 
damaged by over-climatization, but at the same time the visitors are expecting a level of 
comfort which the churches were not built for, (Melin and Legnér, 2014). With the number of 
church-goers dwindling, it is a difficult choice to make to reduce the thermal comfort way 
below those expectations. 

A second thing to note is that Michalski is assuming that such buildings fare the best without 
any heating, cooling, humidification or dehumidification. Hence a bit too close for comfort to 
the “letting them revert to nature” scenario mentioned in the first chapter. It is quite true that 
any deviation between the indoor and outdoor climate over the building envelope does create 
a strain in it. It is also true that it is necessary to investigate the consequences carefully when 
heating or cooling a building with uninsulated walls of hydroscopic materials and no vapor 
barriers. Moisture issues may occur – and often do. However, the claim that historic buildings 
are best off without any climatizing – which might not be what Michalski is intending to 
claim but may be interpreted as saying – is not necessarily true. Skokloster is faring 
surprisingly well although it is unheated, but that only relative to the expectations of the 
consequences of an unheated building in the cold climate of Sweden. Without a lot of tender 
care from conservators it would not be in the condition it is, and peeling of paint, fracturing of 
wood and the mould issues are formidable. Unheated is not a solution to building 
preservation. Frost, condensation due to thermal inertia and resulting high RH and ensuing 
infestations are very real threats to an unheated building, apart from the problems to make the 
users of them endure the indoor conditions. 

The fact is that the purpose of buildings in the first place – apart from protection from other 
predators – is to create an indoor climate that deviates from the exterior, providing better 
thermal comfort than nature does. In historic times people were not quite as efficient in 
creating as large deviations as we can achieve today – which we do it with a much too large 
environmental impact – but the buildings in cold climates have almost always been heated 
one way or another. So the buildings are made to be heated, it’s just that they are not made for 
quite as high and constant indoor temperatures as the ones that are being kept in modern 
buildings. 

2.2.5 Aspects to take into account 
The plurality of climatic conditions to fulfill is however not the only complication. There are 
of course the related ones connected to environmental impact, CO2 emissions, exergy usage as 
well as other energy related ones such as embodies energy. There are aspects concerning 
conservation, handling and exposure of historic artefacts and culture bearing elements of the 
historic buildings, and other aspects of the conditions for the users of the buildings. And last 
but not least there are the economic aspects. (Webb, 2017) lists the criteria as seen in table 
2.2. 
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Table 2.2: Criteria used to assess the impact of energy retrofits in historic and traditional 
buildings according to (Webb, 2017) 

Category  Criteria  Metrics 

       

Global environment  Energy consumption  Annual energy consumption 

    Annual CO2 emissions 

  Energy production and supply  Annual CO2 emissions 

    On‐site production proportion 

  Climate change vulnerability   Exposure to hazardous conditions 

    Adaptive capacity 

  Embodied energy   Embodied energy 

     

Building fabric   Conservation   Visual impact on heritage value 

    Material impact on heritage value 

    Reversibility 

    Minimum intervention 

    Authenticity 

    Compatibility 

    Level of transformability 

  Hygrothermal behavior   Performance: 

      Thermal transmittance 

      Thermal mass 

      Thermal bridging 

      Moisture buffering capacity 

      Air tightness 

    Durability: 

      Drying capacity 

      Freeze‐thaw damage 

      Interstitial condensation 

      Decay of embedded elements 

Indoor environment  Occupants   Indoor environmental quality: 

      Thermal comfort 

      Indoor air quality 

      Lighting 

      Acoustics 

  Collections   Agents of deterioration: 

      Pollutants 

      Incorrect temperature 

      Incorrect relative humidity 

Economics   Economic costs   Capital costs 

    Operational energy costs 

    Maintenance and replacement costs 

 

Assessing the potential consequences of alternative retrofitting strategies that will potentially 
have impact on all of these aspects is thus a task requiring a basis for decision-making of high 
quality and versatility. That is what a simulation process can provide. However, having these 
multiple areas to take into account, one single-domain simulation tool will not be able to 
deliver the desired outcome. The multitude of aspects require a corresponding multi-
functionality of the simulation process, which can be achieved in different ways. However, in 
order to do so, the main functionalities demanded of the simulation process need to be 
established.  
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2.2.6 Where the damage risks occur 
Now, the investigations above outline the characteristics of, and the damage risks and the 
threats to the historic buildings. However, the damage risks are not just theoretical, they occur 
at specific places in time and space. Where that is the task of the simulation to find, but there 
is one issue in this context. The whole-building simulations are one-dimensional and lump the 
conditions of a zone together in one single node, and the conditions of each material layer in 
singles nodes – no gradients within the air volume nor within the building components in any 
other direction than their normal are possible. This is the reason most damage risk predictions 
are based on the conditions of the air node of the zone. However, one thing that can be 
guaranteed is that in the middle of the air is not where the damages occur, nor is it likely to be 
the climatic conditions in which they occur. The damages take place at the component 
surfaces and/or in the material layers beneath these. The climatic conditions are going to the 
ones at those surfaces and within those materials. 

So the climatic conditions of the air node are important as boundary condition as far as the 
damage risk goes, but only as boundary condition. (Martens, 2012) takes this into account to 
the extent that he studies the climatic conditions at surfaces as well as the room air values, but 
the problem is that the conditions at the surfaces – where issues could occur – are not uniform 
either. Disregarding if there are any material thermal bridges, that is thermal bridges that are 
caused by heterogeneity in the materials of a building component, there are always the 
geometrical thermal bridges present, the ones caused by a change in direction of a wall, by a 
change in thickness such as a window recess of the meeting between an interior wall and an 
exterior. The climatic conditions at these points will be different than those of the rest of the 
room, air as well as the surfaces if the thermal bridges are excluded. And knowing the 
conditions of the air and the averages for the surrounding surfaces is not of much use if the 
conditions at the most extreme and thus most risk prone points are known. There are possibly 
other points where damage could take place – at the surfaces of artefacts for instance – but the 
conditions there are likely to be less extreme than those of the thermal bridges.  

Sure enough, if the air node shows potentially dangerous conditions, then the conditions by 
the thermal bridges are not likely to be better, so in that case it can be concluded that a risk is 
present. However, it is not quantifiable without the knowledge of the conditions at the thermal 
bridge. The same thing for the surfaces – if they display hazardous condition then the thermal 
bridges are likely to do too, but the level of risk is unknown. And if neither the air node nor 
the surfaces shows any threatening condition, then that is actually the most dangerous case, 
since that could make the decision-maker believe that there is no risk, while the truth is that it 
is not known.  

So if damage risk is to be assessed the climatic conditions of the thermal bridges must be 
known. 

2.2.7 Strategies 
Now, the simulation of historic buildings has two tasks to fulfill. One is to provide knowledge 
on the building in its present state – how does it perform and why, what mechanism are the 
most important och most problematic. The other is to provide the same knowledge about other 
potential states – the ones after the implementation of suggested strategies – to avoid the need 
for full-scale testing on the building itself and still get a picture of the potential consequences 
of alternative choices. Simulation can also be used to investigate historic performance, testing 
the building without present day alterations or in time periods of different climates. 
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Additional thermal insulation, introduction of moisture barriers, permanent opening of closing 
of doors, variation of number of people allowed in the rooms or changes in air tightness or 
ventilation rates could all be implemented in most software without much ado. However, the 
challenge of improving the performance of historic buildings may require more advanced or 
creative strategies than that. Such strategies could include passive strategies as well as active, 
and it could include a need to examine the consequences of different control strategies. 
Potential strategies could be conservation heating, controlled according to relative humidity, 
controlled ventilation, governed by the difference in relative humidity indoors vs. outdoors, 
friendly heating affecting only a local area of a room or humidification/dehumidification. It 
could also include opening and closing of vents and flues according to schedules and/or 
indoor conditions. 

However, in order to do that the software needs to be flexible enough to for the model to be 
able to accommodate such strategies and examine them, and since most building simulation 
software is built for modern buildings, not all have that option. It is then possible to examine 
the consequences with the use of several different simulation tools, but that does have the 
disadvantage of not being able to include possible interaction between the components of the 
strategy and other parts of the simulated environment in one and the same simulation. 
Flexibility is hence an important aspect of a suitable tool for simulation of historic buildings. 

2.3 Building simulation 

2.3.1 Whole-building simulation as process 
Simulation is the use of a mathematical model to mimic the performance of a complicated 
system and thereby get an opportunity to assess possible or even probable consequences of 
different potential strategies ahead of their implementation. That is, instead of full scale 
experiments, whose long term effects could take years to get to realize and be forced to take 
the consequences of, the simulation process provides a window in time, to peek into a 
possible future and get the opportunity to take the consequences of necessary decisions before 
implementation. Such foresight instead of hind-sight is usually a lot cheaper in the long run 
and does not have such dire implications as the pale cast of thought, especially when 
irreplaceable parts of cultural history is at stake. It is not the truth of the future this window 
reveals, it is a prognosis and to some extent a guess, but a qualified guess, based on the known 
parameters of the present. Due to the complicated nature of reality there will always be 
unknown factors, uncertainties in the input data and errors originating in the simplifications of 
the calculations as compared to reality. 

The likelihood for the prognosis to reveal what is necessary for an informed decision in a 
reliable manner is proportional to both the accuracy of the input data and to the complexity of 
the model – provided that that complexity is put to reasonable use. Yet an increased 
complexity does, as previously mentioned, also have its disadvantages and thus the need for 
simplifications and the demands on accuracy must be balanced against each other. 

Looking at other areas of whole building simulation interesting work has been done on 
building energy modeling methods and processes in a project within the Whole Building 
Design for Commercial Buildings program of the Office of Energy Efficiency and Renewable 
Energy (EERE) of the US Department of Energy (Franconi, 2011). That project was aimed at 
the development of guidelines for the simulation, similar to what is the aim of the project of 
this work. Though within another area of simulation and at a much larger scale the work of 
the project has a useful aspect in that it was concerned with the simulation process in practice, 
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looking not only at new technical development within the field but also at how the tools and 
methods related to the actual work of the users.  

One of the key measures taken has hence been to gather representatives of practitioners to 
identify present methods and processes and potential issues with these. One outcome of that 
was a list of tasks within the whole building simulation process, similar to the one complied 
in this chapter, though considerably longer and put together on different terms. This 
mentioned since the following list of this thesis may seem long, but in comparison with the 48 
pages of the one of EERE, it can be seen as rather modest.  

Further, (Franconi, 2011) makes an important distinction as to the aim of the entire process, 
related to the complexity of simulation. The author differentiates the modeling objective into 
three potential ones, comparison, compliance or prediction, noting that these influence the 
level of detail required by the model. This is important as the objectives of the tools to be used 
must be in accordance with the aim of the simulation. Comparison in this context means that 
the results of the simulation need not be absolute prediction but rather good enough to be able 
to evaluate different strategies. If the resulting analysis of the most optimal choice of strategy 
of a comparison aiming tool is the same as a more detailed and accurate tool, then the mission 
is completed disregarding if the acquired values are particularly correct or not. This is a 
simplified way of simulating, a lot more shortcuts can be made, and the process can be faster 
and more direct than for the other kinds of tools. 

Then there are the compliance tools, which may also be focused on the over-all absolute 
values, but are mainly concerned with the values that are of importance for the potential 
compliance with certain criteria that is simulated for. They will be able to evaluate on which 
side of the line a certain strategy may end up, but not necessarily with any certainty tell how 
much into or out of the desired range the actual result will be. 

However, if actual values are of interest, as they may be when damage risks are involved and 
the question is on which side of the safe/not safe line the strategy is ending up, the 
comparative tools are not suitable.  

For conservational purposes as well as for cost analyses it may however be necessary to make 
use of the last, and most complicated category of tools, the predictive. As stated earlier, no 
simulation will ever be able to predict the future with any perfect certainty, there will always 
be uncertainties in the way, but the predictive tools are able to make the most accurate 
predictions possible given the data there are. Their complexity reduces the uncertainty level of 
the tool, whereas the uncertainty level of the input data will remain as it is, though additional 
input data may be required. This also makes these tools the most resource demanding and 
most suited for complex tasks. 

2.3.2 Uncertainty 
The results of a simulation will always contain a level of uncertainty. This is even more so in 
the case of historic buildings, due to uncertainties in the input data as well as forced 
simplifications on top of the one that the simplifications made in the software to start with. 

2.3.2.1 Uncertainties in input data 

a. Material properties 
In modern building it is possible, at least to a reasonable extent, to rely on the data that 
the producer supplies on the building materials used. There might be deviations, but in 
general the behavior of the materials is known and documented, and it is possible to 
assume that if one part of the construction is performing in a specific way, another 
similar part will be performing identically. Should there be missing information that is 
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necessary to access, it is often possible to perform an invasive investigation – that is 
for instance to drill a hole in some inconspicuous place and check the construction in 
situ. Such investigations are generally not possible in historic buildings. 

Not only may the general material properties be slightly uncertain, the used materials 
and building systems are often heterogenic and at least partially unknown as well. 
Natural materials displaying great deviations in composition and performance from 
one sample to the other within the building are not rare. It is not uncommon that the 
materials were locally made, and prepared according to the skill and traditions on the 
site and obviously not according to any standard. Subsequent reconstruction, 
modifications and previous repairs during the years means that even a seemingly 
homogenous building component is not necessarily what it appears to be. To add to 
the heterogeneity, deterioration and damages may have altered the properties of the 
materials and differently in different locations within the building. 

Old buildings simply inherently have a great deal of uncertainty built in to start with, 
and have had a long time to gather even more of it during the years, and are then 
protected from having these secrets revealed by preservation demands of the surfaces. 
This makes simulation of these buildings all the more adventurous and creates huge 
demands on calibration of the models, since that is the only way to get to know the 
properties of the materials. 

b. Geometry 
Modern buildings, with exemption of more experimental or spectacular buildings, are 
generally fairly regular in geometry. Thus most simulation software, one-dimensional 
in nature and hence made for flat, perpendicular surfaces of walls, floors and ceilings, 
will do. Historic buildings however often display much more complex shapes, vaulted 
ceilings, rounded towers or apses, sloping floors and walls of varying thickness from 
base to top or due to niches or modifications of a previous structure. When building 
the model such irregularities often have to be simplified, and such simplifications may 
cause loss of accuracy in the model.  

For instance a vaulted roof presents a problem – should the air volume or the wall 
surface be given priority? The performance of the vault can be simulated separately in 
a three-dimensional simulation environment before the building of the whole-building 
simulation model, and the conductive heat flows than are potentially missing in the 
simplified version then calculated as thermal bridges, which will take care of the 
impact on general thermal performance. However, that procedure is time consuming 
compared to not doing it, and practitioners are working under time pressure, so there 
is always a risk that this is a corner that is being cut. Also, this will not reveal the 
correct surface temperatures, which again will impact the radiative heat flows. 

c. Thermal bridges 
Thermal bridges are often a source of uncertainty, in any building simulation, due to 
unprecise methods to derive -values. This is also due to the time pressure – 
simulating all the thermal bridges to derive building-specific -values is time 
consuming, and hence often replaced by the use of typical values or none at all. 

d. Impact of wind 
Just as with the thermal bridges, typical or no wind pressure coefficients may be used, 
due to lack of available data. The wind has a very large impact on the air exchange in 
buildings with natural ventilation, and hence also on the humidity. (de Wit and 
Augenbroe, 2001) identifies it as the single most important source of uncertainty in 



  Chapter 2: Simulation of historic buildings  75 

building simulation. Local conditions are of significant importance in this respect, and 
if the wind pressure coefficients shall be correct, investigations of the air movement 
patterns and wind pressure must be made for the specific building, including surround 
buildings, landscape and vegetation. This can be done with in-situ measuring, the use 
of a wind tunnel and by CFD-studies – though the CFD-studies would have to be 
validated against measured values, either from in-situ measuring or wind tunnel 
studies, so the CFD-studies are a complement, not a replacement for the other 
methods. All are however resource demanding and time consuming and rarely 
performed in non-academic investigations. Instead the wind pressure coefficients are 
often gathered from collections of generic data, if they are not simply set to 0 
everywhere. This is one reason why the impact of the wind is the single most 
important source of uncertainty in building simulation. This is emphasized in historic 
building that have towers, apses, bay windows, cornices etc, all features that causes 
turbulence and may alter the air flow around the building radically. 

Also the discharge factors of the cracks where the air gets in are likely to be unknown 
and subject to approximations. Estimating actual leak area may also be an uncertainty 
issue. 

e. Quality of glazing 
The glazing may not be a large source of uncertainty since the windows rarely provide 
particularly much of a heat resistance to start with, the geometry if the windows may 
be more important, but still the radiation calculations could become erroneous if the 
glazing is not correct. Quality of glass, coloring, impurities and or soiling may thus 
cause deviations in the calculations. 

f. Climate data 
If there are no locally measured data on the outdoor climate, then such data will have 
to be gathered from other places. Depending on place and similarities in climate, that 
can generate uncertainties due to local variations. Data must hence be gathered from a 
source as close to or with a climate as similar to the actual site’s as possible. Solar 
data from a place another place will also risk getting the solar angle wrong. In Sweden 
that can be avoided by making use of the solar irradiation database STRÅNG, which 
is done in this work. The STRÅNG data are from the Swedish Meteorological and 
Hydrological Institute (SMHI), and were produced with support from the Swedish 
Radiation Protection Authority and the Swedish Environmental Agency. STÅNG 
delivers data on global, direct normal, direct horizontal and diffuse irradiance for any 
coordinate in the country. However, since the values are not measured with the same 
meters, odd effects can occur in the simulation environment if they are not controlled 
and adjusted before use in the model. It has happened that the diffuse radiation, when 
recalculated for a vertical surface, due to a slight mismatch between the global and 
direct radiation measurements, got a small negative value. It was just a few Watts, for 
a short period of time, but at least in IDA-ICE that did turn out to be a major problem 
– negative solar irradiation didn’t agree with IDA at all. While the sun was in the 
south, northern windows suddenly received unimaginable amounts of solar irradiation, 
as a consequence of the program not being able to deal with negative radiation. So a 
manual check of what a recalculation of the values will actually result in in the 
simulation would seem to be advisable. 

g. People 
Another significant source of uncertainty is people. The presence of people; number 
of them, activity etc. can have a large impact, reported by (Kilian, 2013) amongst 
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others. Simulation software often assume that the impact of human activity can be 
taken into account with the use of schedules, but while that may provide a reasonable 
general performance, it does not take irregular events into account. This irregularity 
also complicates the calibration process, since simulation output and measured values 
never can correspond entirely as long as humans are involved. It is usually possible to 
get the amount of heat given of relatively correct in general by estimating average 
values for number, clothing and activity of the people at different times during the 
day, but the actual presence is in most cases going to be difficult unless it is 
meticulously documented, which is rarely the case. 

For example, during one short period, a few days in February 2009, the measured 
temperature and RH for the Gray Room in Skokloster Castle suddenly increased to a 
higher level as compared to the simulated values. After inquiries with the castellan, it 
turned out that during those days a large piece of furniture in the room had been very 
carefully disassembled in order to be moved to another room. Some 7 – 9 people had 
been working in the room for a couple of days, exerting heat and moisture that 
lingered on for yet another day afterwards. Such irregularities in human activity are 
generally not possible to take into account. 

Another activity that concerns people and ventilation is that people sometimes open 
and close windows and doors – again an issue that disturbs the calibration of the 
model, and that can change the indoor climate entirely compared to the simulation. In 
WP3 in the Climate for Culture project a small church in Roggersdorf was simulated 
as a case study. One special feature with that church was that it was manually 
ventilated by someone opening and closing a window. The air volume of the church 
being rather small, the opening of the window had very large impact on the indoor 
climate. In order to take that into account in their simulations the participants were 
given a log for the opening of the window. However, as it turned out that this log had 
two flaws. Firstly, it had times and dates for the opening of the window, but not the 
closing. Secondly, it was not the same year as the weather data. With that input data 
no one got even close to a correspondence between simulated and measured values, 
even if the general levels might have been rather alike. The lack of knowledge on the 
actual opening and closing schedule made calibration impossible. 

(de Wit and Augenbroe, 2001) may have identified the impact of wind as the most 
important when it comes to simulation uncertainty, but that might depend on the fact 
that they didn’t include human behavior among the factors they examined. Building 
physics and predictable factors are always easier to deal with than people. 

2.3.2.2 Occurring limitations in functionality in whole-building simulation tools 

h. Driving rain and rising damp 
Additional sources of moisture, especially ones that are displaying a two- or three-
dimensional transfer pattern, are difficult to take into account as the one-dimensional 
character of the calculations. It is possible to add such sources by means of an 
additional function – a simple calculation that may be dependent on the weather data 
for precipitation or just be a constant addition if the issue is rising damp and it’s 
known that the moisture content of the ground is always high enough for the moisture 
to rise in the walls. However, such a feature is not likely to be present in a commercial 
tool. This means that the moisture performance of rooms in low parts of the building 
may be flawed. 
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In the investigation of Hamrånge church, presented in chapter 6 in this thesis, 
performed with the special tool MOIRA, the correspondence between the simulated 
and measured values was astonishingly good. And then there were some instances 
when the moisture level of the studied crawl space rose a bit above the simulated 
values, only to fall back again after a few days and coincide again. When weather data 
was checked, these periods of raised relative humidity always occurred after the onset 
of rain. It didn’t occur right away, it took somewhere between half a day and one day 
for the moisture level to start rising and it took several days after the rain before the 
RH was back on the same level as the simulation, but it was obvious to see that the 
events were linked, and that not taking the moisture level into account gave 
discrepancies. 

i. Windows 
The built in window models may have issues, or count the solar irradiation slightly 
differently in different software, due to different choices of simplifications from the 
side of the software designers. This was one of the issues suspected of causing the 
discrepancies between IDA and WUFI in the studies in this work. 

j. Internal mass 
The second issue suspected of causing the discrepancies between IDA and WUFI is 
the possibility to include thermal mass in the model. In Skokloster Castle there are 
both huge fireplaces, clad in painted wooden panel but made of large amounts of 
brick, and also large tile stoves, also containing brick. These are to be found in almost 
every room. In IDA it is possible to include extra thermal mass in the model, in WUFI 
that option was missing. This impacted the temperatures which in turn influenced the 
RH, making the uncertainty too large to get a correspondence between the models. 

k. Air flows between the zones 
The different software models may have different models for the calculation of air 
flows between the zones – or none at all. Since such air flows of course impact the 
indoor climate, not knowing that the calculation of such air flows is being done 
correctly means not knowing if the output is reliable or not. In WUFI those flows were 
set to fixed values, a feature which is of course not very useful in a building with 
natural ventilation, or they could be regulated by the insertion of data files from 
another source. So the wind and buoyancy driven air flows between the rooms in IDA 
were recorded and used as input data in WUFI. 

l. Temperature gradients 
Stratification of the temperatures in a room not being taken into account is an 
uncertainty issue. Commercial software almost never have such feature available, they 
usually count the properties of the room air as an average for the entire air volume, 
assuming well-mixed conditions. This makes temperature gradient in the room air 
impossible. In IDA there is a crude model available for temperature stratification, but 
it is rater resource demanding and not something that is possible to include in every 
room in a larger model. 

m. Air gaps 
One of the most classical issues in building simulation is what to do with air gaps 
within building components. The issue is of course that the heat transfer in the 
building components in commercial programs takes place exclusively in the form of 
conduction, while most of the heat transfer through the air gap takes place in the form 
of radiation and convection. It is hence not an option to put in air gaps as material 
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layers with the properties of still air. To solve that problem the material libraries of the 
software often have “materials” that are called air gaps, of defined width, where the 
values have been modified so that the conductive flow is supposed to mimic the 
convective and radiative heat flow of the real air gap. However, the parameters used to 
cause that mimicking are fixed, and in reality both the convective and radiative heat 
flows are of course directly related to the temperatures of the surrounding surfaces, 
and are thus anything but fixed. Hence using these air gap “materials” introduces an 
addition of uncertainty into the model. 

n. External heat transfer coefficients  
External heat transfer coefficients qualifies for a fifth place on the (de Wit and 
Augenbroe, 2001) uncertainty hit-list. This has however not been found to be any 
problem in the studies performed within the work of this thesis. 

o. Albedo 
Albedo is on the (de Wit and Augenbroe, 2001) list over factors with most profound 
impact on the uncertainty. Although albedo is of importance for the calculation of the 
radiative heat transfer, it has not been seen as having any large impact in the cases 
simulated within this work. IDA has a user-friendly user interface, but the graphic 
display of the surfaces can only be of three kinds – internal components, external 
components and components towards ground. None of them relates to the choice of 
albedo for a surface at all, making it impossible to see potential errors in albedo 
quickly. 

Simplifications in the mathematical model 
To decrease complexity the software designers will have made simplifications, and 
which ones these are will depend on the software. In IDA-ICE much of the code can 
be seen, so that the user can follow what is actually being done by the software, which 
is very useful. This is however not common, most commercial simulation software is 
doing the “black box” – the user may see the input data and the output data but 
nothing in between. Hence the simplifications will be unknown. 

Error checking 
Errors do occur. And that is not a problem, as long as they are easy to find and correct. 
Unfortunately, that is often not the case in a complex simulation environment. Adding 
the time pressure of the consultant, there is always an unknown error risk in the 
potential errors in the model. Simple means to find the errors – for instance with the 
use of one or several graphic representations of the model where at least some of the 
input data are to be seen, are crucial for the reliability of the simulation. 

Interpretation 
Uncertainty and interpretation as well as presentation of that interpretation is an entire 
field of research in itself, and was the also theme of a lively session on the conference 
Building Simulation 2009. The general perspective from the participants there was 
that it was very difficult to present the results to a decision-maker, whether that is an 
owner of a historic building, a curator or a politician, without ending up in one of two 
pitfalls. The common perception of these recipient decision-makers was that all of 
them were always looking for simple answers, “do this”, “do not do that”, to questions 
that actually do not have that kind of answers, and also that the preferably want those 
answers right away. In most cases a thorough investigation would be needed, before a 
useful and reliable answer can be given, and that does take time. So one of the pitfalls 
is to either do exactly what the customers want – to deliver a very simple answer even 
if the question actually require a more nuanced reply. The other pitfall is to make the 
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answer too complicated, to try to explain everything for the customer, who then might 
lose confidence in consultant. If the answer is too complicated – even if that does 
correspond with the actual situation – it might be so laden with details that the actual 
suggestion is almost lost in it. And yet the same confidence might also be lost later in 
the process, when he/she has implemented suggestions building on the use of the 
tool/method, and it turns out that reality wasn’t quite as corresponding to the reality as 
the recipient had been led to believe. 

2.3.2.3 Dealing with uncertainty 
The one and most important tool in dealing with uncertainty is the calibration, the adjustment 
of the model until it corresponds to measured values, to ensure that the model responds to the 
shifting circumstances in much the same way as the actual building does. Not until it does can 
the model be used to predict any future. And of course the potential strategies cannot be 
measured in advance, since that would require implementation of them before the 
investigation of them which of course would be counter-productive – one of the main 
purposes with the use of building simulation is to avoid full-scale experiments that present 
unknown or uncertain damage risks.  

But the calibration is one part of the quality control of the simulation process. The quality 
control can be organized in slightly different ways, with different levels of checks and 
examinations, but they build on basically the same concepts, discussed in (Pace, 2004):  

a. Verification 
Answering the question “Did I build the thing right?” Checks that the design of the 
model as well as its implementation are containing what they are supposed to, all that 
they are supposed to and nothing but what they are supposed to.  

b. Validation 
Answering the question “Did I build the right thing?” Showing that the model can 
actually do what it is supposed to do, ergo this is where the calibration comes in as 
method to make sure that this is the case. 

c. Accreditation 
The go ahead from the people who are responsible for the consequences of the use of 
the results of the simulation. The accreditation involves checking that the simulation 
lives up to a set of criteria for acceptability for what it delivers. 

d. Credibility 
Credibility is based on the verification, validation, accreditation and also the known 
skill and knowledge of the consultant who is performing the simulation as well as the 
quality of the tools and methods used. 

Looking at the list of uncertainties it may seem impossible to make reliable simulations. Now, 
no one said that it was easy, but impossible it is not. It just requires diligent quality control 
and careful calibration against measured data. If that is done and good correspondence is 
found, then the model is useful.  

So how good is good? That will depend on the case and the accuracy needed in the model! 
But generally can be said, that even with all these issues, all the lacks, shortcomings and the 
resulting uncertainty of the model, the output is still a lot more qualified, better able to 
answers to more crucial questions and able to include the interactivity of the important aspects 
than any other method can do. Other, quicker and simpler methods can be used, but speed and 
the simple access does not make up for low quality.  
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Simple methods providing the quick and simple answers that the decision-makers want but 
without having the foundation for them are going to cause damage. Not in every case and not 
always with any profound impact, but it will be happening and it will result in unnecessary 
loss of cultural values, if the buildings are not properly examined and understood.  

Doing that is not something that building simulation can do on its own – proper measuring, 
knowledge about the cultural values and the threats against them and wise and insightful 
interpretation of the data are all necessary. However, without building simulation those skills 
and methods cannot deliver the deep knowledge about the performance of the building that 
forms a sound decision basis that minimizes the risk for faulty decisions. 

2.3.3 Kinds of software 
There are a lot of simulation tools to choose from, made for different purposes and for 
different levels of complexity. They may address different domains – aspects that they 
simulate: energy performance, moisture performance, Indoor Air Quality (IAQ), thermal 
comfort etc. An integrated tool will have more than one domain, meaning that it will be able 
to investigate several different aspects simultaneously. So the domain is the answer to the 
questions what the tool is simulating. The scope is the answer to how much of it it is 
simulating. The scope determines how long periods of time the tools is useful for, in what 
detail it can go or how much overview it gives, if it can simulate several zones, rooms, at the 
same time or not, if it is possible to integrate building services systems and test them or any 
other limitation to the capability of the software. 

There are also user-related differences, the possibilities in the operation of the tools. 
Availability is one such difference, where commercial software is what is available to the 
practitioners while the research community has access to a wider range of tools, including the 
academic ones which are generally more advanced and/or more specialized. The availability 
has an impact on how the software is designed. Other user-related aspects include the demand 
on computer resources, linked to stability and simulation run time and user-interface issues 
like ease in handling, good overview and facilitated error checking and calibration, flexibility 
in handling and reliability as a tool in general. These other user-related aspects are generally 
connected to the availability of the tool, since the producers of commercial software are more 
motivated to take the user-friendliness and operation time into account. 

Finally there are differences in what results are accessible, and how clearly they are displayed. 
This is about what basis for decisions the software delivers. That is in one way also user-
related since it is about what base for interpretation they deliver. Some software delivers 
ready-made reports without much details but containing all that the software designer assumes 
that the customer of the user might expect to get, and thus put rather little responsibility on the 
software user to interpret and prepare the results for the customer – it is enough to be a skilled 
operator of the software, the interpretation is taken care of by the software. Such reports are 
however generally more limited in content that other kinds, the ones that make it possible to 
choose what results to get more freely, including logging of variables that may be of interest 
in a specific case. 

2.3.3.1 Different kinds of whole-building simulation software, BES and HAM 
In the previous it was concluded that heat, moisture and comfort are the main aspects to 
simulate in this context. Also, in the work of this thesis it was a prerequisite that the tools 
investigated were commercially available. Relevant whole-building simulation tools are 
generally of one of two kinds, BES (Building Energy Simulation) or HAM (Heat, Air and 
Moisture). The former has the advantage to most often include comfort and also more often 
than HAM-tools supply possibilities to include the specific of different retrofitting strategies, 
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installations etc. in the models. IDA-ICE, the software chosen for the work in this project, is 
one such tool.  

A major disadvantage with the BES programs is that they do not include useful information 
on moisture levels, which are of crucial importance in the investigations of historic buildings 
(Cóstola et al., 2009). It is a matter of optimization – to include moisture, comfort and details 
on installations/retrofitting strategies in one and the same software tends to make the software 
slow, resource demanding, difficult to overview and potentially more vulnerable to problems 
with convergence. Such tendencies are not generally desirable on the commercial simulation 
software market.  

HAM-tools hence – though having the proper functions for correct moisture transport – tend 
to be simplified when it comes to other areas, such as the possibilities to simulate different 
potential retrofitting strategies or in the case of WUFI, another software chosen in this study 
for its other merits, to assess the air exchange rate by natural ventilation properly. Thus a very 
advanced HAM-tool would have been the optimal choice in this work, but lacking 
commercially accessible tools of that kind, one BES-tool, IDA ICE, and one HAM-tool, 
WUFI, were instead used in combination. WUFI is based on the work of (Künzel, 1995) 
which provides a pedagogic and useful over-view of heat and moisture transfer in buildings. 
Combinations of BES and HAM are discussed in (Cóstola et al., 2009). 

2.3.3.2 Modularity 
Modularity relates to the flexibility of the tool. The division into modules can be as in IDA, 
where each component is a module. This gives a large freedom and flexibility in the building 
of the model, since the model builder can pick any available building block and compose the 
model of exactly the parts needed – nothing more and nothing less. This facilitates the 
development of the tool – it does not have to be rebuilt when a new component is created. The 
user is hence not as limited by the assumptions of the software designer about how the model 
will be built and this provides much better possibilities for the inclusion of building services 
installations. This is important for the possibilities to simulate the effects of specified 
retrofitting strategies. Without that flexibility the tools may be able to simulate a state of the 
building without its building services systems, which is fine for the present day status of a 
historic building without such systems, but it will not allow for the investigation of the impact 
of potential installations in the future. 

Another kind of division into modules is the one of Comsol Multiphysics, where the modules 
are different toolboxes of aspects of physics that can be used or not used. It is hence 
containing a huge range of domains, which can be integrated and used together according to 
choice, but also can be used separately. The not chosen domains are inactive and thus do not 
demand any computer resources, as opposed to tools where there is a set protocol for what 
shall be included or not, disregarding if it is of interest in the case or not. This provides a great 
versatility of the tool, while still not becoming too complex to use.  

2.3.3.3 Commercial and research tools 
The level of simplification varies in the available software, and (Grunewald et al., 2003) 
makes a distinction regarding HAM tools that might also be applied to BES tools, a division 
into simplified, engineering and research tools. As said in the introduction, this work is aimed 
at the use of building simulation by practicing consultants in the field, and hence the research 
tools are left out, as they are not commercial tools. This does have its disadvantages. As 
(Grunewald et al., 2003) the research tools have limited use due to their complexity and often 
lack of user friendly interfaces, but they do allow for more accurate simulations, giving 
possibilities to choose functions and calculation methods according to need. There are 
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however engineering simulation tools that are reasonably advanced in their building physics, 
and where the reduction of complexity has been done more in terms of the flexibility in the 
building of the model than in the complexity of the calculations. The tools chosen in this 
work, IDA-ICE and WUFI are of that type. 

2.3.4 The simulation procedure 
With this as a background the simulation procedure, if seen in its entirety, can be divided into 
steps, table 2.3: 

Table 2.3: Steps in the simulation process 

a.  Definition of task  What is the simulation process supposed to deliver?    

     What level of detail is required of the results for them to be of value? 

     What level of integration must the results comply to? 

     What are the performance criteria?    

b.  Identify what is needed   What is the complexity of the task and what demands does that impose on the model? 

  to fulfill that task  Absolute or relative results necessary?    

     What level of detail does the model need to have?    

     What aspects does it need to include?    

     What particular problem areas must it cover?    

     What input data are necessary and of what quality must they be? 

     Are there any particular complications, inherent uncertainties etc to take into 
account? 

     What parameters are going to need to be examined and potentially calibrated? 

c.  Select methodology  Steady‐state or transient       

     Specific points in time or continuous dynamic simulations? 

     Long‐ or short‐term transient simulations?    

     Reasonable time expense for simulation process    

     Whole‐building or building component    

     Number of dimensions       

     Consider quality and availability of input data    

d.  Gather appropriate   Ambient climate  Location    

   input data     Height of sea level    

        Type of wind exposure    

        Orientation    

        Shading surrounding objects 

        Meteorological data:  ∙   Temperature 

          ∙   Wind speed 

          ∙   Wind direction 

          ∙   Precipitation 

          ∙   Cloudiness 

          ∙   Direct solar radiation 

          ∙   Indirect solar radiation 

          ∙   Where possible  
∙   driving rain loads 

     Surrounding structures  Type and quality of ground 

        Surrounding ground coverage 

        Adjacent buildings    

     Geometry  Number of zones    

        Relationships between zones and building components  

        Internal masses, furniture, pillars etc 

        Distances, areas and volumes 

        Joints    

        Complications    

     Construction of building  Number of layers    

     components  Thickness of layers    

        Materials in layers    
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(d.  cont.)      Contact with moisture sources 

        Surface resistance    

        Leakiness    

        Glazing of windows    

     Internal loads  Lighting, effects and schedules 

        Equipment, effects, schedules and potential emissions 

        Moisture sources or sinks, moisture flows and  
schedules 

    Occupancy  Number of occupants    

        Schedules for occupancy 

        Activity level of occupants 

        Clothing level of occupants 

        Occupant exchange rate 

     Heating/cooling  Type of systems    

        Temperatures, effects    

        Control system, schedules, set points 

     Ventilation  Type of system    

        Ventilation rates    

        Control strategies    

        Leaks    

        Problem areas or other complications 

     Data on strategies  Types    

        Temperatures, effects    

        Potential emissions    

        Control strategies, schedules 

        Costs, investment, running costs and maintenance 

     Additional data  Blinds, type, schedules    

        Overhangs, balconies    

     Measurements  Representative room temperatures and RH‐levels 

        Temperature (and RH) by outer walls, floors and 
ceilings 

        Temperature (and RH) by specific critical points 

        Air exchange rate    

e.  Create mathematical   Choose structure ‐ software     

  model  Choose formulae, mathematical relationships    

     Define initial conditions       

     Characterize boundary conditions    

     Identify and characterize thermal bridges    

     Characterize geometry and material properties    

     Discretize       

     Define time step/analyze stability of model    

     Add other potentially  Control strategies    

     necessary elements:  Operative temperature where needed 

        Exergy analysis check points 

        IAQ check    

        Damage risk assessments 

f.  Run model against time period with known, measured output values 

g.  Analyze output as compared with the measured values 

h.  If necessary supplement measuring 

i.  Calibrate the model          

j.  Repeat step 7‐ 10 until satisfactory compliance is reached, compare to criteria 

k.  Add suggested strategies, one simulation for each 

l.  Analyze output 

m.  Make modifications if necessary 

n.  Gather output, analyze and create overview 
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2.4 Specific demands to take into account 

2.4.1 Functionality 
Gathering the demands on the simulation tools and methods and starting with the 
functionalities of the tools, it is clear that the tools have to be multifunctional and hence 
involve several different domains, areas of being simulated, such as energy, comfort, moisture 
performance, damage risks etc. It is possible to group them together, as in fig. 2.6, in three 
different categories: energy, moisture and comfort related aspects. 

 

Fig. 2.6: Simulation functionality to take into account in historic buildings 

These deviating interests, criteria and simulation functionalities can be seen as a conflict or as 
an optimization process, and the way in which the investigation of a historic building is 
carried out will reflect and enhance either one of those alternatives. Unresolved conflicts of 
interest and/or an investigation process unable to include and reconcile such interests 
constitute a risk for the implemented strategy to fail, and thus a threat to the preservation of 
the building. 

2.4.2 Several zones 
One of the characteristics of historic buildings was that they due to natural ventilation and 
lack of or a scarcity of thermal insulation more often than modern ones display significant 
deviations in climatic conditions within the building. This has two implications: a. that the 
separate zones must be possible to calculate and assess separate from each other and b. that 
those calculations must take place in one and the same simulation since they are interacting 
with each other. Hence there is a need for a multi-zonal whole building simulation. In addition 
to that the conditions at the component surfaces, and in particular surfaces by thermal bridges, 
need to be assessable in the simulation. 

There is also the complexity arising from the diversity of domains and zones to handle, as 
well as that from a larger need of flexibility than usual. The historic buildings, often deviating 
both in geometry, use and possibilities as far as retrofitting strategies goes, require a 
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flexibility in the structure of the computer model in general but also more specifically in the 
simulation of the proposed strategies, locations, control and types of installations etc., where 
their modern counterparts can be managed with more standardized simulation conditions. 
This complexity then has to be balanced against the desired simplicity of use. 

2.4.3 Integration 
There are different ways of dealing with the integration of functionalities in the simulation 
tools and methods, pictured in fig. 2.7: 

a. Investigate the aspects separately with specific tools that are suited for them 
respectively 

b. Utilize integrated or coupled tools that investigate all the desired aspects 
simultaneously 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7: a. Investigation of the aspects separately with specific tools that are suited for them 
respectively, gathering and assessing the output manually, and b. Utilization of a single 
integrated or coupled tool that investigates all the desired aspects simultaneously 

Integration or coupling that take several aspects into account simultaneously has the 
disadvantage that the calculations become complex and heavy, that in turn results in high 
demands on the user and computer resources as well as long run times which in their turn 
becomes expensive due to large amount of work hours needed. The risk of stability issues, 
problems with overview and error checking and a reluctance to calibrate to a satisfactory level 
may also be considerably higher. 

The designers of commercial software have two goals: To deliver a tool that does what the 
customer needs it to do and to keep that customer satisfied while he/she is using it, 
minimizing complains and use of support time. Complexity is an issue in the endeavor to 
achieve those goals. To deal with this issue the software makers often decide what corners to 
cut themselves. They make simplifications and limit the flexibility of the software in order to 
make the calculations faster and more stable and to avoid user errors that are likely to require 
large amounts of support time. In deciding on what reductions of flexibility to make, it is 
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logical that the software designers focuses on making the tools work as good as possible for 
the most likely targets of the software: modern buildings. That can make some of the demands 
of flexibility, that the historic buildings as simulation objects may require, tricky to 
accommodate. So many commercially available integrated tools may be addressing the right 
domains with state-of-the-art precision and still be difficult to use in this context, since they 
are forcing the user to simplifications that might reduce the reliability of the simulation 
output, in spite of the skills of the user and the proficiency of the tool. 

On the other hand the simulated aspects may impact each other, such as temperature and 
comfort, or temperature and relative humidity, which are intrinsically connected to each other, 
and hence difficult to study in any other way than in an integrated simulation environment. 
Investigating the aspects separately has the advantage that the utilized tools can be more 
advanced, flexible and specialized without being all that resource demanding to use – but that 
leaves the investigation of the aspects’ impact on each other and the assessment of their 
combined results for the user to do manually, using his/her skill and experience as most 
important tool. 

Now, the value of that skill and experience is under no circumstances to be under-estimated, 
and they will always be necessary in every simulation process, both for the building and 
running of the model and for the evaluation of reliability of the results. However, the skill and 
experience are personal qualities, varying from individual to individual, and are difficult to 
quality control. With climate change some of the boundary conditions that the experience is 
building on may also be shifting, potentially making some of the knowledge gathered in the 
past obsolete. One last issue is the feedback after a simulated strategy has been implemented – 
it is not always the case that the person simulating is given the opportunity to compare his/her 
simulation results and the measured reality after implementation (Way and Bordass, 2005). 
No or little feedback from the actual outcome reduces the possibilities for the user to improve 
the quality of his/her work. 

2.4.4 Complexity and user friendliness 
Simulating a complex reality does require complex models, even with a lesser level of 
integration – but it will of course never be possible to mimic the entire complexity of reality. 
Which is why simulation will never be able to deliver an absolutely truthful picture of the 
building performance, neither the present one nor the future. However, with the right balance 
of complexity and simplification – in combination with correct handling – it will be able to 
produce an approximate prediction of likely performance that will be far better than other 
tools can deliver. The issue of complexity is however crucial. As mentioned before, high 
complexity gives the possibility for more realistic models, but also high demands on computer 
resources, long run times, problems in overviewing and error checking the model as well as 
stability and convergence issues.  

The long run times have several implications. One is in terms of money – consultant hours for 
the handling of the program must be payed, and it might be limited how much is reasonable to 
charge the customer. Another is that the time pressure might encourage the software user to 
cut corners, assume approximations that impact the reliability of the results. So the software 
can be state of the art, the operator skilled and experienced and the result still be unreliable 
due to the effort to speed things up a notch too much. Long run times giving long handling 
times can also test the customers’ patience, and if a measuring period of a year or preferably 
two or more has proceeded the simulation that patience of the customer might be limited, 
especially if there is a critical issue in the building that caused the investigation to start with 
and the damage it is causing is progressing.  
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2.4.5 Calibration 
One of those cut corners is especially critical – the calibration of the model. Given the 
uncertainties that are built into the computer models due to simplifications of geometries and 
processes, unknown or only partially known characteristics of materials, ventilation, existing 
installations and control-strategies, the credibility and usefulness of the simulation is 
dependent on calibration against measured values. As it is a fact that every data that is made 
use of is not the undisputable truth, a lot will have to be approximations in lack of access to 
exact values, the model builder has to turn to reality to adjust the model, in order to make the 
model actually respond to changes in outer and inner conditions in the same way as the real 
building would do. Thus available measured data is a prerequisite for useful simulations, and 
preferably long time series, at least one but preferably several years, Multiple measure points 
are also needed, and together with the long measuring time, this can be one of the more 
difficult points practically if the aim is a more wide spread use of building simulation as a tool 
in the process of energy enhancement in historical buildings. Yet this is a point for which 
there are not many work-arounds. 

One final issue with the calibration is of course how precise the correspondence between the 
model and reality has to be. How good is good enough? At what point is it ok to give up the 
calibration and put it to use? That is related to the issue of uncertainty and reliability, and may 
be specified according to the requirements of each case. If there are large uncertainties about 
the amount of people present and what activities are taking place, about the opening and 
closing of doors and windows, number of equipment that is turned on or off etc., the precision 
pursued in the calibration cannot be as high as in cases where all the necessary factors are 
well known – it will simply not be possible to reach the same level of compliance. If there are 
sensitive materials involved and/or high cultural values at stake, and small margins between 
success and disaster for a suggested strategy, then the precision would have to be high. And in 
the end it will always be the task of the performer of the investigation to evaluate the results 
of the simulation process and communicate them with the caution they require. 

Some kind of uncertainty index could be used, or in some cases sensitivity analyses, but the 
complexity of a task may make that kind of “simple answer to a question without a simple 
answer” more harmful than helpful. The uncertainties may be of different values for different 
aspects. Hence a high uncertainty in one end of the simulation resulting in a poor-quality 
index, if such a measure is used, could ruin the credibility of another part that has a 
completely different level of certainty. And the other way around a justifiable average 
reliability might risk covering up that the most crucial aspect, whichever that is, is the one that 
is highly uncertain. 

Uncertainty is hence one of the most important sides to building simulation, and the way to 
minimizing it is through diligent model-building, thorough insight in the peculiarities of the 
simulated building, careful calibration and in particular by not cutting corners in the process 
without knowing the impact of that simplification. And most of all what the simulation 
process needs is a good portion of understanding of the tools and methods, of the simulation 
objects and of the building physics making that which happens happen. 

2.4.6 The demands on the suitable tools 
The demands that can be made on a suitable simulation process to simulate historic buildings 
for the investigation of their energy performance and the correspondence with preservation 
criteria can be organized in five categories. Domain-related demands are such that create 
requirements on the functionality of the simulation tool, that is, what kind of aspects the 
simulation tool is able to deliver calculation results on. This is basically the demands on the 
mathematical side of the model, what formulae are used and in what way do they relate to 
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each other. Scope-related demands are related to the structure of the mathematical model, in 
what way and with what limitations the calculations can be performed – how long simulation 
periods are, whether zones are connected to each other and in what way etc. The user-related 
demands are ones that deal with the design of the software, not just in user-interface, but 
mainly in such matters that are of importance to the using practitioner, who has deadlines and 
cost efficiency in the use of the tool to think of. It also relates to the issue of potential user 
errors. This is an area that is crucial to commercial software, as an impeccable tool in scope 
and precision is worthless on the market if the user is unsatisfied with the practical use of it. 
And the last category is the decision-related demands, as in the end a perfect result is of no 
use if it is not  

Table 2.4: Demands that can be made on the simulation process, according to category 

Categories  Demands  Sub‐demands 

a. Domain‐related  The simulation should include calculation of:   

  Energy   

  Exergy   

  Costs:  Use of resources 

    Investments and maintenance 

    Cultural values 

  Environmental impact   

  Comfort and IAQ   

  Moisture   

  Damage risks:  Fluctuations of temperature and RH 

    Mould growth risk 

    Salt activity 

    Pollution and chemical reactions 

    Light 

b. Scope‐related  Be dynamic/long simulation periods    

  Able to assess alternative strategies   

  Be multizonal   

  Display overview as well as specifics on behavior
in critical points 

  

c. User‐related  Be accessible    

  Pose limited demands on time/computer   

  Be reliable   

  Be flexible   

  Be simple to calibrate    

d. Decision‐related  Render clear and unambiguous results    

  Gather, balance aspects   

  Be quantifying, facilitating comparison   

  Contain MCDA    
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possible to display and interpret in an intelligible way. This is not necessarily easy in a 
complex multi-criteria issue with a lot of inter-dependent factors to take into account. An 
approach to it is however described in (Giove et al., 2010). There is nothing inherently 
unambiguous and indisputable about the matter, hence the simulation process must contribute 
to clarity and overview, facilitating comparison between different options – without losing 
important aspects out of sight. 

Not all of these demands are necessary to include in the simulation process as such, at least 
not in all cases, and for instance the multi-criteria decision analysis, MCDA, might be a later 
step in the investigation, but the mere possibility of a need for input data for such an analysis 
poses a demand on the simulation to be able to deliver results that can be used in that context. 
Most of the demands are however relevant in many cases, and the fulfillment of them should 
be seen as requirements on the simulation process for it to be considered useful in the context 
of simulation of historic buildings. 

2.4.7 One, two or three dimensions 
Two- and three-dimensional simulation models generally take a lot of computer power and 
time to simulate dynamically, which is of course necessary to establish the performance of a 
building over the seasons of the year. Such multi-dimensional studies are hence mainly made 
either for steady state conditions – as in the determination of psi-values for thermal bridges – 
or for shorter time intervals, such as a day to a month or so, or they have to limit their scope 
by only investigating one room at a time. Hence it is suitable to use one-dimensional models 
instead in whole-building simulations, where several rooms are included and the simulation 
period is a year or more. This means, however, that two- and three-dimensional heat and 
moisture flows are missed in such a model, and those missing must be compensated for, of 
else they must be counted in as a risk on the uncertainty account. The general impact of the 
heat flows of the thermal bridges is often accounted for in one way or another. The two- or 
three dimensional moisture flows are however often neglected, and so are the actual surface 
temperatures at the most extreme points of the building envelope – that would be by the 
thermal bridges – as well. 

It is of course possible, with the two- dimensional moisture flow as well as with the thermal 
performance of the thermal bridges, to do a post-whole-building simulation. That would then 
involve using the calculated indoor climate from the whole-building simulation as boundary 
condition in a two-dimensional simulation tool, and make a local study of specifically 
moisture performance or the thermal performance of the thermal bridges. Unless that post-
processing is limited to specific known problem points, this would mean that a large number 
of investigations in rather time and resource demanding processes, which due to that is less 
likely to take place. It would hence be valuable to have the whole-building simulation deliver 
a statement on the damage risk level of the thermal bridges – something that is not included in 
the tools today. In the work of this thesis a method for the inclusion of the thermal 
performance of the thermal bridges is investigated, there is however not a similar 
investigation for the two- or three-dimensional moisture flows in the scope of this work. 

2.4.8 Conclusions about the simulation of historic buildings 
The investigation of the simulation process and historic buildings as simulation objects led to 
a list of demands on a simulation method for this kind of buildings. Not all these demands 
might be necessary to fulfill in every case, but in general they are likely to be crucial for the 
trustworthiness of the simulation and the ease with which it can be handled. 

The demands can be divided into domain-related, scope-related, user-related and decision-
related ones. The domain- and scope-related ones deal with the capacity of the process. Those 
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that relate to domain are the ones that refer to what aspects the simulation can examine, the 
scope-related ones determines to what extent those aspects can be examined. The user- and 
decision-related ones are about the handling of the tools and of in- and outputs, hence related 
to the human involvement in the process.  

It can in that context be concluded that the value of the aspect of ease in handling is not to be 
under-estimated, as the simulation of historic building generally is a time- and resource-
consuming process, with high demands on knowledge, skill and also patience on behalf of the 
person carrying the work out. It may also require effort and patience from the owners/care-
takers of the buildings, as lengthy measuring campaigns are necessary, with equipment that 
might be in the way and mustn’t be disturbed etc. This in order to make calibration of the 
simulation model possible, since calibration is a necessity to ensure the validity of the results. 
So the simulation process is not without its costs for the people involved. Hence the 
importance to make the process as simple as possible, so that the investment of time, patience 
and money in the simulation does not prevent the buildings and items in them from 
benefitting from the fruits of the effort. 

Having investigated the simulation process and the demands that the historic buildings may 
pose on it, the next step was to examine how the simulations can be performed in the most 
optimal way, given the demands and uses for it as a tool. The investigation showed that there 
were two problem-areas, which make simulations less valuable than they could be, and that 
potentially are sources to rather significant lacks in the models. 

One was the thermal bridges, as damage risk assessment was one of the two main targets of 
the work. If the simulations do not take the 2- or 3-dimensional performance of the thermal 
bridges into account the damage risk assessment is going to be questionable. That issue had to 
be resolved in order to make the simulations meaningful to start with. This is the topic of 
chapter 3, and the use of the developed method is shown in chapter 5. 

The other area chosen for further study was the impact of wind pressure on the air exchange 
rate, since a faulty air exchange rate – as well as faulty predictions of the air movements 
across the building envelope – may severely impact the credibility of the simulation. Even the 
most advanced mathematics and correct building physics models of the simulation tool is of 
little use, if the quality and condition of the indoor air is not known. Since this was also the 
area highlighted by (de Wit and Augenbroe, 2001) as the one accounting for the most 
erroneous simulation results, it seemed like a natural place to start. The wind pressure 
coefficient issue is related to in chapter 4, and a study of the difference in air exchange rate 
achieved with pressure coefficients from different sources is presented in chapter 5. 

Once those two problem areas were investigated and potential suggestions for their solution 
were found, there were a couple of other areas that were essential in order to make use of the 
findings and fulfill of the task: Solving how to assess and display the mould risk, shown in 
chapter 5, and identifying what would constitute a suitable simulation method that would 
fulfill the demands that had been identified, which is done in chapter 6. As it turned out 
identifying the method would not be enough, so a new method was designed and a new tool 
created, but that too is accounted for in chapter 6. 
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Fig. 2.8: The park next to Skokloster Castle. 
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Chapter 3: Thermal bridges 

“The greatest enemy of knowledge is not 
ignorance, it is the illusion of knowledge.” 

– Stephen Hawking 

3.1 Thermal bridges and the Equivalent Wall-Part Method 

Damage risk assessments are often based on averages in room air or averages for entire wall 
surfaces instead being made for the risk-prone points where the damages are most likely to 
occur – which is often by the thermal bridges. Hence the actual damage risk remains unknown 
and it may be under-estimated to an extent that is impossible to evaluate without further 
investigations. While such further investigations, for instance with WUFI 2D, may be 
necessary for the evaluation anyhow, getting an overview of the risk levels already in the 
whole-building simulation would provide a better overview and a possibility to compare risk 
levels at an earlier stage in the simulation process. But the performance of the most extreme 
points of the thermal bridges is due to two- or three-dimensional heat flows, and the whole-
building simulations are one-dimensional. Thus equivalent wall-parts mimicking the behavior 
of the thermal bridges are introduced in the whole-building simulation environment in this 
study, as a new way to include the risk-prone points in the simulation model. 

3.2 Summary for the work with the Equivalent Wall-Part Method 

Issue: Damage risk assessments based on averages in room air or averages for entire wall 
surfaces do not reveal the actual risk levels since it misses out on the risk-prone points at the 
thermal bridges – a method to include an estimation of the risk at those points within the 
whole-building simulation would provide a more useful overview and ensure inclusion in the 
risk assessment. 

Research questions: 

a. Is it possible to provide a useful damage risk assessment of the actual risk-prone 
points in a whole-building simulation by inserting wall-parts with some of their 
parameters modified according to a simple mathematical expression? 

b. To what extent do the results of simulation with and without the performance of the 
risk-prone points deviate? And to what extent does that affect the quality of the risk 
assessment? 

Hypothesis: The Equivalent Wall-Part, EWP, will with acceptable accuracy mimic the 
conditions at the risk-prone points, and when used in a whole-building simulation it will 
indicate the range of damage risk. 

Method: Creation of an expression that renders modified values for  and c, to be used in 
EWP, and analyze the correspondence between the behavior of thermal bridges in a two-
dimensional simulation and the behavior of the EWPs.  

In detail:  

1. Simulate large number of cases of two-dimensional heat flows at a thermal bridge 
exposed for a stepwise temperature shift at one side, as parameter study 
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2. Utilizing the time constant of the reaction to the temperature shift, find a formula that 
emulates the relationship between the parameters  and c and the time constant. 

3. Check correspondence to and deviation from simulation results 
4. Apply in cases 
5. Analyze differences in simulation results 

Results: The EWP-method is working for cases within the specified conditions. 

Contribution: A method to integrate the thermal performance of geometrical thermal bridges 
in solid masonry walls in one-dimensional whole-building simulations, so that overview of 
damage risks in different scenarios can be facilitated. 

3.2.1 The issue of damage risk at thermal bridges 
Whole-building simulation is generally one-dimensional in order to keep the complexity of 
the simulation model down to a manageable level. The one-dimensional building components 
are then connected to the air of the rooms in the model, and this air is assumed to be well-
mixed and hence its heat and moisture contents are assumed to be equal to the averages for 
the entire room. This might not entirely correspond to actual conditions, but provides a useful 
approximation for the study of the building as a system, including the heat and moisture 
exchange between rooms and between room air and surrounding building components. It thus 
also allows for an approximation of the conditions at the surfaces of the building components, 
but only to the extent these conditions are affected only by one-dimensional heat and moisture 
flows. The whole-building model can in itself not provide any estimates where two- or three-
dimensional flows occur, yet it is at those points, where the heat flow is larger, that the 
temperature deviates the most from the rest of the building component. Not knowing how 
large that deviation is means not knowing the damage risk at these points, and lower 
temperature often means higher relative humidity and hence higher damage risk. Damage risk 
assessment in whole-building simulations, lacking the data on the performance of these 
points, is instead often done based on the average conditions of the room air, which then 
hence lets the actual damage risk remain unknown. 

Most damages are related to moisture and temperature performance, such as mould, rot, 
fracturing or salt crystallization, and do rarely occur in the middle of well-mixed room air. 
They occur in materials usually in the periphery of the room, such as surface layers of the 
building envelope or of furniture, tapestry or paintings placed near or at the walls. When it 
comes to the latter, objects near the walls, there is also a risk in the fact that the conditions of 
air between the objects and the wall may deviate considerably from the averages of the room 
air. The confined space between objects and wall surfaces may create microclimates with 
even more enhanced damage risk than can be found by other surfaces in the room. These 
microclimates are however not possible to take into account in the whole-building simulation 
as such, as they require much more detailed study than such a simulation can provide, 
including convective air flows and radiative heat exchange. 

Thus, if the temperature and moisture levels at the surfaces are not examined and the damage 
risk assessment is based solely on conditions in room air, the assessment will be flawed by 
potentially large uncertainty. Assessments of the conditions at the surfaces, as well as in 
layers further into the building components, provide a more appropriate basis for decisions. 
Yet, the one-dimensional simulation environment renders here again only an average for the 
entire connecting surface between a building component and the room air, or for entire layers 
within the building components. In that manner the assumption becomes that the conditions 
are more or less equal in the entire extent of the surfaces or layers, and that possible 
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deviations are negligible. This is however not necessarily the case as can be seen in the 
research on thermal bridges performed by (Asdrubali et al., 2012) amongst others. 

In well-built modern buildings where thermal bridges are minimized, the indoor climate is 
more or less even and well-regulated and the risk for condensation is low, the omission of the 
effects of thermal bridges in the damage risk assessment might be at least to some extent 
acceptable (though not in the thermal calculations, where their impact would have to be 
included). These modern buildings are however seldom the cases that are in need of damage 
risk assessment through building simulation. And in buildings belonging to the cultural 
heritage not taking the conditions at the risk-prone points at the thermal bridges may lead to 
serious flaws in the damage risk assessment. 

 

Fig. 3.1: Thermal imaging of a window recess in Skokloster Castle, in the Count’s Bedroom 
in December 2017. At that point the temperature difference between the coldest point and the 
room air was about 4 °C. 

3.2.2 Background for the method 
In the whole-building simulation, the heat flows that the one-dimensional model misses out 
on are usually added as some kind of addition to the conductive heat flow. In IDA ICE this is 
done by manually entering heat flow coefficients, -values, and the length of the stretches 
affected by the two-dimensional heat flow (though IDA ICE does suggest the lengths based 
on the geometry of the building). It is also possible to enter tree-dimensional thermal bridges 
in the same manner. So the extra heat flows provided by the thermal bridges are included in 
the calculations of the heat flow to and from the zone, but unlike the flows through the 
building components actually surrounding the zone in the simulation model, these flows are 
not related to any specific building components and there are hence no temperatures 
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calculated that relate to these heat flows. The surface temperatures at the thermal bridge are 
thus left unknown. 

In the HAM-software WUFI there is no built-in method to include thermal bridges at all, but 
it is possible to do so by calculating the additional heat flow to the zone by hand and then 
insert wall-parts with modified -and/or d-values that provides that extra heat flow. This 
method does however not provide the information on the surface temperatures either, since 
the wall-part is made to provide the entire flow one-dimensionally and the surface 
temperature that it makes available thus relates to an average for the chosen area of the wall-
part, and it does not reflect the temperature performance of the most extreme point of the 
thermal bridge. So here too that temperature, and its resulting RH, remains unknown. 

So these methods include the additional heat flows to the general calculation, in accordance to 
(EN 13790:2008, 2008), but do not provide the information needed for damage assessment at 
these points. If a wall-part with modified parameters is inserted, in order to mimic the most 
extreme point of the thermal bridge, it simplifies the handling as well as the overview if this 
part does not contribute to the general heat flow calculation of the simulation program, so that 
heat flow calculation and thermal performance of the thermal bridge are kept apart. In a 
previous version of the Equivalent Wall-part Method this was done by keeping the wall-part 
very small, about 10 x 10 mm, but this was found to be difficult to deal with in the programs, 
and in IDA-ICE the possibility to log the temperatures of such small wall-parts was taken 
away in a program update, so an alternative solution had to be found. The solution chosen 
does have its drawbacks, as it is somewhat time consuming – to simply calculate the 
additional heat flow of the EWP by hand and then for every EWP also create a counter-EWP, 
which reduces the heat flow to the same extent. With an Excel-sheet prepared for this 
calculation it is not too resource demanding, but it would of course be preferable if that 
function could be dealt with in a simpler manner. 

3.2.3 Equivalent Wall-Parts, EWPs 
The use of equivalent wall-parts is not new. It relates to other methods using equivalent 
values for , for instance, such as the -value method of (EN ISO 10211:2017, 2017), but 
instead of modifying a parameter for a layer in a building component, it modifies an entire 
wall-part. By giving it modified parameters it is made to mimic something the one-
dimensional simulation environment it is used in otherwise could not do. Thus the 
performance is made to be equivalent to what a two- or three-dimensional simulation would 
render, in spite of its one-dimensional nature – hence the name Equivalent Wall-Part, EWP. 
The use of equivalent wall-parts occurs in investigations of the effects of thermal bridges for 
instance in the works of (Kossecka and Kosny, 1997; Martin et al., 2012) but in those 
investigations they are used to mimic the additional heat flow, similar to the method presented 
above for the inclusion of heat flow from thermal bridges in WUFI, not the thermal 
performance. 

What is new here is hence that the concept of equivalent wall-parts is used to capture thermal 
performance and hence damage risk instead of adding heat flows. 

3.3 The study of the EWPs 
The thermal bridge-study is here divided into two parts: 

1. The creation and testing of the Equivalent Wall-part Method 
2. Investigation of the impact on damage risk assessment in a whole-building simulation 

case study 
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As the study consists of a number of steps – also within the parts mentioned above – this 
division has been made to provide a better overview. 

3.3.1 Dealing with the issue 
There are several ways in which this issue can be dealt with: 

1. It is sometimes asserted that if several different alternative strategies are simulated and 
one of these strategies show a lower damage risk level in the room air than the others, 
then the risk at the risk-prone points of the room will also be lower and it will hence 
be the preferable alternative, even if the actual risk level is not known. The flaw in this 
reasoning is that as the actual risk level is not known it is also not known if the 
suggested strategy actually manages to provide acceptable conditions for preservation 
or not, or if other, more effective alternatives should be sought. 

2. It is possible to study the risk-prone points separately, as it is usually not finding the 
most risk-prone points that is the problem – so once found they can be assessed using 
other, more detailed simulation methods. There are two problems with that method: 
First of all, this kind of detailed studies are time consuming and are not, or at least not 
in all cases, reasonable to perform unless it is really known that it is necessary. The 
problem is then to know in advance whether they are necessary or not – and if there 
are financial resources to perform them even if they could be necessary. The second 
problem is the boundary conditions as these are likely to be fluctuating, and at least 
mould issues are related not only to certain temperature and moisture levels but also to 
the time of continuous exposure to such conditions. These boundary conditions should 
thus be gathered from a whole-building simulation. 

3. Both of the two previous ways of dealing with the issue of assessment of the risk-
prone points thus have their own issues, all related to an estimation of risk level of the 
risk-prone points already at whole-building level –  the third path would then be to 
provide such an estimation. This is the alternative that is subject for the following 
study. 

The question is then how the thermal effects of two- or three dimensional heat flows can be 
integrated in a one-dimensional simulation environment. It can be done by coupling, but the 
object of this work is to assess tools and methods that are accessible and manageable for 
practitioners on the field, and the coupling method, being more useful in open and academic 
environments, does not necessarily fulfill that condition. Another path would be to create a 
method that would mimic the performance of the thermal bridges within the one-dimensional 
environment. 

3.3.2 Research question concerning thermal bridges 
Insertion of wall-parts mimicking the performance of the thermal bridges would solve the 
problem and render results answering the questions of potential risk level and possible need 
for further study. Such wall-parts would need to have modified layer parameters, to make 
them render the mimicked two-dimensional performance instead of the actual one-
dimensional performance of the rest of the building component. This in turn creates a need for 
a method to determine these modified values, preferably a simple formula for each parameter 
that is to be modified. The first research question in the area of thermal bridges in simulation 
of historical buildings then becomes: 

a. Can an equivalent wall-part (EWP) with modified parameters according to a simple 
formula mimic the effect of multidimensional heat flow in the single-dimensional 
simulation environment of a whole-building simulation? 
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If the answer to this question is “yes”, secondary questions arise: 

a. To what extent do the results of simulation with and without the performance of the 
risk-prone points deviate in an actual case? Does the insertion of these equivalent 
wall-parts provide new information that can affect the quality of the risk assessment? 

3.3.3 Limitations 
Some limitations are applied to the study: 

1. At this point only the parameters relating to heat flows are considered. Relative 
humidity levels are then attained by exposing the moisture content of the indoor and 
outdoor air to the deviating surface temperatures, due to the heat exchange through the 
thermal bridge, that are acquired by the use of the EWPs. In a following step it would 
be of interest to include modification of moisture related parameters too, to mimic 
moisture bridges as well. 

2. Only geometrical thermal bridges are taken into account. This is mainly related to the 
fact that they are more or less always present and thus are important to be able to 
assess. But also due to potential uncertainty that prevail regarding to material related 
thermal bridges in historic buildings, since it is usually not possible to open up walls 
to determine actual material compositions and measurements of pillars and beams etc. 
within it. Hence the practical value of a simplified method such as the one described 
here would be questionable due to large uncertainty, though the need to include that 
kind of thermal bridges as well may exist. 

3. The only constructions considered here are relatively thick walls made of solid 
masonry with plaster on both sides. Due to the thickness of the construction the plaster 
becomes less significant, and the modification of the parameters is limited to the 
masonry layer only. The limitation to this specific kind of structure is due to three 
things. Firstly the fact that it is a common wall type in historic buildings. Secondly, it 
is a simple construction to start with. And thirdly it is a construction that may be risk-
prone in spite of the fact that the materials in it are not in themselves particularly 
affected by moisture issues, apart from potential salt and frost problems. The surface 
layers of such constructions may be at risk due to the thermal inertia of the 
construction, and particularly if heavy walls that have been cooled down during winter 
meet moist spring and summer air condensation, mould and rotting issues may occur. 

4. Although the heat storage capacity of the walls play a crucial part in the matter and the 
capacity in a dynamic simulation is related to the frequency of the temperature 
fluctuations this aspect was not taken into account, partly due to the fact that the 
response time of the thick walls made this less manageable. The response time could 
be measured in months, making daily or hourly variations less relevant. In addition to 
that, and more importantly, the parameter for heat capacitance in the whole-building 
software is a fixed parameter, whereas the frequency-response method renders 
variable values for c depending on variations in frequency. Such variable values are 
thus not possible to integrate in the whole-building simulation environment. Hence a 
time constant method using a single heat pulse was used instead, even though the long 
response time made run time the simulations rather lengthy. 

5. The parameter range was restricted to wall thickness, d, 150 – 1350 mm, thermal 
conductivity, , 0,6 – 3,0 w/(mK) and specific heat capacity, c, 400 – 3000 J/(kgK). 
The choice of thermal conductivity was made to suit the most common materials in 
masonry in old buildings: brick, sandstone and limestone or granite. The range for the 
heat capacity was created to make it possible to accommodate the potential modified 
values which are necessary for the use of the method explained below. 
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3.4 Theory behind the EWP method 
The aim is then to create formulas that provide modified layer parameters that, when applied 
to the equivalent wall-parts, renders the same results as a two- or three-dimensional 
simulation of the most extreme point of the thermal bridge would do. In order to do so it is 
useful to consider the causes or the deviating performance of these points as well as available 
methods. 

3.4.1 Causes and parameters 
As is known from the Fourier equation the temperature variations due to conduction in any 
point in a building component is given by the heat flow  which in turn is dependent on 
temperature difference T, surface area A, and thermal resistance R, which in turn is 
dependent on the thickness d and thermal conductivity . Furthermore, the variation over time 
is given by the one-dimensional transient heat conduction equation 
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This also leads to a dependence on density  and specific heat capacity c. In equation 3.2, 
though in this form related to a static case, the relevance of the volume V for the heat storage 
capacity of a specific component is also pointed out: 
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Thus the parameters A, d, ,  and c are the ones that could, theoretically, be modified to 
adjust the performance of the EWP. The specific performance of a geometrical thermal bridge 
is inherently related to the shape factors A and d, as well as the volume V resulting from those 
two factors, rather than to the material properties ,  and c. Fig. 3.2 shows this relationship 
in a simple parameter study of a corner where two perpendicular walls meet, in one case the 
walls are 600 mm and in the other 1400 mm. In the figure, the heat flow is represented by the 
lines running through the walls, and it can be seen how the flow pattern differs between the 
one-dimensional flow where the heat flow is not affected by the thermal bridge of the corner, 
and the two-dimensional flow at the corner. The figure displays how the heat flow through a 
specific area A on the inner side of the wall, is passing through an area A1 of a different, larger 
size on the outer side of the wall when the flow is affected by the thermal bridge, creating a 
larger heat flow density at the inside surface. Also the distance d that the heat is flowing 
through the wall is longer at the corner compared to the one-dimensional heat flow, and the 
volume V, which is defined by the distance d and the areas A and A1, is hence also increased 
in comparison. In the figure the factors A, V and d of the one-dimensional heat flow through 
the wall where it is not affected by the thermal bridge are compared to same factors for the 
most affected point of the thermal bridge in the two cases. It can be seen how thickness of the 
wall alters the ratios between the parameters in the one- and two-dimensional cases.  
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Fig. 3.2: Heat flow pattern, seen as the lines representing the direction of the heat flow, and 
comparison of the differences between the surface area A, volume V and flow distance s for 
the heat flow through a specific size inside surface area at a location with a one-dimensional 
flow (bottom of the figure) and by the two-dimensional flow at the most extreme point (top of 
the figure) of an outer corner geometric thermal bridges for solid walls of thicknesses 600 
and 1400 mm. 

In the case with the 600 mm thick wall the distance d through the material at the thermal 
bridge became 1.27 times longer than in the one-dimensional heat flow, the volume V became 
5.76 times larger and the outer area 11.5 times larger compared to their one-dimensional 
counterparts. The larger outdoor area creates a larger heat flow, the longer distance and larger 
storage capacity may slow down the impact of temperature changes. In the second case, 
where the walls are 1400 mm, the difference in distance d is actually smaller than in the 
previous case, the d of the thermal bridge is 1.23 times that of the one-dimensional flow, but 
the V and outdoor area A are larger, V 7.63 times and A 19.8 times the corresponding factors 
in the one-dimensional heat flow. It is also possible to conclude that the change in wall 
thickness between the first and second case changed the relationship between the factors. So 
the shape factors A, d and V determine the heat flow pattern and hence the performance of the 
geometrical thermal bridge. 

These figures as such are in themselves not the point, the purpose of them is to display the 
nature of the relationship between the shape factors and the heat flow and hence of the 
performance of the thermal bridge. 

It would hence seem that the most relevant parameters to adjust would be A, d and V. In the 
whole-building simulation environment, however, A and V are not feasible to adjust. In a one-
dimensional environment it is obviously not possible to have one area on one side of the 
building component and another on the other side, and V is given by A and d. So d is the 
shape-related parameter that remains. But only lengthening or shortening the distance through 
the material is not going to account for the performance of the thermal bridge, so the actual 
shape factors affecting the heat flow are not useful in this context.  

For the time-and heat storage-related performance of the thermal bridge other parameters 
must hence be found, parameters that the simulation software will allow modification of, and 
that will affect the performance of the EWP in the same way as a two-or three-dimensional 
simulation would. These must be chosen from the material parameters ,  and c, which are 
parameters the software will indeed allow to be changed.  and c both relate to the heat 

one-dimensional heat flow of 
wall without thermal bridge 

two-dimensional heat flow of 
thermal bridge 
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storage in the thermal bridge and of those c is the most relevant parameter and the one that 
was chosen.  is related both to the time it takes for the heat to transit through the material 
and to the resulting temperature of the inner surface, so  is also chosen to be modified. 

Hence the parameters to modify, and thus also to find formulas for, are here  and c, which in 
their modified form are named ’ and c’. This is in the following done though determination 
of time constants and surface temperatures in a series of parameter studies, from which a 
relationship between the parameters are constructed. The resulting simulation method hence 
require two- or three-dimensional dynamic simulations to be carried out before the whole-
building simulation, from which the time constant TC and surface temperature at the most 
extreme point, Ts, are extracted to be used in the formulas for ’ and c’. 

3.4.2 Complication due to multiple temperatures 
Given that the heat flow pattern hence is decisive, it becomes apparent that more than the 
existence of two surrounding climatic boundary conditions does complicate the picture. In 
reality, most historic buildings are likely to display a number of deviating indoor climates, but 
the impact on the heat flow patterns may still be limited enough to overlook that issue unless 
the deviations are large. Where that limit goes should be determined in two-dimensional 
simulation and examination of the heat flow pattern. In the first part of the study only two 
climatic boundary conditions are thus taken into account, though some cases of multiple 
climates, like heating through solar irradiation on one but not the other of an outer corner, 
may be approximately estimated by a process of averaging, using one EWP for each side and 
then take an average of their resulting inner surface temperatures. 

3.4.3 Determining ’ 
This is of course not the only method that makes use of modified material parameters. The 
standard (EN ISO 10211:2017, 2017) also refers to a modified -value, in that case the 
effective thermal conductivity of a quasi-homogenous layer. The modification in the standard 
is made to include the additional heat flow caused by structural heterogeneity in the 
calculation of general heat conduction through a building component. It uses a two- or three-
dimensional simulation of the construction as base for the calculation and determines a -
value for one layer in which the resistance is in reality varying perpendicularly to the main 
direction of the heat flow. The -value is found by dividing the layer thickness by a 
denominator consisting of a resistance that would render that total heat flow minus the 
resistances of all other layers and surface resistances, seen in equation (3.3). 
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In this formula (3.3) d is the thickness of the layer of eff, A is the surface of the simulated 
building component, Rsi and Rse the inner and outer surface resistances respectively and 
dj/j) the resistances of the rest of the layers. tot is the total heat flow according to the two- 
or three-dimensional simulation of the construction and T is the temperature difference 
between the inner and outer conditions. L3D is hence the heat flow per degree centigrade. 

As the modified value ’, that is sought for in the context of the study presented here, is 
instead relating to the most extreme point of a thermal bridge, it must relate to the surface 
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temperatures of that point rather than to total heat flow. Based on the same method as the 
calculation of the eff of the standard (EN ISO 10211:2017, 2017), the equation for ’ also 
originates in the formula for conductive steady state heat flow, only in this case the heat flow 
density at the extreme point related to the surface temperature gathered from the performance 
of the most extreme point of thermal bridge, here called Ts, equation (3.4): 
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where q is the heat flow at the extreme point, Ts the steady state inside surface temperature at 
that point and Te and Ti the exterior and internal temperature respectively. Rearranged and 
related to the construction with only three layers, thin surface layer 1, consisting of plaster, 
the masonry layer 2 and the thin surface layer 3, also plaster, it becomes the formula for ’ 
(3.5): 
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where d2 is the thickness of the masonry, d1 and d3 the thicknesses of the plaster layers and 1 
and 3 the thermal conductivity of the same layers. 

3.4.4 Determining c’ 
The modification of the parameter c is not a new invention either. It has for instance been 
used in research on the impact of temperature fluctuations on the heat storage capacity and 
thus on thermal inertia, for example by (Mao and Johannesson, 1997; Mao, 1997). As Mao 
shows the value of the equivalent c in his work differs depending on the wavelength of the 
temperature fluctuations, and this does of course present a problem as the whole-building 
software rarely allows for a variable value for the capacitance of a material. Hence a one-
dimensional wall part in the whole-building simulation environment will not be able to 
accurately account for the variability of the effective capacitance of the thermal bridge. It is 
however possible to make an approximation, which is done in the following. 

3.4.5 Thermal inertia and the time constant 
The thermal time constant concept is based on the study of the effect of a sudden temperature 
change on one side of an object, for instance one side of a wall, and then letting the constant 
temperature load continue until the system reaches steady state conditions. The time constant 
is then the time it takes the responding side of the construction, in the example the other side 
of the wall, to reach (1-e-1), about 62.3%, of the entire temperature shift reached at steady 
state, if the temperature change is positive (Lewis et al., 2005). According to (Incropera and 
DeWitt, 2001) the time constant can be expressed in physical terms as equation (3.6): 
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where TC is the time constant, h is the surface heat transfer coefficient, As is the surface area 
and Vc is the heat storage capacity according to equation (3.2). To be of any use in this 
context, this requires access to the parameters A and V, which was previously concluded as 
inconvenient to get in thermal bridges. This formula does also not take the effect into account 
of the serial and parallel distribution of the capacitance in the material – hence the name, 
lumped capacitance method – and can thus not account for the influence of fluctuations. 

Due to this, investigations of effects of thermal inertia of buildings and building components, 
and more specifically investigations of thermal bridges, are often made using the frequency 
response method instead, which builds on harmonic fluctuations and the response by the 
construction examined (Mao and Johannesson, 1997; Mao, 1997; Tadeu et al., 2011; 
Tsilingiris, 2006a). Still, as the variable heat capacitance determined in the frequency 
response method cannot be taken into account in the software, the method of using the 
thermal time constant to determine the impact of thermal inertia does have its merits. It has 
been utilized by (Akander, 2000; Antonopoulos and Koronaki, 1998, 2001, 2000; 
Antonopoulos and Tzivanidis, 1996; Asdrubali et al., 2012; Hitchin et al., 1993; Hoffman and 
Feldman, 1981; Tsilingiris, 2006b, 2004), though in most of these studies the time constant is 
used to examine the impact of thermal inertia on the energy performance on building level, 
defining one time constant for the entire building. The exception is (Tsilingiris, 2004) which 
defines a structural thermal time constant for single building components using the heat flow 
as basis. Antonopoulus & Koronaki (Antonopoulos and Koronaki, 1998) also discuss the 
deviations between apparent and effective capacitance in that context, concluding that the 
impact of the fluctuations can be very prominent.  

None of the mentioned references makes use of the time constant concept to examine the 
thermal performance of thermal bridges, which is the aim here. Another difference is that 
(Tsilingiris, 2004) uses heat flow as basis for the calculations, while in the context of this 
study it is more purposeful to use surface temperature. For one thing it is easier to measure 
surface temperatures in practice than heat flow, something (Tadeu et al., 2011) gives an 
example of how to make practical use of. 

Practically the TC can be found with satisfactory accuracy by simulating heat flow through 
the thermal bridge in a two- or three-dimensional software, in a model with a sudden 
temperature shift on the one side on the construction. The resulting curve for the temperature 
change on the responding side can be used to determine TC. The definition of TC as 
mentioned above, providing the temperature change is positive, can be written as equation 
(3.7): 
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where TTC is the surface temperature on the responding side of the wall at the time of the time 
constant, T0 is the initial temperature and T is the difference between the initial and the 
steady state surface temperatures.  

It is important in this context to point out that the time constant may be of different size 
depending on in which direction the heat moves, even through a building component that is 
symmetric around its center line. This is due to the difference in surface heat resistance, which 



 106  Chapter 3: Thermal bridges  

in turn to a large extent is depending on the speed of the air movement along the building 
component. (Tsilingiris, 2006b) defines the deviating time constants of the same structure as 
(TC)F and (TC)R, the forward and the reverse time constants respectively. The forward time 
constant is the one acquired by letting a heat pulse reach through the wall from the inside and 
out, hence relating to how changes in the indoor temperature affect the exterior surface of the 
wall. In the following work in this chapter the time constant used is going to be the reversed, 
the one from a case where the heat increase or decrease is on the outside of the building, 
reaching in to the interior side of the component. The reverse one is lower, as the smaller 
surface heat resistance causes a more rapid heat transport into the component. Since the points 
in focus in this work are the points where the outdoor temperature affects the inside of the 
building, and a quicker heat transfer could hence be anticipated, the reverse time constant 
would seem like the more realistic choice. 

Equation (3.7) can in turn be rewritten to relate to surface temperatures only as equation (3.8): 
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where Tmax is the surface temperature when steady state condition is reached, which is easily 
accessible from the temperature curve resulting from the simulation. 

In the simulation it is convenient to let the temperatures on both sides of the construction be 
equal initially – allowing an even initial condition of the construction without a temperature 
gradient. Then the outer temperature is either increased or decreased and the inner surface of 
the wall becomes the responding side, the one that is then subsequently investigated. In this 
study the initial temperature on both sides was set to 0°C and the outdoor temperature change 
to +20°C. Any temperature dependence of the heat capacitance is here ignored, as the 
temperature differences are small enough to render that dependence insignificant. 

Using the time constant method, based on input values for the material, ,  and c, structural 
dimensions of the thermal bridge and knowledge of the time constant from a two- or three-
dimensional simulation of the impact of a single temperature shift of 20 °C, a formula can be 
derived empirically for an equivalent wall part that under the same conditions would behave 
similarly to the most extreme point of the thermal bridge, expressed in the variables d,  and 
c. However, as the capacitance distribution of the equivalent wall part by the virtue of its one 
dimensional nature is prohibited to mimic the reactions to fluctuations entirely correctly, and 
the fact that the formula is empirical and thus an approximation, there will be deviations 
between real and virtual thermal performance. 

3.5 Method of the study 
The method of the study consists of several steps: 

1. Simulate large number of cases in a two-dimensional simulation environment as 
parameter study 

2. Find formulas that emulates the relationship between the parameters 
3. Define the method for the use of the EWPs 
4. Make a validity control by calculating ’ and c’ and applying them in a one-

dimensional model, which provides a comparison between calculated and applied 
values and the original ones which should correspond 

5. Analyze the results of the validity control and ascertain for what range the method is 
valid 
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6. Apply in a case study to assess practical use 
7. Analyze differences in case study simulation results to determine usefulness 

3.5.1 Step 1: Simulate a number of cases in a two-dimensional simulation 
environment 
A number of cases were simulated in a two-dimensional simulation environment, in this study 
Comsol Multiphysics was chosen for that task. The simulation was dynamic, including one 
single shift in temperature, from 0 to 20 °C, on the outer side of the construction. The 
simulation was then left to run until a steady state was reached. Then the time constant TC 
and steady state temperature Ts for the most extreme point of the thermal bridge were 
gathered from the results of each case. 

245 cases were simulated, 7 thicknesses d times 7 specific heat capacitances c times 5 thermal 
conductivites , the chosen values can be seen in table 3.1. The choice of -values was based 
on some common masonry materials, brick (0,6 W/(mK)), sandstone (1.7 W/(mK))and 
limestone or granite (3.0 W/(mK)), but as more values gives a better basis for the establishing 
of the relationship between the parameters -values in between the first three where added. 
The d-values and c-values are chosen to represent a range of plausible values, but as all 
different values of parameters are combined to form the examined cases the resulting separate 
cases do not represent specific materials, their purpose is to establish the relationship between 
the parameters only.  was kept constant in all cases, as it was not to be one of the modified 
parameters. 
 

Table 3.1: Chosen values for the parameters c, d,  and  in the parameter study 

Parameter  Variations 

c [J/(kgK)]  400  600  800  1000  1100  1200  3000 

d [mm]  150  350  550  750  850  950  1350 

 [W/(mK)]  0.60  1.15  1.70  2.35  3.00 

 is set to 1800 kg/m3 for all cases and materials   

 

Several temperature differences, 10 °C, 20 °C and 30 °C, were tested initially as well for a 
limited number of cases, as a test of the sensitivity to the choice of temperature range. 20 °C 
was found to be a suitable temperature shift and was hence used in the complete simulation 
sequence. The time period simulated was 3.5 months, which was not enough to reach a stable 
maximum surface temperature for the thicker wall dimensions at high heat capacity values, 
but enough to calculate the TC as the maximum surface temperature, corresponding to the 
steady-state surface temperature, could be gathered from the same thickness and thermal 
conductivity but lower heat capacity. The model can be seen in fig. 3.3. 

The relationship between TC and c for different d- and -values is linear, shown in fig. 3.5 – 
3.7, which made it possible to build the equation for the relationship on the formula for the 
straight line, with the impact of variations of changes in d and  included.  

The fact that the curves in fig. 3.5 – 3.7 do not reach TC = 0 at c = 0 – is due to the plaster 
layers. Thus, though the plaster layers are possible to omit or change in the ’-calculation, this 
is not quite the case in the c’-equivalent. Their impact is however very small and of little 
consequence at larger thicknesses of masonry. 

The slopes of the curves, determined by the use of linear trend lines, were defined as a 
variable k and gathered for the different thicknesses and conductivities. 
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Fig. 3.3: The model for the pre-simulation 

 

3.5.2 Step 2: Find formulas that emulates the relationship between the 
parameters 
The formula for ’ was determined already in the theory part, section 3.4.3, formula 3.5. The 
formula for c’ was constructed by finding a fitting expression for the relationship between c 
and the time constant TC, thermal conductivity  and thickness d. The slopes k of the TC /c-
curves in the graphs in figure 3.5, 3.6 and 3.7 were related to the thickness d, resulting points 
seen in fig. 3.8, for the different -values, and an expression was found that when the 
respective -values were inserted resulted in curves that fit the values from the simulations. 
The resulting curves are also displayed in fig. 3.8. This expression was combined with the 
expression for k and a formula for calculation of TC was created, seen in formula (3.9): 

 

0.85 2 20.00039 ' 0.0049 ' 0.0309 ' 0.1476 17.529 5023TC d c dc d            (3.9) 

 

This expression could then be rearranged to express c. As this c is the c-value necessary to 
reach a certain time constant and the time constant is one of the two values used as input for 
de modification of the c- and -values, this then replies to the question: What c-value, when 
used in a one-dimensional building component, renders the time constant of the thermal 
bridge, as found in the two- or three-dimensional pre-simulation? Hence does it correspond to 
the sought parameter c’. The formula for c’ then becomes: 
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This describes the relationship between TC, c, d and  in a simple one-dimensional wall-part, 
meaning that when a TC is acquired from a two- or three-dimensional simulation of a thermal 
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bridge, a ’-value can be calculated from the surface temperature Ts of the same simulation 
and as the thickness d is known, a c’-value for a EWP can be determined. 

3.5.3 Step 3: Define the method for the use of the EWPs 
An important point in the use of the EWP is to avoid interference with the general calculation 
of the heat flows in the whole-building simulation. The purpose of the EWP is to enable the 
logging and display of the conditions at the most risk-prone points in a room. It should hence 
not be contributing to the calculations of the heat flows in the building as a system. In some 
programs the EWP can be made small enough to be insignificant and still be possible to log, 
in the whole-building simulation software used in this work, IDA ICE and WUFIPlus, this 
was not the case. To prevent additional heat flow from the EWPs to be added to the heat 
balance of the zones, these heat flows can be cancelled out by the use of “counter-EWPs”, 
cEWPs, which have to be given values for  and c that counteract the heat flow in the EWP. 
So the EWPs and cEWPs are in this procedure inserted as pairs at every thermal bridge that 
can be considered a point of interest in the whole-building simulation model. 

Furthermore, the presence of multiple climatic conditions, more than one indoor climate and 
one outdoor climate, can increase complexity in the calculations. As stated before historic 
buildings with little or no insulation, potentially large leak flows and little or no means to 
create homogenous climatic conditions throughout the building often display more or less 
deviating thermal conditions from room to room. A thermal bridge consisting of an inner wall 
meeting a façade wall (both in masonry to be able to fit this method) will often be exposed to 
two slightly different indoor climates. As mentioned before this should however not be a large 
problem, since deviations of a few degrees will not change the flow pattern in the thermal 
bridge very much. 

Larger deviations, such as cases when one side of the inner wall is facing a space of different 
character than the other side, for instance a closed room on one side and an open stair case on 
the other, might have to be dealt with differently. In such cases the pre-simulations may be 
taking an average deviation during the most critical time period between the two indoor 
climates into account, to establish an adjusted flow pattern. 

Another similar problem may occur at outer wall corners, where one of the walls might be 
exposed to solar irradiation in the whole-building simulation and the other not, depending on 
solar azimuth or shading. Although the thick walls considered in this work may not be all too 
affected by this due to the thermal inertia, at least not by daily fluctuations, it might still be a 
point to insert EWPs on both sides of such a corner, and then take the averages of their 
performance as resulting values. 

As mentioned the EWPs should not be allowed to impact the general energy performance 
calculation, so “counter EWPs”, cEWPs, have to be created. To do that the heat flow of the 
corresponding EWP is compared to the heat flow of though a piece of the surrounding wall of 
equivalent size, just like a normal thermal bridge calculation. The heat flow through the 
cEWP then has to be the heat flow of the surrounding wall minus the additional heat flow 
created by the EWP. The parameters of the cEWP are modified to correspond to that heat 
flow. 

The procedure of the suggested equivalent wall-part method thus becomes: 

 Pre-simulation: Create a two- or three-dimensional model of the thermal bridge in 
question and simulate a heat pulse with a duration long enough to penetrate the wall 
and derive the time constant TC from the simulation. 
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 Use the derived maximum inner surface temperature at the most extreme point of the 
thermal bridge, which when stable is equivalent to the temperature derived in a steady-
state calculation, as the surface temperature Ts in the equation (3.5) to calculate 
equivalent thermal conductivity ’. 

 Calculate the equivalent heat capacity c’ from the derived parameters TC and ’, as 
well as the known parameter d, using equation (3.10). 

 Create an EWP in the whole-building simulation model, using the derived equivalent 
’ and c’ and simulate and make sure it does not affect the general energy calculations 
– either by making it so small that its influence becomes insignificant, adapting its size 
to fit the overall heat flow from the thermal bridge, or by using a cEWP to compensate 
for the EWP in the general energy calculations. 

 Thermal bridges exposed to more than two outdoor climates may require some 
modification in pre-simulation or addition of more than one EWP 

3.5.4 Step 4 and 5: Validity control and determination of range of validity 
In order to check the validity of the c’-formula a re-simulation was performed. The original 
model was now supplemented with separate wall-parts, mimicking the EWP, one with 
original c and -values, here called c0 and 0, and one with modified c’- and ’-values. The 
augmented model can be seen in fig. 3.4. 

 

 

 

Fig. 3.4: The model for the simultaneous simulation of the thermal behavior of three points: 
1. the inner corner of a two-dimensional model of the actual thermal bridge, 2. a point by the 
one-dimensional heat-flow of a simple wall model with the properties of the real wall, c0 and 
0, and 3. a point on a similar wall with one-dimensional heat flow but with equivalent c’ and 
’ values, as would be used in an equivalent wall-part. 

3.5.5 Step 6 and 7: Apply in a case study to assess practical use and analyze 
the usefulness 
The method was used to compare the thermal behavior of a simple wall construction with 
one-dimensional heat flow and equivalent c’- and ’-values, corresponding to an EWP in a 
whole building simulation, and that of two-dimensional simulation of two existing thermal 
bridges, using the same process of simulation of a 20 C° outdoor heat pulse and TC 
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determination procedure as before. The set-up can be seen in fig.3.4. The properties of the two 
cases can be seen in table 3.2. 
 

Table 3.2: Properties of the two corners investigated with two-dimensional simulation and 
EWP 

  douter wall  dinner wall  c  c'   ' 
   [mm]  [mm]  [J/(kgK)]  [J/(kgK)]  [W/(mK)]  [W/(mK)]  [kg/m3] 

Corner 1  1200  590  850  1846  0.58  2.581  1800 

Corner 2  1200  440  850  1182  0.58  0.76  1800 

Plaster  30  30  850  ‐  0.7  ‐  1600 

 

The thermal bridge cases tested here have the properties of two corners in a room in 
Skokloster Castle, the Gray Room, which is the most mould risk-prone room in the building. 
Corner 1 is an interior/exterior wall junction, both walls in brick masonry, with deviating 
indoor climates on each side of the interior wall. On one side of the interior wall in question 
there is the room climate, on the other side there is a stair case open to the outdoor climate 
and having a very large air exchange, which at times gives the indoor climate on this side 
more or less the same climate as outdoors. To simplify the example the temperature in the 
stair case is here assumed to be equal to the outdoor temperature. In subsequent studies, when 
the EWP-method was applied in the whole-building simulation, that was not the case. In the 
latter study the deviation of the two indoor climates was studied and based on the findings in 
that study a second indoor temperature was introduced in the pre-simulation model. 

As the façade is facing north and also is shaded for the few solar rays possible, differences 
due to solar irradiation can be neglected here. This corner is the most notoriously mould 
afflicted point in the castle. 

Corner 2 as a comparison is the other interior wall/exterior wall junction of the room, where 
the interior wall is slightly thinner and the indoor climate on both sides is practically the same. 
Corner 1 is thus affected by the outdoor temperature rise from two directions in the TC -
determination simulation, corner 2 only from one. 

Analysis of the results is included in the results-section. 

3.6 Results of the thermal bridge study 

3.6.1 Results from the initial parameter study 
The results for three of the five -values, those for the materials brick ( = 0.6 W/(mK)), 
sandstone ( = 1.7 W/(mK)) and lime stone or granite ( = 3.0 W/(mK)) are shown in fig. 3.5 
– 3.7. 
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Fig. 3.5: TC depending on specific heat capacity for a material with the -value 0.6 W/(mK) 
of different thickness d, with slope k defined per thickness 

 

 

Fig. 3.6: TC depending on specific heat capacity for a material with the -value 1.7 W/(mK) 
of different thickness d, with slope k defined per thickness 
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Fig. 3.7: TC depending on specific heat capacity for a material with the -value 3.0 W/(mK) 
of different thickness d, with slope k defined per thickness 

A factor k for the slopes of the TC /c-curves in the graphs in figure 3.5, 3.6 and 3.7 was 
determined.  The k-factors for the curves of the different -values were then related to the 
thickness d in a k/d-graph, resulting points seen in fig. 3.8. The resulting curves of the 
expression that was created are also displayed in fig. 3.8. 

 

 

Fig. 3.8: The slope k of the TC/c-curve depending on thickness of masonry layer for the five 
different -values simulated and the corresponding calculated curves based on the derived 
formula to display fit between simulation results and the derived formula. 
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Some deviation can be noticed between the points derived from the parameter study and the 
calculated curves, yet as there is a point to keep the generic formula simple, it was assumed 
that the fit was good enough to fulfill the purpose of the method. The deviations were 
however examined in a validity control, results seen in table 3.3. The comparison is made 
between the c-values that were used in the two-dimensional model from which the TC was 
derived, c0, and c-values derived from a reversed form of the equation 3.9, solving for c, cr. 
The discrepancy is due to the deviations between the simulated values and the ones of the 
constructed curves in fig. 3.8. The percentages are naturally higher the lower the original 
value is, so 14,5 % of 400 is 58 J/(kgK), while 2,4 % of 3000 is 72 J/(kgK) – in terms of c-
values and the extent to which the exact value of it is known in the first place that should be 
acceptable deviations. 

Table 3.3: Mean deviations between the original input c0 and calculated cr, as in the c derived 
from taking the simulated TC and solving equation 3.9 for c, in the simulations for the 
different masonry thicknesses in percent 

c0 
[J/(kgK)] 

cr 

= o.6) 
cr 

= 1.15) 
cr 

= 1.7) 
cr 

= 2.35) 
cr 

= 3.0) 

400  ‐3,7%  ‐7,1%  ‐11,9%  ‐12,8%  ‐14,5% 

600  ‐1,0%  ‐5,8%  ‐7,2%  ‐8,1%  ‐7,8% 

800  ‐0,9%  ‐3,6%  ‐6,2%  ‐4,9%  ‐5,3% 

1000  ‐1,0%  ‐3,9%  ‐3,5%  ‐2,6%  ‐3,4% 

1100  0,3%  ‐3,3%  ‐2,9%  ‐3,1%  ‐3,0% 

1200  0,6%  ‐2,4%  ‐3,2%  ‐3,0%  ‐1,7% 

3000  0,4%  ‐1,1%  ‐0,8%  0,1%  2,4% 

 

3.6.2 Results from the case studies 
Two corners in the Gray Room in Skokloster Castle were modelled in the two-dimensional 
simulation environment of Comsol Multiphysics, as displayed in fig.3.4. The corner 1 is the 
one towards the staircase, with two different indoor temperatures on the respective sides of 
the inner wall, while corner 2 is the one towards the Count’s Bedroom, with the same indoor 
temperature on both sides of the inner wall. Fig. 3.4 hence shows the corner 2. 

The left side of the model takes the two-dimensional heat flow into account, and from that the 
TC and subsequently the ’ and c’ are calculated. The ’ and the c’ values were then used in 
the wall-part in the upper right part of the model. Hence the three points 1, 2 and 3 display the 
two-dimensional thermal performance of the thermal bridge, the thermal performance of the 
wall without the thermal bridge and the thermal performance of the EWP respectively. The 
results can be seen in fig. 3.9 and 3.10. The correspondence can be seen as satisfactory and 
the EWP can be assumed to emulate the performance of the thermal bridge in the whole-
building one-dimensional environment as intended under the given conditions. 
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Fig. 3.9: Comparison between the curves for the surface temperature rise for the thermal 
bridge in corner 1 in the Gray Room at Skokloster Castle: Point 1, performance according to 
the ordinary two-dimensional model and Point 3, the one-dimensional equivalent wall-part 
EWP. In addition the average surface temperature of the wall, Point 2, is included. 

Fig. 3.10: The corresponding comparison for the points 1, 2 and 3 for corner 2. 
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3.7 Discussion and conclusions from the work on thermal bridges 
Mould risk, even at masonry walls, must be assessed when evaluation of indoor climate in 
historic buildings is concerned. A solid masonry wall, being of inorganic nature, might seem 
like a structure less likely to supply favorable conditions for mould to grow. In an assessment 
according to for instance Sedlbauer’s mould risk isopleths (Sedlbauer, 2001, 2002) it might be 
counted as belonging to a less risk-prone substrate category in that context. However, as 
reality shows, in old buildings this might not be quite as true. Surface erosion, organic paint 
layers or remnants of other old surface treatments in combination with many years of soil, 
dust, previous mould and/or algae infestations may make even rather raw or merely plastered 
masonry surfaces a lot more favorable for mould growth than might be anticipated from the 
basic material itself. In Skokloster Castle mould growth can be seen on some of the window 
panes in spite of glass not being the most likely substrate for mould to grow on. Yet each 
mould spore that through the years have landed on the panes and managed to germinate when 
condensation conditions have been suitable, has brought its own organic material to the 
surface, as has a lot of the dust particles that has ventured there too, and through centuries the 
amount of deposited organic compounds has reached a level where limited mould growth, at 
least temporary, can take place. The mould growth risk on the surface of masonry walls in 
historic buildings must hence be seen as considerably higher than mould infestation risk on a 
modern masonry wall. 

Refurbishing and retrofitting of buildings often include a balancing between cost and energy 
usage on one side and comfort, usability and damage risk on the other. In historic buildings 
the cultural values could make this even more problematic because of the cultural values at 
stake. The achievable result may very well be balancing on a fine line between affordability 
and damage risk. It is then of importance to be able to assess any strategy under consideration 
by checking the risk-prone points, such as those at the thermal bridges. Fairly small deviations 
could mean the difference between mould growth or no mould growth. 

The suggested EWP method makes an assessment of these points possible. The use of the 
method makes it possible to examine the surface temperatures of the thermal bridges within 
the one-dimensional environment of the whole-building simulation software. The impact of 
the thermal inertia on the fluctuation of those surface temperatures is then also revealed. By 
calculating the relative humidity by the thermal bridges as the vapor density of the room air 
divided by the saturation vapor density at the temperature of the surface, the two factors use to 
assess the mould risk can be established: Temperature and relative humidity. This is done 
relating to the thermal performance of the thermal bridges only. Hence the two- or three-
dimensional moisture performance at the thermal bridge is not taken into account, and any 
impact that may have on the mould risk is thus neglected. However, once the risk pattern, 
over time as well as in location within the building, is determined, it can be analyzed and if 
necessary, the risk-prone points can then be further examined with a two-dimensional HAM-
tool. 

The EWP method can be implemented in most whole-building simulation environments as 
long as wall-parts models can be created and their surface temperatures logged. It can be seen 
as working satisfactorily in the tested cases and under the conditions stated.  

It should be noted that the method does not concern risk assessment of the inner fabric of the 
building component, because of its lumped nature (Lewis et al., 2005; Tsilingiris, 2006c, 
2006a). However, while the aged and potentially soiled surface of a wall may be at risk for 
mould growth, in spite of its inherent inorganic quality, such a risk within the masonry 
structure is less prominent. Other risks, such as effects of freeze and thaw, are not included in 
this study. 
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Fig. 3.11: Weapons in the Armory in Skokloster Castle (Photo: Jens Mohr, Statens Historiska 
Museum, CC BY-SA) 
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Chapter 4: Wind pressure coefficients 

“I’m only passionately curious.” 

– Albert Einstein 

4.1 Deriving wind pressure coefficients 

In historic buildings the ventilation is often still natural, as it was when they were built. Other 
common features are at least somewhat complex geometries, and rather leaky building 
envelopes. Hence the air exchange rate (AER) is to a large extent dependent on the wind 
pressure on the façades. This means that whole-building simulation models would have to use 
the correct, local wind pressure coefficients in order to make the simulated AER resemble 
actual one. The wind pressure coefficients thus have to take the geometry of the building into 
account as well as the surrounding landscape, with buildings and vegetation. Such coefficients 
are however not easily acquired, since they are object specific. Due to that the simulations are 
often performed with generic values derived from simplified geometries without surrounding 
elements, found in any of the databases gathered for that purpose. It has been concluded that 
this leads to significant errors in resulting AER (de Wit and Augenbroe, 2001) in any building 
simulation, and this is even more prominent in leaky buildings with natural ventilation. If the 
AER is incorrect, then the energy calculations as well as the relative humidity and hence also 
the damage risk assessment are going to be erroneous as well. This study looks at the 
differences in AER in a whole-building simulation depending on how the used wind pressure 
coefficients have been derived. 

4.2 Summary for the study of wind pressure coefficients 

Issue: Wind pressure coefficients from simplified, generic sources may often be used in lack 
availability of more accurate ones, and this may affect the usefulness of the simulation results 
due to large impact on AER 

Research questions: What is the size range of the error in AER depending on simplification 
of the utilized the wind pressure coefficients? And how do surrounding environment and 
geometry – here specifically in the case of Skokloster Castle – impact the wind pressure 
coefficients? 

Hypothesis: The use of simplified sources of wind pressure coefficients – or use of no wind 
pressure coefficients at all – may significantly impact the reliability of the simulation results 
and cause unacceptably large errors. 

Method: A model of Skokloster Castle was placed in a wind tunnel and pressure on the 
façades was measured in 112 points, corresponding to the windows at 2nd and 3rd floor, and 
three experiments were performed. In one test the model included surrounding trees and the 
neighboring building, in the second the vegetation and neighboring building were removed 
and in the third the towers on the castle were also removed. 

A simple quantification of the potential impact on the AER was performed and in a 
subsequent case study the resulting AERs from the acquired wind pressure coefficients were 
compared with results from simulations with simplified coefficients. 
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Results: A sheltering effect from the vegetation could be seen on all façades, even the 
relatively wind exposed western side, but most prominently on the southern side. On the 
northern side the deviation between the scenarios with and without vegetation and the 
neighboring building was surprisingly alike those of the eastern and western façades. The 
impact of the inclusion of the towers in the model did indeed enhance the pressure difference 
between the façade walls in the corner rooms. 

Contribution: A quantification of wind pressure coefficients around a complex building 
geometry with extruding parts obstructing the air flow around it, and of deviations of the 
coefficient between different detailing of the model: with surrounding elements, without those 
elements and lastly without the obstructing parts – showing that the deviations are significant, 
and that too simplified models will increase the uncertainty in the model considerably. 

4.3 The wind pressure coefficient 
The pressure induced by wind is an important driving force for infiltration and natural 
ventilation, by impacting the pressure difference over the building envelope, the driving force 
for the air flow through it. The wind pressure exerted on a surface of a building component is 
however not uniform –the speed and direction of the airflow and the resulting local pressure 
are both affected by the building geometry as well as by surrounding elements. Hence local 
wind pressure at different points at a building surface deviate from what the general wind 
speed and direction alone would suggest. The wind pressure coefficient is the means to define 
such local variations. 

There are several different methods that can be used to derive wind pressure coefficients to 
use in a simulation: 

 Deriving the coefficients from in situ measurements over a longer time, including all 
wind angles and all parts of the building 

 Wind tunnel experiments determining the coefficients for the actual building and 
situation, including surrounding buildings and vegetation 

 Wind tunnel experiments determining the coefficients using a simplified model – 
lacking surrounding and/or detailing in the façades/roof 

 CFD-studies determining the coefficients using more or less simplified models 
 Use of purely numerical methods to derive the coefficients 
 Use of data from previous experiments of more or less simplified generic geometrical 

models 
 Use of generic data from available databases  
 Use of the default setting in the simulation software, in the case of IDA-ICE that 

setting is 0 for all coefficients 

4.3.1 Definition 

The wind pressure coefficient, Cp, defines the deviation from the general wind pressure by 
subtraction of the general atmospheric, static pressure from the local pressure, and then 
dividing it with the dynamic pressure of the wind. The wind pressure coefficient can be 
defined as (Cóstola et al., 2009): 

local sta

p

dyn

P P
C

P


  (4.1) 
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Where  Plocal is the local pressure at a specific point at a surface (Pa), 
 Psta is the general static atmospheric pressure (Pa), and 
 Pdyn is the general dynamic pressure of the wind (Pa) 

The pressure of the wind can be expressed as: 

2

2
dyn

u
P


  (4.2) 

Where   is the density of the air at relevant temperature (kg/m3), 
 u is the wind speed, in this context the speed of the wind upstream of the 

object and undisturbed by it or anything else (m/s), often measured at the 
height of the building 

The Cp coefficient can thus be calculated according to (Etheridge, 2012): 
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  (4.3) 

 
Hence, by multiplying the dynamic pressure with the wind pressure coefficient, the local wind 
pressure exerted by the wind on a specific point at a surface of a building component can be 
found.  

The wind-induced pressure difference driving the leak flow through a building envelope can 
thus be calculated according to (Wirén, 1985): 
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Where  Pwind is the wind-induced pressure difference (Pa), 
 Cpe is the wind exterior wind pressure coefficient (-), and 
 Cpi is the wind interior wind pressure coefficient (-) 

The actual pressure difference over the building envelope does however also contain a 
thermal pressure, which can be described as (Wirén, 1985): 
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Where  Pthermal is the temperature-induced pressure difference (Pa), 
 z is the height above ground (m), 
 Te is the outdoor temperature (K), and 
 Ti is the indoor temperature (K) 

The total driving pressure over the building envelope then becomes (Wirén, 1985): 
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 (4.6) 

A simplified method to calculate the wind pressure impact on the air volume flow, according 
to (True et al., 2003) is: 
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d ref pQ C Au C      (m3/s) (4.7) 

Where  Cd the discharge factor of an openings or crack (-) 
 A the leak area (m2) 
 uref the reference wind speed at the height of the leaks (m/s) 
 Cp the difference between the wind pressure coefficient on the windward façade 

and the leeward façade (m/s) 

If factors Cd, A and uref are given fixed values, 0,3, 0,038 m2 and 3 m/s respectively, a 
relationship between the Cp and the volume flow can be displayed, seen in fig. 4.1. 

 

 

Fig. 4.1: The theoretical relationship between the deviation in wind pressure coefficient over 
the building envelope and the air flow through a crack. 

The actual air flow will in reality also be affected by the thermal pressure and potential 
differences in pressure due to other means of ventilation etc. Yet the local wind pressure can 
be said to be one of the main driving forces, and crucial in a simulation environment, when air 
flows and air exchange rates play important roles in the energy performance of a building. 

4.3.2 The issue of the relationship between the AER and the choice of wind 
pressure coefficients 

Ventilation in historic buildings is often natural and dependent on leak flows, which may be 
considerable. The air flow through the building envelope can have a profound impact on the 
indoor climate and its suitability for different purposes, affecting moisture levels, mould risk 
and damage prevention as well as energy usage, comfort and usability of the building.  

Building simulation, in the form of building energy simulation (BES) or heat, air and moisture 
simulation (HAM) tools, is a valuable resource in the process of evaluating a building’s 
performance and the merit of potential retrofitting strategies to enhance energy performance 
and/or preservation conditions. However, the usefulness of the prediction of the indoor 
conditions that such tools can make, is dependent on realistic air exchange rates. In order to 
make such simulations reliable it is hence of importance to take the wind pressure affecting 
the leak flows into account. Arbitrary estimations of the impact of the wind on the air 
exchange rate is a major source of loss of reliability in building simulation. (de Wit and 
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Augenbroe, 2001) even identifies it as the most prominent source of uncertainty in such 
models.  

Yet taking the actual wind pressure at the building envelope surfaces into account is 
problematic in many cases. There are several reasons for this. Availability of realistic data on 
wind pressure distribution for the geometry at hand may be limited, as well as the extent to 
which such data are possible to take into account in the simulation model, due to software 
limitations.  

4.3.2.1 Sources for wind pressure coefficients 

There are basically two means available to produce primary data on wind pressure 
coefficients, which both pose high demands on equipment as well as on skill and time: In situ 
measurements, under complex and case specific conditions, or laboratory tests, often carried 
out on generic models of elementary shapes, with reduced complexity and limited but 
controlled conditions. In situ measurements are often difficult and time consuming to 
perform, and are mainly carried out for academic purposes, not for any specific simulation 
object. The laboratory tests are faster and more convenient to perform, but will inevitably 
have limits to the level of match to reality, due to simplifications.  

The laboratory tests can be of different kinds. One kind is wind tunnel tests which, if handled 
correctly, have a good resemblance to actual situations but may be subjected to scaling, wind 
profile and measuring issues. The requirements on the equipment and know-how put limits to 
the extent of the use of this kind of testing, as do the requirements on cost and time. The use 
of 3D-printers may however reduce the cost and time demands on the model building, 
improving the possibilities for wind tunnel testing as 3D-printers get cheaper and more readily 
available. Wind tunnel test have been performed for a long time and for studies of different 
scales and scopes, from testing of wind pressure distribution on simple geometrical shapes, 
such as (Richards et al., 2007, 2001), to testing of single buildings with simplified shapes 
(Holdø, 1982; Kasperski, Koss, et al., 1996; Wirén, 1985), compared to in situ measurements 
(Geurts, 1996) and validated by comparison between larger amounts of measuring (Sill, B.L. 
et al., 1992). The impact of surrounding buildings have been studied in for instance (Kim et 
al., 2012; Sawachi et al., 2006) and landscapes (Hang et al., 2011), and complexity in shape 
by [Li 2015, Baskaran 1993, Savory 1992, Amin 2010](Amin and Ahuja, 2012; Baskaran, 
1993; Li et al., 2015; Savory et al., 1992). Other experiments look more directly on the impact 
of the wind on the interior air movements, such as [Tecle 2013, Etheridge Nolan 1979, Ernest 
1992, True 2003, Heiselberg (vol. 5), Nyman Sandberg 2011](Ernest et al., 1992; Etheridge 
and Nolan, J. A., 1979; Heiselberg and Sandberg, 2006; Nyman and Sandberg, 2011; Tecle et 
al., 2013; True et al., 2003), sometimes also compared to in situ measurements (Sandberg et 
al., 2015). The aims of the studies range from focused on wind loads on the building structure 
as such to the air movements through leaks and openings. 

The other kind of laboratory tests is computer-generated data, often produced in three-
dimensional CFD-simulations, which have the advantage of not being restricted to a limited 
number of measuring points, as the in situ and wind tunnel measurements are, and instead in 
more detail can study the pressure distribution over entire surfaces. But getting the boundary 
conditions correct, including the inflow turbulence, may prove difficult and the CFD 
simulations may have validation issues, shown by for instance (Cochran and Derickson, 
2011), and thus require complementing measurements in situ or in wind tunnel tests. Such 
comparative work has been done by(Hayati et al., 2014; Jiang et al., 2003). 
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All these primary data sources can be difficult to translate into general values for use in 
building simulation. The main problem is the case specific nature of the wind pressure 
distribution and that it is significantly influenced by any obstructions of the wind flow, both 
on a distance from the building, in its close vicinity and on the building surfaces themselves. 
Turbulence and sheltering effects are caused by the topography up-stream from the building, 
vegetation, complexity in the geometry of the building itself and façade detailing. These 
effects may radically change the actual wind pressure distribution in comparison to simplified 
conditions (Cóstola et al., 2010), making the use of values derived from simplified cases a 
potentially significant source of uncertainty in a simulation model. 

4.3.2.2 Wind pressure coefficient databases 

The lack of access to local, actual wind pressure coefficients make generic values widely 
used. There are several wind pressure coefficient databases available, where pressure 
coefficients from different tests have been gathered and generalized and processed for generic 
use. Given the significant impact of surrounding elements, geometrical complications and 
detailing of the façades, such values will not necessarily render realistic wind pressure when 
used in a specific case. One often used database is the one of AIVC, which initially issued the 
warnings that “the intention of these data sets is to provide the user with an indication of the 
range of Cp values which might be anticipated for various building orientations and for 
various degrees of shielding” and “Caution: Approximate data only. No responsibility can be 
accepted for the use of data presented in this publication.” The database has however since 
then been widely reproduced without those warnings, and the uncertainty resulting from its 
use is hence questionably dealt with (Cóstola et al., 2009). 

Another issue is that available wind pressure coefficients often are supplied as averages for 
entire façade surfaces. This is done for the sake of simplicity of data handling in the 
secondary sources as well as simplification of the handling of wind pressure in many BES 
programs (Cóstola et al., 2009; Crawley et al., 2008). These kinds of average data may be 
useful in cases where only averages for entire buildings are required and/or the demands on 
the simulation reliability are relatively low, but it does not correspond to the actual pressure 
distribution, concluded by (Feustel, 1998) and thoroughly displayed by (Cóstola et al., 2010).  

One last thing to note about the reliability of the wind pressure coefficients is that when they 
are handled it is generally assumed that they are entirely dependent on the wind direction, as it 
is being influenced by surrounding elements and building geometry, and that they are 
independent of wind speed. This is however not necessarily true, at low wind speeds the air 
movement can also be affected by other forces, such as buoyancy processes due to solar 
irradiation for instance (Cóstola et al., 2009). However, at such low wind speeds the wind 
pressure at the building surfaces will be low anyhow, so for simulation purposes constant 
wind pressure coefficients can be considered reliable in most cases, as long as they are 
derived for the object in question and relates to actual local conditions. 

The source of the wind pressure coefficients used is hence a determining factor in the 
reliability of the simulation output. 

4.3.3 Impact on uncertainty 

Thus not taking realistic wind pressure into account can cause large uncertainties in BES or 
HAM simulations (de Wit and Augenbroe, 2001). This is especially critical in historic 
buildings with natural ventilation and potentially prominent leak-flows, possibly large 
deviations between different rooms in the building and where there may be special demands 
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on indoor conditions due to preservation requirements. This effect increases even more when 
complexities in geometry that impacts wind pressure are present, such as added building 
volumes, towers, apses, cornices, corbelling, recesses, bay windows or other shapes that are 
often found in older buildings. Wind tunnel studies of more complex shapes than simple 
blocks have been carried out by for instance (Sawachi et al., 2006).  

4.3.4 Wind tunnel studies as method 

Wind pressure coefficients have been determined in wind tunnel studies since a very long 
time. In (Dryden and Hill, 1933) one such study of the wind pressure coefficients around the 
Empire State Building in 1933 is presented. One advantage of such studies is that actual 
geometries and pressures can be examined, which makes the results realistic, as long as 
experiments are performed according to acknowledged methods. How detailed the pressure 
patterns become is however a question of amount of pressure points, and the more points, the 
more time the testing takes, both in preparation, in the running of the tests and in post-
processing of the results, and hence the more the experiment costs. A balance must hence be 
found between need for detailing and expense in time and money. Also care must be taken 
when establishing the wind profile and the blockage of the wind tunnel by the model must be 
kept to a minimum to not interfere with the results. 

CFD-testing would deliver a detailed pressure pattern and are particularly  useful by complex 
building surfaces, like recesses and/or balconies that can be too time and money consuming to 
model in a wind tunnel (Montazeri and Blocken, 2013), but the CFD-modelling should be 
validated according to some data from real testing, either in situ measurements or wind tunnel 
studies (Cóstola et al., 2009). Hence the need for practical, non-virtual testing remains. The 
availability of 3D-printers may cut costs in the production of wind tunnel models of 
increasing complexity and make at least the preparation processes for wind tunnel testing 
more efficient. 

In this work the wind tunnel was chosen as no in-situ measuring was going to be carried out, 
thus providing physical testing results determining the wind pressure impact on the building. 

4.4 The wind tunnel experiments 
The aim of the wind pressure coefficient study was to quantify the influence of the choice of 
source for the wind pressure coefficients has on the reliability of the simulation. This was 
done by determining case specific wind pressure coefficients for the case of Skokloster Castle 
in a wind tunnel study and then comparing the potential impact on the air exchange rate of the 
use of these case specific values with the use of simplified methods. The first step is hence the 
wind tunnel experiments, which were carried out at the University of Gävle, Sweden. 

4.4.1 Purpose and set-up 
The purpose of the wind tunnel study was threefold: a.) to investigate the wind pressure 
pattern around the actual building, in order to mimic the effect of such a pattern in the 
computer-simulation of the hygrothermal conditions within the building, b.) to study the 
impact of inclusion of surrounding vegetation and a neighboring building, and c.) to study the 
impact of the complexity of geometry of the real building as compared with a simpler 
building shape, corresponding to a wind pressure coefficient profile likely to be available in a 
building simulation software, to check the validity of different methods to estimate wind 
pressure coefficients in this case. 
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Hence three tests were carried out: 

A. The building with surrounding vegetation and the neighboring building 
B. The building without surrounding vegetation and the neighboring building 
C. The building with towers removed, creating a simplified building body 

The actual air exchange rate of the castle, estimated by tracer gas measuring prior to the wind 
tunnel study, shows signs of being significantly influenced by the exterior wind pressure, and 
the hypothesis was that this is caused by the corner towers of the castle creating an 
overpressure where they block the path of the wind. In addition the vegetation around the 
symmetric building body of the castle provides the four equal façades with four different wind 
exposures – this should result in deviating wind pressure coefficients on the respective 
façades. 

The question was then to what extent not taking the vegetation, the neighbouring building 
and/or the towers into account influence the reliability of a simulation of the building and its 
resulting prediction of indoor climate, and whether estimations of the wind pressure could be 
neglecting this effect and still deliver useful simulation results. 

 

 

Fig. 4.2: Skokloster Castle, with vegetation and neighboring building. 

4.5 Method of the wind tunnel experiments 

4.5.1 The wind tunnel model 
Skokloster Castle has a square plan, about 46 m across, with an octagonal tower in each 
corner. The plan is exteriorly symmetric in two directions, making it possible to reduce the 
tested wind angles to 90° instead of 360° in tests where the surrounding building and 
vegetation are not included, tests B and C. In test A the full 360° were tested. 
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A wooden model of the castle, in scale 1:100, including rustication, cornices and window 
recesses of the facades, was used in the wind tunnel, seen in fig 4.3; a detail with the measure 
points marked can be seen in fig. 4.4. In test A, fig 4.3, it was surrounded by a neighboring 
building made of cardboard, fixed to the turntable floor to prevent movement, and trees made 
out of wooden dowels with wire wool crowns, also fixed to the turntable floor. The plan of the 
model in test A can be seen in fig. 4.5. 

 

 

Fig. 4.3: Test set up A, wooden model with towers and vegetation (included neighboring 
building concealed by the castle in this view). 

 

 
Fig. 4.4: Close-up of façade detailing, with measuring points visible, marked with arrows. 
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Fig. 4.5: Aerial view of the site, with an inserted overlay showing the plan of the wind tunnel 
model in test A. The Castle is the square in the middle, 46 x 46 m, with its corner towers and 
the white circles represent the surrounding trees, the diameter corresponding to diameter of 
the crown as well as indicating the height relative the other trees. The trees in the rows along 
the paths north and south of the castle are thus low, only reaching to the second floor of the 
building, while the large tree on the eastern side reaches well over the eave of the main 
building body. 

 

 

Fig. 4.6: Aerial view of the site, with an inserted overlay showing the plan of the wind tunnel 
model in test B. The castle is the square in the middle, 46 x 46 m, with its corner towers and 
court yard visible, the surrounding trees and the neighboring building are here removed. 
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Fig. 4.7: Aerial view of the site, with an inserted overlay showing the plan of the wind tunnel 
model in test C. The castle is the square in the middle, 46 x 46 m, and here the existing towers 
are removed, along with the surrounding trees and the neighboring building. 

 

In test B the neighboring building and surrounding trees were removed (fig. 4.6), in test C the 
corner towers were removed as well, and replaced by straight corners, level with the façades 
of the main building body (fig. 4.7). These corners were however made smooth, not adding 
the complication of the rustication of the existing façades to the fictive parts. The roof cornice 
over the corners was made similar in size and shape to that of the rest of the building. 

At the 2nd and 3rd floor, measuring points were made at 7 out of 11 existing windows per floor 
(every second window except at the corners where every window was included) at each main 
façade, and at every window in the towers, shown in fig. 4.8. 

 

  

Fig. 4.8: Measuring points at 2nd and 3rd floor. 
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The tunnel blockage was 5%, which should ensure that distortions due to tunnel blockage 
were low enough to be insignificant according to ASCE (Isyumov, 1999). A smaller model 
would make this even more certain, but that would make inclusion of details of the façade 
more difficult. Thus choice of the model scale was a result of an optimization of both these 
aspects. 

4.5.2 The wind tunnel 
The wind tunnel is of the short test-section type according to ASCE (Isyumov, 1999). It is of 
closed circuit type, with a test section of a width of 3 m, height of 1.5 m and length of 11 m in 
all tests, fig.4.9. The model is mounted on a turntable with a diameter of 2.8 m, placed 8.5 m 
down-stream from the beginning of the test section. 

The maximum wind speed is 22 m/s, and the temperature during the tests varied between 17.4 
°C in the beginning of the tests and 25.1 °C at the end for test A, between 14.5 °C and 23.6 °C 
for test B and between 20.0 °C and 23.7 °C for test C. The temperature variation was taken 
into account by normalizing of the results after the measuring. 

 

Fig. 4.9: The wind tunnel. Picture from (Nyman and Sandberg, 2011). 

4.5.3 Procedure 
The measuring points on the façade surface of the model were connected to a pressure 
measuring device by plastic tubes with an inner diameter of 2 mm. For every tested wind 
angle a mean value for the pressure was measured with a frequency of 10 Hz, which is 
acceptable according to (Simiu, 1982), during a sampling period of 30 s, which was chosen 
after testing the sampling time needed to obtain stable values. 

Measuring was performed for wind directions in 15 ° intervals, for a full range of 360 ° for 
test A and for 90 ° for tests B and C, as the models in test B and C were symmetrical in two 
directions, the pressure pattern thus repeating itself every four times during a full revolution. 
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Wind speed and dynamic free-stream pressure, used as a reference for the pressure 
coefficients, were measured at the level of the model roof top, 330 mm above the turntable 
floor, at the position of the model but with the actual model removed. The sampling period for 
this measuring was 60 s. The static free-stream pressure was measured by a fixed pitot-static 
tube placed over the turntable, just below the wind tunnel ceiling. Turbulence intensity was 
also measured at the center of the wind tunnel turntable, but after the model was removed. 

All measures were normalized to temperature, 20 °C, and atmospheric pressure, 1013.25 
mbar. The wind speed at the level of model roof top was found to be 12.86 m/s.  

Accuracy of the measuring was controlled at the start of the tests by measuring the initial 
angle several times and checking for discrepancies. Also the first and last angle were the 
same, thus test A started at 0 ° and ended at 360 °, while tests B and C ended at 90° which 
would also provide the same pressure pattern as angle 0 °, only with a 90 ° shift. By doing so, 
any potential deviations during the experiment due to raise in temperature during the testing 
procedure or unintended deviations in wind speed could be checked. The noted deviations 
were found to be negligible. 

The resulting measured values were used to calculate Cp-values for every measuring point and 
wind angle, and the Cp values from test A were then used as input values in the whole-
building simulation model of the castle made in IDA-ICE and matched against a simulation 
with the default Cp-values of the program. 

4.5.4 Wind profile 
The profile of the atmospheric boundary layer was simulated by the use of roughness 
elements consisting of 70 x 70 x 70 mm cubes placed in a regular array with a density of 10 
%. These covered a stretch of 7 m up-stream from the turntable, from the beginning of the test 
area to the edge of the turntable, seen in fig. 4.3. The height of the boundary layer was 1 m. 
Mean velocity is presented in fig. 4.10a, and turbulence intensity in fig. 4.10b. 

       

 a. b. 

Fig. 4.10: a. Mean velocity, b. Turbulence intensity 



  Chapter 4: Wind pressure coefficients  132 

The profile of the mean velocity can be approximated by a power-law profile, according to 
(Etheridge and Nolan, J. A., 1979): 
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Where  uz is the wind velocity at height z (m/s) 
 uH is the reference velocity (Pa) 
 z is the height above the turntable floor and 
 H is the reference height at the level of the model roof-top 

The power-law profile is however only valid for heights over 0,7 z/H according to (Hensen, 
1991). 

The somewhat unstable turbulence intensity was compensated for by increasing the intended 
sampling time of 20 s to the utilized 30 s. This gave acceptably stable mean values in repeated 
tests. 

4.6 Calculation, assumptions and limitations 

4.6.1 Calculation 

The equation 4.1 is applied in the wind tunnel testing, by using the measured pressures in the 
experiment as input values in the equation: 
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Where  Pnor is the normalized total measured pressure at the measure points in the model

 (Pa) 
 Psta is the static pressure above the model center, at the wind tunnel ceiling (Pa) 
  is the density of the air at relevant temperature (in this case 20 °C) (kg/m3) 
 u0 is the wind speed at the level of the model roof-top, measured after the model 

was removed (m/s) 
 

4.6.2 Assumptions 
The pressure profile along the height of the façade will display the highest pressure at the 
height of the stagnation point at windward facades, which for a simple building shape can be 
assumed to be situated ca 70% of the façade height above the ground (Wirén, n.d.). That 
would in the case of Skokloster Castle equal a level about 1.5 m above the floor at the 3rd 
floor. This is the level at which the measure points at that floor are placed. 

A low point at the vertical wind pressure curve would be found approximately midways 
between the stagnation point and the ground. That would mean at the height of the windows 
on the 2nd floor in Skokloster Castle. The measuring points at that floor are also placed 1,5 m 
above the floor, thus at the same height in relation to the floor as the ones at the the 3rd floor. 

At the level of the first floor, the pressure would be somewhere in between those of the 2nd 
and 3rd floor. Thus the important floors to study were the 2nd and the 3rd and the measuring 
was limited to those floors. 
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4.6.3 Limitations 
The validity of the results have been tested by comparing the estimated air exchange derived 
from a subsequent simulation in IDA-ICE 4.6.2, where the derived Cp-values were applied, 
with tests of actual air exchange rate by means of tracer gas testing. As mentioned in chapter 
1 the tracer gas tests were carried out at four occasions during the period June 2008 – May 
2009 and another 4 occasions in the period October 2009 – August 2010 and of those . The 
tracer gas investigation was limited to the rooms in the eastern half of the 2nd floor, in all 9 
rooms, in the first period, and included the entire 2nd floor, 16 rooms, in the second period. 
The validating comparison performed in this study was limited to the rooms of the northwest 
corner of that floor, as these were the focus of the larger study that the work here is part of. 

The tracer gas measuring is, however, somewhat tainted by uncertainty, especially in the 
simulated period, 2008-2009, as the tracer gas investigation at that point was mainly 
concerned with the air exchange of the middle room of the eastern suite, and some air flows 
that were not included in the surrounding rooms caused an increasing uncertainty, the further 
away from the middle room the testing reached. The data was however also correlated to the 
tracer gas results of the 2009-2010 investigation, and taking into account the variation of wind 
speed and directions the correlation was found to be satisfactory. 

4.7 Results and discussion 
The results of the experiments can be analyzed in a number of ways. Three of them are 
included in this part of the study: 

1. A comparison between the Cp-values at the levels of the 2nd and 3rd floor in test A, the 
model with vegetation and the neighboring building, revealing the pressure deviation 
along the façade height under actual conditions 

2. Comparison between the tests B and C, models with and without towers, in both cases 
without vegetation and the neighboring building, revealing the impact of the towers 

3. Comparison of the tests A and B, with and without the vegetation and neighboring 
building, revealing the impact of inclusion of the local surrounding 

4.7.1 Comparison between coefficients at the 2nd and 3rd floor 
A comparison between the 2nd and 3rd floor in test A, with surrounding vegetation and 
building included (plan of the surrounding seen in fig. 4), reveals strikingly little difference in 
wind pressure. The measuring points at the 3rd floor are placed at the assumed level of the 
stagnation point (Wirén, n.d.), while the ones on the 2nd floor are located where wind pressure 
should be at a low-or near-low-point as the air ought to being pushed downwards from the 
stagnation point level and hence move along the façade, not towards it, even when the general 
wind direction is perpendicular to the wall. 

Thus the largest variation in pressure along the façade should be possible to find in a 
comparison between these two levels on a windward side of the building, providing a picture 
of the wind pressure profile in vertical direction. 

However, as can be seen in fig. 4.11 and 4.12 displaying eastern and western winds 
respectively, the deviations at the windward façades are barely noticeable. In the case with the 
eastern wind, fig. 4.11, the wind pressure is practically identical all around the building at the 
two levels. The eastern façade has few but large trees in front of it, and in spite of the rather 
large gaps between them, the pressure profile along the façade height is apparently evened out 
by the sheltering effect. Thus, it is not correct to assume the pressure profile from an 
unsheltered building body in this case. 
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Fig. 4.11: Comparison between the Cp-values at the 2nd and 3rd floor at the wind angle 
135°, with main wind pressure on the eastern façade. Blue line represents the 2nd floor, red 
the 3rd floor. The wind pressure is practically identical at both levels, all around the building. 

In the case with wind from the west, fig. 4.12, some pressure difference can be discerned, but 
it is not particularly prominent. The fact that the western wind angles are the ones that display 
any noticeable deviations at all indicates the reason for this lack of variation for the other 
directions. The western façade is the only one with no obstructions for the wind in the near 
vicinity of the building, as there are no trees or neighbouring buildings upstream along the 
wind flow at winds from the west, only flat, open landscape. More prominent differences than 
on the windward façade can be seen around the corner, on the north and in particular on the 
south side of the building, where the pressure at the 3rd floor is noticeably higher than on the 
2nd floor. Here, too, the sheltering of the surrounding vegetation is the most plausible cause. 
The trimmed elm rows right next to the building reach up to somewhere between the 2nd and 
3rd floor in height, meaning that the 2nd floor would be rather sheltered and the 3rd floor not. 
The higher trees further to the south, providing shelter by southern winds do not have any 
effect when the winds are westerly. A quantification of the Cp-deviations of the western and 
southern façades can be seen in table 4.1. 
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Fig. 4.12: Comparison between Cp-values at the 2nd and 3rd floor at the wind angle 300°, 
with main wind pressure on the western façade. Blue line represents the 2nd floor, red the 3rd 
floor. 

TABLE 4.1: Cp deviations between the 2nd and 3rd floor for wind angles 135° and 300°, the 
angles with the smallest and largest deviations between the floors, for the most affected 
facades per angle (Measuring point 2 at the 3rd floor on the western façade is lacking due to a 
malfunctioning connecting tube) 

Wind angle 135°  Measuring points 

      1  2  3  4  5  6  7 

Eastern facade, 2nd floor  0.60  0.72  0.64  0.55  0.48  0.56  0.56 

Eastern facade, 3rd floor  0.66  0.73  0.66  0.51  0.47  0.55  0.59 

Cp‐value deviation  0.06  0.01  0.02  ‐0.04  ‐0.01  ‐0.01  0.03 

                          

Southern facade, 2nd floor  0.16  0.12  0.06  0.04  ‐0.05  ‐0.21  ‐0.19 

Southern facade, 3rd floor  0.20  0.16  0.08  0.06  ‐0.04  ‐0.24  ‐0.22 

Cp‐value deviation  0.04  0.04  0.02  0.02  0.01  ‐0.03  ‐0.03 

                          

Wind angle 300°  Measuring points 

      1  2  3  4  5  6  7 

Western facade, 2nd floor  0.56  0.57  0.54  0.52  0.53  0.58  0.59 

Western facade, 3rd floor  0.61   ‐   0.6  0.57  0.59  0.62  0.61 

Cp‐value deviation  0.05   ‐   0.06  0.05  0.06  0.04  0.02 

                          

Southern facade, 2nd floor  ‐0.44  ‐0.42  ‐0.17  ‐0.03  ‐0.02  0.04  0.07 

Southern facade, 3rd floor  ‐0.41  ‐0.46  ‐0.33  ‐0.12  ‐0.04  0.03  0.07 

Cp‐value deviation  0.03  ‐0.05  ‐0.16  ‐0.09  ‐0.02  ‐0.01  ‐0.01 
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Hence it is possible to conclude that in the case of Skokloster Castle the sheltering of the 
surrounding trees reduces the pressure variation along the façade height, more significantly so 
where the trees reach over the stagnation point, as by the eastern and southern façades. The 
impact of the surrounding vegetation will be accounted for in more detail in following 
articles. 

4.7.2 Comparison between test B and C, models with and without towers 
The most important aspect of this comparison is the determination of the sizes of the 
deviations between the pressure pattern of the model with the actual geometry and that of a 
simpler shape, in this case the building without towers. In order to achieve this the 
surrounding objects featured in test A were removed and models with and without towers 
were tested, test B (with towers) and C (without towers). In the results the impact of the 
complexity of the geometry can clearly be seen. The angles with the largest deviation in Cp-
values were found, not very surprisingly, to be those where the towers obstruct the air flow 
the most:  

a. Wind angles when the wind approaches a main façade at almost a 90° angle, but not 
quite, as seen in fig. 4.14, exemplified by the wind angle 105° and at the 2nd floor. At 
such angles the towers in case B, surrounding that main façade, block the wind 
passage to either side of the façade, increasing the wind pressure slightly, instead of 
decreasing it towards the façade edges as in the no-tower case C. But the main 
deviation at this wind angle occurs at the end of the neighboring façade, the one 
almost parallel to the wind direction but with a slight wind exposure, in this case the 
northern façade. Here the tower at the end of that façade presents such an effective 
blockage that it turns a small under-pressure in the no-tower case C into a rather 
prominent over-pressure in the with-tower case B, a Cp between the B and C cases of 
0,4. 

b. Wind angles where the wind approaches two façades of the main building body in a 
45° angle, as displayed in fig. 4.15, exemplified by the wind angle 165° and at the 2nd 
floor. Here the towers again effectively block the wind passage around the farthest 
ends of the façades, increasing the over-pressure at those ends with up to 250 %, a Cp 
of 0.4, ergo the same as in the previous example. 

 

Fig. 4.13: Skokloster Castle, seen from the east. (Photo: Jens Mohr, Statens Historiska 
Museum, CC BY-SA) 
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Fig. 4.14: Cp values at the 2nd floor for wind angle 105°, an example where the wind 
approaches the building in an almost but not quite 90° angle, for tests B (with towers, blue 
line) and C (without towers, red line) 

 

Fig. 4.15: Cp values at the 2nd floor for wind angle 165°, an example where the wind 
approaches the building in an approximately 45° angle, for tests B (with towers, blue line), , 
and C (without towers, red line) 

The point of interest here is of course not that the towers impact the air flow the most at these 
angles. Instead the interesting part is the magnitude of the impact and its influence on 
predictable air exchange rate in the affected rooms. In the 105° example the increase of the 
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over-pressure at the outermost measure points of the most wind exposed façade, here the 
eastern façade, is 35% at the 2nd floor and 30% at the 3rd. There are also deviations right 
behind the towers surrounding this façade, where the relative lee of the towers somewhat 
reduced the otherwise large under-pressure. 

The most prominent deviation at this wind angle is however, as seen, not at the most wind 
exposed façade but rather at the adjacent, slightly wind exposed one. The deviations presented 
above means that the Cp over the two façade walls in the north-western corner room, 
indicating the pressure difference driving the leak flows besides the inner air pressure 
conditions, becomes 0.57 in the with-tower case B, but only 0.21 in the no-tower case C. 

In the 165° example the tower most exposed to the wind, the southeast one, reduces the over-
pressure at that corner somewhat in comparison with the no-tower scenario, but the large 
impact is at the other end of the wind exposed façades, as the blockage of the towers causes a 
massive increase in over-pressure at these points. In this example the Cp over the two façade 
walls in the corner rooms becomes 0.97 in case B to compare with 0.60 in case C in the south-
west corner and 0.94 and 0.56 respectively for the north east corner.  

4.7.3 Comparison between test A and B, models with and without surrounding 
vegetation and the neighboring building 
At head-on wind angles, close to the normal of the main facades, only the southern façade 
(fig. 4.17) displays any major deviations at the level of the 2nd floor. The low parkway lindens 
apparently does not slow the wind down enough to take the pressure off the façades in the 
northern side (fig. 4.18), reasonable as the air near the façade surface in that case should be 
moving not only towards the façade but also in a downward motion from the stagnation point 
at the 3rd floor level. So the main pressure would come from air approaching at a higher 
altitude, thus passing the lower trees relatively unaffected. The larger but few trees at the 
eastern side seem to provide ample access for the wind through the large gaps in between 
them (fig. 4.19). The northern and eastern façade thus does not deviate much from the western 
(fig. 4.20) in this respect. The deviations in Cp-values on the wind exposed façades are 
displayed in table 4.2. 

 

Fig. 4.16: Skokloster Castle from the south-west (Photo: Jens Mohr, Statens Historiska 
Museum, CC BY-SA) 
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Fig. 4.17: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 210° (in relation to due north, 0°), close to perpendicular on the 
southern façade. 

 
Fig. 4.18: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 30° (in relation to due north, 0°), close to perpendicular on the 
northern façade. 
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Fig. 4.19: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 120° (in relation to due north, 0°), close to perpendicular on the 
eastern façade. 

 
Fig. 4.20: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 300° (in relation to due north, 0°), close to perpendicular on the 
western façade. 
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However, what can be seen is that the impact on the southern side is significant and would 
jeopardize the reliability of a simulation model if not taken into account. Also there are 
deviations on the adjacent main façades in practically all of these head-on situations, where 
the no-trees model in test B displays too low Cp-values at the latter parts of those adjacent 
main façades. It is possible to assume that by wind directions not head-on towards the façade, 
the lower vegetation becomes more important in shifting the wind pressure distribution, as the 
downward air movement present under the stagnation point loses its impact. Here the western 
wind angle of 300° deviates from the others, in the respect that the test B displays notably 
lower wind pressure on the adjacent main facades than is the case for the other angles. This is 
interesting since there up-stream at that angle are no other differences in the tested models 
other than the low linden tree rows. Downstream there is one large tree at each corner of the 
building, though, one by the southeastern tower, one by the northeastern. 

One question that arouse was to what extent the vegetation affected the wind pressure 
distribution in the vertical direction, that is, how the Cp-values varied between the measured 
levels 2nd and 3rd floor, as the 3rd floor level was assumed to coincide with the stagnation 
point. Comparisons for the four head-on angles are therefore gathered in the fig. 4.21 – 4.24 
and table 4.2. 

 

Fig. 4.21: Cp-values on windward north 
façade at 30° and deviations between 2nd 
and 3rd floor. 

Fig. 4.22: Cp-values on windward east façade 
at 120° and deviations between 2nd and 3rd 
floor.

 

 
Fig. 4.23: Cp-values on windward south 
façade at 210° and deviations between 2nd 
and 3rd floor.  

Fig. 4.24: Cp-values on windward west 
façade at 300°and deviations between 2nd and 
3rd floor.
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Table 4.2: Deviations in Cp-value for the wind exposed façades perpendicular to the wind 
direction 

With/without veg.  With/without veg.  With vegetation  Without vegetation 

2nd floor  3rd floor  2nd/3rd floor  2nd/3rd floor 

Angle  Façade   Mean 
dev. 

Max. 
dev. 

Mean 
dev. 

Max. 
dev. 

Mean 
dev. 

Max. 
dev. 

Mean 
dev. 

Max. dev. 

A2 ‐ B2  A2 ‐ B2  A3 ‐ B3  A3 ‐ B3  A2 ‐ A3  A2 ‐ A3  B2 ‐ B3  B2 ‐ B3 

30°  North  0.09  0.13  0.05  0.12  0.07  0.10  0.04  0.08 

120°  East  0.05  0.09  0.04  0.14  0.05  0.10  0.04  0.08 

210°  South  0.38  0.47  0.36  0.52  0.05  0.14  0.04  0.08 

300°  West  0.07  0.11  0.15  0.11  0.05  0.06  0.04  0.08 

The answer to the question is that there is no consistent general influence on the pressure 
deviation between the levels due to the vegetation, but there are distinct areas where the 
vegetation has a pronounced impact. From the diagrams in fig. 4.17 – 4.20 and table 4.2 can 
again be seen that the north façade does not deviate much from the western when the head-on 
wind angles are compared, in spite of the low trees and the building in front of it. When the 
eastern façade is exposed to head-on wind, the large tree right in front of it creates a slight dip 
in the middle of the façade at the 2nd floor but a much more pronounced one at the 3rd floor 
with as most some 22% lower Cp-value than the no-tree case. This dip is to some extent 
compensated with increased wind pressure on either side of the tree, also more pronounced at 
the 3rd floor. So that single tree can clearly be seen impacting the wind pressure at the façade. 
The southern side also stands out, and here the difference between the more sheltered eastern 
end of the façade and the more wind exposed western end is displayed. So the grove 
consisting of several smaller trees, although they are placed at some distance from the façade, 
creates a radical change in wind pressure, with a reduction of the Cp-value of almost 80% at 
the most affected measure point. It also practically eradicates the pressure difference between 
the floors, as was also the case leeward of the large tree on the eastern side. 

However, the deviations become more noticeable at other angles. Just a slight wind angle 
deviation from the orientation of the building results in deviations all around the building, also 
on the leeward façades, as can be seen in the example of the angle 0°, due north (fig. 4.26), 
angle 90°, due east (fig. 4.27), angle 180°, due south (fig. 4.28), angle 270°, due west (fig. 
4.29). 

 

Fig. 4.25: Trees in the castle park. 
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.  
Fig. 4.26: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 0°, due north. 

 
Fig. 4.27: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 90°, due east. 
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Fig. 4.28: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 180°, due south. 

 
Fig. 4.29: Comparison between test A, with vegetation (red line) and B, without vegetation 
(blue line) for the wind angle 270°, due west. 
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Again the eastern side gets little protection from the trees at eastern winds, seen in fig. 4.27, 
and the wind pressure by the western wind in angle 270°, fig. 4.29, shows predictably little 
discrepancy between the with-trees test A and the no-trees test B at the western side. The Cp-
values for the northern side by that wind direction is however markedly lowered by the 
presence of the vegetation, likely to be caused by the air at this side not moving downwards at 
all, as on the windward facades, but possibly even a bit upward, creating a substantial impact 
on the wind pressure even from the presence of trees below the measure points. In summary 
the general influence of the vegetation is not very large if calculated as an average of all 
façades, but locally the impact can be significant, exposing specific parts of the building to 
very deviating conditions. Some of the deviations are in the range of 50 – 74%. 

Data on the deviations at these angles are displayed in table 4.3. 

Table 4.3: Deviations in Cp-value for the wind angles 0°, 90°, 180° and 270°, total average 
for all facades and maximum deviation at any of the facades. 

  With/without veg.  With/without veg.  With vegetation  Without veg. 

  2nd floor  3rd floor  2nd/3rd floor  2nd/3rd floor 

Angle  Mean 
dev. 

Max. 
dev. 

% by 

max.dev. 
Mean 
dev. 

Max. 
dev. 

% by 

max.dev. 
Mean 
dev. 

Max. 
dev. 

Mean 
dev. 

Max. 
dev. 

  A2 ‐ B2  A2 ‐ B2    A3 ‐ B3  A3 ‐ B3    A2 ‐ A3  A2 ‐ A3  B2 ‐ B3  B2 ‐ B3 

30°  0.02  ‐0.28  59%  0.00  0.18  30%  0.02  0.15  0.01  0.11 
120°  0.01  0.27  53%  0.02  ‐0.29  54%  0.00  0.27  0.01  0.11 
210°  0.07  0.47  73%  0.10  0.54  74%  0.00  0.27  0.01  0.08 
300°  ‐0.02  ‐0.26  53%  ‐0.03  ‐0.24  47%  0.01  0.12  0.01  0.08 

4.8 Conclusions from the wind tunnel experiments 
It is possible to draw the conclusion that when calculating the wind impact on interior air 
movements these effects should be taken into account in any building with natural ventilation 
and/or where ventilation is significantly affected by leak flows, not just in the case of historic 
buildings such as Skokloster Castle. It is also worth keeping these effects in mind while 
calibrating a whole-building simulation model according to measured indoor temperature 
values, as these might well be influenced by the leak flows.  

The wind tunnel experiments show that the wind pressure coefficients around the building are 
significantly affected by the obstruction of the air flow that the towers constitute. It also 
shows that influence of the surrounding trees and neighboring building. The impact of wind 
pressure on air exchange rate and interior air movements between zones is profound in 
buildings with natural ventilation, and of considerable importance for the usefulness and 
reliability of the simulation results. Hence the impact of the surrounding as well as of the 
geometrical complication of the towers must be taken into account by the use of appropriate 
wind pressure coefficients. 

A faulty air exchange rate will impact the assessment of the energy performance as well as the 
damage risk assessment. It is thus important to be aware of the fact that this is the case, and 
also to be aware of a plausible size of that additional uncertainty in any case that is examined. 

It might not be practical or financially defendable to make models of every building with 
leaky building envelope that deviate in shape from a simple block geometry and run them all 
in wind tunnel experiments, measuring every possible angle of wind. CFD simulations are 
more practical but such studies are also time consuming to perform and to validate, and there 
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is still a need for more knowledge. Thus more systematic wind tunnel tests of different 
generic geometrical layouts typical for historic buildings, as well as CFD-studies, should be 
carried out, in order to establish approximate size of the deviations compared to simpler 
geometries. If such ranges of the deviations are known, estimates and manual adjustments can 
be done in the calculations where needed. However, to be able to make practical use of the 
results of such investigations the whole-building simulation software must also allow the user 
to adjust the model accordingly, and it must also be possible to perform these adjustments for 
the façade parts for each zone, not just for one node per façade as is often the case. 

Hence, though the immediate practical use of this study is limited to Skokloster Castle, on a 
more general level the results point at an issue to be resolved in whole-building simulation of 
naturally ventilated geometrically complex buildings. Resolving it would require two steps. 
The first step would, as suggested, be to perform further wind tunnel tests on generic models 
to acquire a knowledge base enabling estimates of Cp-values, based on geometry. The second 
would be on the side of the software developers; it should be possible to deal with wall parts 
with deviating exterior pressure, preferably connected to Cp-curves for the different wind 
directions, even if they belong to the same façade. This would allow integration of the 
influence of geometry-induced pressure gradients over the façade. 
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Fig. 4.30: Ceiling (Photo: Jens Mohr, Statens Historiska Museum, CC BY-SA) 
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Chapter 5: Case study of Skokloster Castle 

5 Case study of Skokloster Castle – 3 parts 
In the previous chapters the background on historic buildings as objects in whole-building 
simulation has been laid out, issues were identified and ways to deal with them suggested and 
discussed. To test the usefulness of them the next step is to implement them in case studies. 
As test objects a series of churches have been used and also the more complex case 
Skokloster Castle. The two cases accounted for in this thesis, Skokloster Castle and Hamrånge 
church, are described in chapter 1. This chapter deals with the case study of Skokloster Castle, 
and the next one, chapter 6, with the case study of Hamrånge church. 

The issues dealt with in the case studies are: 

 The implementation of the EWP-method as described in chapter 3, to assure 
examination of risk-prone points at thermal bridges, 

 The inclusion of appropriate wind pressure coefficients, to ensure correct AER, 

 The possibility to combine flexibility and detailing in model design, including 
installations and correct air exchange, and the determination of probable moisture 
levels, to acquire useful results to build damage risk assessments on 

In addition to these there is also the issue of how to assess mould risk: through indices, mould 
growth rate predictions or just displays of the humidity and temperature variations in relation 
to critical values. That issue will be elaborated a bit further in this chapter. 

First approach: The choice of IDA ICE and testing HAMWALL 
The first approach was to attempt to include all but the pre-simulation of the thermal bridges 
in one and the same commercially available software. Several tools were studied and IDA-
ICE was chosen due to its abilities to: 

 include installations – valuable for the inclusion of potential strategies,  

 calculate air movements – instead of using assumed fixed air flow rates as in several 
other tools,  

 allow flexibility in model design due to the modular structure of the software, 

 provide relatively high user-friendliness in user-interface, facilitating error-checking 
and overview, and 

 include thermal comfort assessment, CO2 emissions and extensive reports on thermal 
performance 

In addition to that there were other useful features in IDA that had impact on the choice. One 
was the possibility to log almost any variable, which is more common in academic than in 
commercial software, and which constitutes a valuable advantage. Also the possibility to 
include additional thermal mass in the zones, apart from the one in the surrounding walls, was 
of importance for the choice. To some extent also the possibility to add temperature gradients 
within a zone, which is otherwise usually not possible in whole-building simulations, 
although making use of that specific feature may, depending on the case, increase the 
complexity too much and risk the stability of the model. 
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The one ability that IDA-ICE did not have, and one that is critical for the possibility to assess 
damage risk, was the calculation of moisture performance. IDA does include calculation of 
relative humidity, but that is done solely on the outdoor RH and the air exchange between the 
indoor and ambient air. Assuming absolutely moisture inactive walls and interior masses, the 
results render RH levels that do not resemble the actual ones at all, and make the simulated 
moisture performance useless. 

This was due to the inability for the surrounding components, the walls, floors and ceilings, to 
transport and buffer moisture. There was however a component, HAMWALL, developed for 
IDA that included diffusive moisture transfer through the materials of the component. So the 
first approach of the investigations was to test if the inclusion of that component could make 
IDA able to comply with all the demands on a tool suitable for simulation of historic 
buildings. 

That turned out to not be the case. HAMWALL did, after some poking with the code, work 
out reasonably within the limits posed on it by the inclusion of diffusion only – as long as one 
single wall in the one-zone testing model was tested. Two walls were also possible though the 
simulation was somewhat slower. At three walls the model started to become very slow and 
instable, and had to be rebuilt several times, up to 15 – 16 times, to be possible to run, 
continuously stopping in the middle of simulation due to non-converging iterations. The 
inclusion of 4 walls was pointless.  

Adjustments were done, but the conclusion was that the complexity of the moisture 
calculations were simply too large to add to the flexibility of the equation system that IDA 
solves. Which does comply with the finding that most simulation software that include 
moisture is simplified in other ways in order to accommodate the complexity of the moisture 
calculations.  

Second approach: Turning to WUFI 
So IDA was able to include moisture calculations for up to two walls, but a single room is 
surrounded by at least 6 potentially moisture buffering and transferring components, and the 
performance of all of them are necessary for the RH of the room to be calculated properly, so 
it could be concluded that one commercially available whole-building software was not going 
to be able to deliver on all requirements for a reliable simulation of historic buildings. 

Then WUFI Plus was tested. WUFI Plus is a multi-zonal whole-building simulation software 
with state-of-the-art moisture performance calculations. But, as mentioned before, lacking in 
ability to calculate the air exchange rate properly, to include internal masses and detailed 
installations as well a slightly less convenient user-interface made it unsuitable as a single 
assessment tool. So the second attempt was to combine the use of IDA and WUFI. 

Since a pre-simulation to establish the -values of the thermal bridges as well as their time 
constant, in order to be able to use the EWP-method, was necessary anyhow, and a simulation 
with IDA, calibrated to the right thermal performance, was needed to get input on the air 
exchange in WUFI, a serial simulation process was starting to take shape. 

As it turned out, however, WUFI was not the right third tool in the series after all. The issue 
was that in spite of identical input data, the temperatures did not quite end up the same in the 
two simulations. Deviations in temperatures would of course change the relative humidity and 
then also the moisture transfer to and from the building components. So the results could not 
be brought to correspond to a satisfactory level of reliability. 

  



  Chapter 5: Case study of Skokloster Castle  151 

Issues 
Both IDA and WUFI are validated commercial simulation tools, using the same calculation 
methods to simulate the thermal performance, so how could they not come to the same 
results? There seem to be two reasons, one connected to the windows and one to the internal 
mass that IDA can include but WUFI not. 

Checking the energy received from the windows, there seemed to be discrepancies in the 
amount of energy they were letting in in the two models. Now, the windows were a bit special 
to simulate to start with, since they were generally always covered by two layers of curtains, 
one thin white one towards the window and one thicker, dark one towards the room. The 
reason was to reduce the deterioration of the textiles and furniture due to irradiation. To show 
the rooms to the museum visitors the guides would pull back the curtains for a moment while 
the group passed the room, and then draw them again afterwards. The light-reducing curtains 
are also placed in the deep window recesses, which in turn had yet another layer of heavy 
ornamental curtains. There was no logging of that opening and closing of the curtains. These 
multiple layers of curtains, pulled and drawn at unknown intervals, made the air exchange 
between the space between the curtains and the window and the room air more difficult to 
assess in any one-dimensional environment. So the amount of heat passing through the 
windows was variable due to more factors than just amount of solar radiation, direction of the 
sun and the quality of the glazing, and hence difficult to assess. This made the settings for the 
windows complicated, a complication that was difficult to get identical in the two tools. 

Also, though the code is partially accessible in IDA, the windows is one component where 
most of it is not available, making it impossible to know exactly what the window component 
does. In WUFI no code is available at all. Hence it was not possible to discern from the code 
how the problem could be dealt with. The dilemma was then if the input data should be 
allowed to deviate between the models, to achieve the same amount of energy to be let though 
the windows in spite of their differences in behavior. That turned out to be tricky to achieve, 
though, and corresponding results were in any case not to be reached, due to the second 
problem, the internal mass. 

Since there is indeed internal mass present in the rooms in Skokloster Castle – mainly in the 
form of large tile stoves and in the large fire places – the thermal inertia of these was 
important to include in the model. In WUFI there was no such option, however, so instead the 
portions of the walls that were connected to och near to the fireplaces and stoves were made 
thicker, augmented with the thickness of the fireplaces and stoves. The surface materials, 
painted wood for the fire places and tiles for the stoves were also included. Now, in reality the 
heat exchange between the room air and the mass of the fireplaces and stoves is three-
dimensional, and the building that mass into the wall in a one-dimensional simulation model 
does not take those additional flow-directions into account. It was however a way to at least 
include a somewhat relevant amount of material present to buffer some heat and moisture, 
even if it wasn’t as accessible as in reality. But the resulting differences between the IDA and 
WUFI models in thermal response were too large, and the temperatures did not end up close 
enough to deliver useful assessments of the relative humidity. 

Another limitation was that although WUFI Plus is a multi-zonal tool, more than 7 zones was 
not workable with the level of detail that was built into the model. So the conditions of 
surrounding zones were necessary to gather from IDA, which was acceptable in terms of 
temperatures but not when it came to relative humidity. 

Now the fact that the temperatures didn’t end up the same in spite of identical input did not 
have to be a problem, if it had been possible to shut off the calculations of the thermal 
performance in WUFI. If it had been possible to force it to model with fixed temperatures 
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calculated by IDA and make WUFI focus on the moisture calculations alone then the 
combination of the two programs would have worked out well. WUFI does allow the moisture 
calculation to be shut off – probably for the same reason as the serial simulation method 
divides heat and moisture calculations up: to enable the user to build up the complexity in 
steps, allowing calibration according to temperature first, relative humidity later. But 
unfortunately the heat calculation cannot be turned off in WUFI, unless the moisture 
calculation is disabled as well. 

So in order for the serial method to work, there was a need for a tool that could import the 
temperatures from IDA and use them in moisture calculations. That would have several 
advantages. There would be less risk for deviations in input at any point and the flexibility 
and complexity in model build given by IDA could be made full use of without the risk of 
added instability. And it would be possible to get the moisture calculations needed for the 
damage risk assessment, in the next step. The stepwise procedure would also allow the 
calibration according to the temperatures in IDA first, and once the thermal performance was 
established a second calibration of the moisture performance could be made by the tool of the 
last step. This would facilitate the calibration as well as error-checking. 

Third approach: MOIRA 
The only issue with that was of course that this last tool didn’t exist. So it had to be created. 
Hence a prototype of MOIRA, MOIsture Re-calculation Application, was made. It was 
however not applied to Skokloster, since the prototype didn’t have a user-interface. The hence 
somewhat labor intensive handling made a less complex first test case more viable. The 
choice of such a less complex case was Hamrånge church, the case study presented in the next 
chapter. 

In this chapter the comparison between the IDA and the WUFI models of Skokloster Castle is 
presented, along with the study of the effect of the use of the wind pressure coefficients from 
the wind tunnel experiments – compared to coefficients from more simplified sources – and 
finally the analysis of the mould risk including the risk-prone points at the thermal bridges. 
The three parts start out with the study of the wind pressure coefficients, though, since those 
are made use of in the subsequent studies. 

5.1 Part 1: Wind pressure coefficients, impact on air exchange rate 

The investigations of the wind pressure coefficients showed that the inclusion or exclusion of 
surrounding element and extruding parts like the towers can change the wind pressure 
coefficients significantly and potentially impact the air exchange rate. As mentioned in 
chapter 4, the wind pressure coefficients actually utilized in whole-building simulation are in 
many cases generic values, gathered from measuring made on simplified building geometries, 
and sometimes no wind pressure coefficients are used at all. In IDA ICE the default setting is 
that all wind pressure coefficients are set to 0. There are three sets of generic coefficients built 
in, sets of coefficients related to different levels of wind exposure, based on the AIVC data-
base. But those sets have to be actively chosen by the user of the software to be of any use.  

So if the user does not actively seek relevant coefficients, or at least chooses one of the built 
in options, then the model will be run without any regard to the deviations in wind pressure 
around the building. To add to the problem the entire façades are counted as one node unless 
divided up by the user, meaning that one single coefficient would be used for the entire width 
of the façade, which does not correspond to the reality at all. In short, for the model to be able 
to calculate the air exchange rate correctly, the user has to have access to relevant coefficients 
as well as be using software that can include such relevant values in a meaningful way. Not 
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doing so could potentially have large impact on the assumed air exchange rate in buildings 
with natural ventilation. The error will be even greater in buildings of more complex shape 
than the simple blocks used for the retrieving of the generic values. 

In the case Skokloster Castle there existed trace gas measuring documenting the air exchange 
rate in the castle, and hence it would be possible to calibrate the air exchange against 
measured values. So there were two goals with the wind tunnel experiments of Skokloster 
Castle, presented in chapter 4. One was to be able to apply the derived wind pressure 
coefficients in the simulation model to get air exchange rates that would be similar to the 
actual ones, making the model more realistic. The other one was to be able to compare the 
resulting air exchange rates with ones resulting from simulation with wind pressure 
coefficients from other, less locally adapted sources to see how such simplifications would 
impact the simulated air exchange rate. This comparison is the topic of this first part of the 
case study of Skokloster Castle. 

5.2 Summary part 1, study of the air exchange rate 

Issue: The use of wind pressure coefficients from different sources in buildings of the cultural 
heritage, with natural ventilation and relatively large leak flows, may result in deviations in 
the estimated air exchange rate, AER. Without correct AER the prediction of energy usage 
and preservation conditions that the simulation renders might become erroneous. 

Research question: How large is the potential impact of the choice of wind pressure 
coefficients from simplified sources on the simulated AER? 

Hypothesis: There is a significant deviation in AER between the use of wind pressure 
coefficients derived from a complete model with all elements present and those derived from 
simplified sources, in particular the ones from the built in options in the simulation software, 
the on referring to the AIVC-database and the default one with all coefficients set to 0. 

Method: Five whole-building simulations were performed with wind pressure coefficients 
from different sources: 

i. The performed wind tunnel test A, with actual geometry and with surrounding 
vegetation and neighboring building 

ii. The performed wind tunnel test B, with actual geometry but without surrounding 
elements 

iii. The performed wind tunnel test C, without towers, hence a simplified geometry, 
and without surrounding elements 

iv. A built-in option in IDA, utilizing the database from AIVC, specifically the option 
“semi-exposed” 

v. The default setting in IDA, all wind pressure coefficients set to 0 

Results: The test confirmed the hypothesis that the simplest sources delivered the largest 
deviations in air exchange rate. Especially the IDA default wind pressure coefficients, all set 
to 0, displayed large deviations, in one room it was -90 %. 

Contribution: Confirmation that simulations with wind pressure coefficients from simplified 
sources or no pressure coefficients at all leads to faulty air exchange rates in buildings with 
natural ventilation – neither energy performance nor damage risks can be assessed with any 
kind of satisfactory certainty in such models. Recommendation to develop methods to acquire 
useful wind pressure coefficients adapted to local, building specific conditions. 
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5.3 Impact on AER 
The aim of this investigation is the quantification of the consequences of the choice of wind 
pressure coefficients. It is the actual impact on the simulated air exchange rate that is the 
target. The dynamic simulations provide an insight into the performance over the year and a 
realistic quantification of the impact on the simulated AER is achieved. The compared 
scenarios are the ones from the wind tunnel experiments but in addition to that two options 
available in IDA are included, the one that is most likely to be chosen if a choice is made and 
no other wind pressure coefficient data is available, and also the default setting which is the 
most easily available choice, perhaps the most likely to be chosen in many cases. The IDA 
option “semi-exposed” is in IDA referred to as a set of coefficients based on the AIVC 
database. The IDA default setting sets the value of all wind pressure coefficients to 0. 

One interesting point to look for, apart from the quantification of the deviations in the general 
comparison of all five scenarios, was the potential correlation of the output from the 
simulation using the wind pressure coefficient set from the wind tunnel test C – the one 
without towers – and the IDA option “semi-exposed” that is built on a simplified building 
shape. The removal of the towers does reduce the castle to a rather simplified shape, so the 
question was to what extent these two options would resemble each other in the results. The 
magnitude of the wind pressure should however be larger in the wind tunnel experiment C 
case, since that one would resemble an exposed case rather than a semi-exposed, since the 
vegetation was missing. Other points of interest were of course the deviations caused by the 
absence of surrounding vegetation and the removal of the towers, as compared to the initial 
model, equipped with all available features and surrounding. 

5.3.1 Previous tracer gas measuring 
As mentioned in the description of Skokloster Castle in chapter 1, tracer gas measuring was 
performed in the castle in the period 2008 – 2010 (Boman and Stymne, 2011, 2009). The 
2009 results of the measuring were used to calibrate the air movements in the model of the 
castle, and then the results from 2010 were used to validate them. The measuring was 
performed in 2 series of 4 measuring periods of a little more than a month each. The initial 
aim was only the Kings’ Hall, the center room of the parade suit, so series 1, measure period 1 
only have results from 3 receptors. In the measuring period 2, 3 and 4 of the first series the 
number of receptors have increased to 9, including the most mould afflicted room, the room 
2:V, called the Gray Room, which is the main focus of the work in this case study. The values 
for the Gray Room in measuring periods 2 and 3 are however not quite what could be 
expected, judging from the general pattern for the air exchange rate, where the air exchange 
rate increases with proximity to the towers. Nor do those values correspond to those of the 
latter measuring periods, not even if the wind angles are taken into consideration. The values 
are about twice as high as could be anticipated. This was in the report, (Boman and Stymne, 
2009) not mentioned, since the Gray Room was rather peripheral in that study.  

5.3.2 Previous analysis 
Andrea Luciani, (Luciani, 2013), has also used and written about the tracer gas measuring 
results, and is making the assumption that the elevated air exchange rate in that room is 
dependent on the fact that the door between the Gray Room and the corridor around the inner 
yard was fixated in an open position. It is however then uncertain if he refers to the very high 
air exchange rates in October/November 2008 and February 2009, since the results that he is 
dealing with in his studies are the later ones, the ones from October/November 2009 and the 
following three from 2010. In the latter measure results the air exchange rate was high, but 
not as exceptional as in end 2008/beginning 2009. Instead the author of the report (Boman 
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and Stymne, 2009), Carl Axel Boman, theorized that it might have been the placement of the 
receptor in those first measuring periods that was problematic, resulting in values that might 
not be representative for the air exchange rate of the room. 

Yet the theory of Andrea Luciani, in (Luciani, 2013), that the permanently opened door was 
the cause of the high air exchange rates in the Gray Room is likely to have its merit, even 
when the extreme values of the first measuring periods are removed. At least the intention 
was exactly that when the door was fixated in an open position – to provide a higher air 
exchange. The fixating of the door had been done in a previous attempt to mitigate the mould 
issues, one that was based on the hypothesis that the higher air exchange rate the better – the 
moisture should be “vented out”. That hypothesis had however been proven invalid, since the 
moisture issues, not just in the Gray Room but to a large extent also in the rooms on the other 
side of the neighboring staircase, seen from the Gray Room. This is understandable, since the 
point of “venting moisture out” is that there are moisture sources within the house that causes 
the moisture levels to be higher indoors than outdoors. Then it does make sense to increase 
the air exchange with the outdoor air. In Skokloster Castle there are hardly any indoor 
moisture sources at all, and definitely none in the Gray Room. 

The issues with the increased mould growth in the room on the opposite side of the staircase, 
the ones that were intensified when the “venting” strategy was implemented, are however 
another matter. While the castle is largely lacking indoor moisture sources, at least at the 2nd 
floor, the venting strategy still managed to make an additional moisture source provide 
moisture to the indoor air, though that source was located underground rather than within the 
house. 

As part of the venting strategy, the shafts of the original privy had been opened, shafts that 
were connected to those rooms on the other side of the staircase. However, at the bottom of 
that shaft there is an underground chamber intended to gather the rainwater from the inner 
yard and then let it out in the lake through a tunnel. The privy hence became a sort of a 17th 
century quasi-water-closet – not having water in the upper end, but having the feces being 
flushed away by the rainwater in the other end. It is likely that the people who came up with 
the idea to open that shaft to the rooms upstairs to “vent out the moisture” didn’t quite 
consider the fact, that even if the privy was long since out of use, the underground chamber 
was still at least partly performing its task, thus containing a more or less permanent body of 
water. Hence once the shaft was opened it would provide the rooms with close to moisture 
saturated air. In winter that would become even worse, since the chamber in the ground would 
be warmer than the rest of the house, and the stack effect would ensure air movement up from 
the underground and into the colder rooms where the moisture could potentially condensate. 

The mould issue in the Gray Room was however not related to the privy problem, and hence 
not mitigated by the closing of the shaft either. So if the privy could not be blamed, what 
could? 

The issues would get worse during spring. Now, that in itself is not surprising, most growth 
becomes slower or ceases at low temperatures. Also, since the winter air contains rather few 
mould spores, and the spring brings a lot more of them, (Mattsson 2004), the infestation risk 
would be higher in spring. Though as the mould issue continued for a long time, the 
abundance of outdoor mould spores might be of less importance, since there might be quite a 
lot of them indoors already. So what could be the cause of the problems? (Luciani, 2013) 
reiterates a theory of (Bjurman and Leijonhufvud, 2012), that states that it is the solar 
radiation on the south side that make the mould issue less prominent there, as they noted a 
strong correlation between indoor temperature and mould infestation in the building. This 
may well be true, but it might not only be the solar radiation that reaches the rooms through 
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the windows and heats the room air that is doing the trick, but rather also the radiation heating 
up the exterior walls and hence also the thermal bridges. The likely cause of the issue is thus 
simply the classical one, seen in crawl spaces for instance: warm, moist air meeting cold 
walls. 

5.3.3 Analysis by Andrea Luciani 
In (Luciani, 2013), there is a study performed of the standard deviation of the mixing ratio of 
water vapor and dry air and the air exchange rate in 6 of the rooms in Skokloster Castle, of 
which the Gray Room is one, shown in fig. 5.1. The correlation that he notices between level 
of humidity and air exchange rate in summer and spring would seem to validate the warm air 
vs. cold wall hypothesis. The more air the more humidity when the outdoor air is warmer than 
the indoor air in the castle. 

 

Fig. 5.1: Relationship between the standard deviation of MR for 7 of the rooms on the 1st 
floor in Skokloster Castle, including the Gray Room, room 2:V, from (Luciani, 2013). The 
analyzed time period is October 2009 – August 2010. 

In the same work, (Luciani, 2013) a graph for the difference between outdoor dew point and 
indoor temperature in the Gray Room is provided, seen in fig. 5.2, likely as a way on 
estimating condensation risk. It is presented as an analysis in relation to the mold issue. 
However, the period that is the most troublesome from a mould point of view is the spring, 
and that is not shown in the dew point graph. There the problems are greater in during the 
winter, in January and February, and also at some point in November 
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Fig. 5.2: Difference between outdoor dew point and indoor temperature in room 2:V from 
(Luciani, 2013). 

5.4 Method, case study of wind pressure coefficients 

5.4.1 Whole-building simulation 
The whole-building simulation in IDA was performed for a full year, plus 3 months ahead of 
that year for stabilization of initial values, and calibration of temperature was made for the 
full year according to measured temperatures. Calibration with respect to the AER was done 
for the period April 23rd to May 19th, the period during which the most useful tracer gas 
measurements to use for comparison were carried out. It should in that context be noted, that 
the concept of air exchange here has had to be slightly adapted to the nature of the tracer gas 
measuring. Since that measuring did not only measure the exchange with the ambient air, but 
also included air flows from other rooms, the air exchange rates calculated in the study 
displayed here have also included such internal air flows. 

The method for the calibration was time consuming. The air inlets would be the leaks in then 
building envelope, and those were not to be found in the thick brick walls but rather around 
the windows. Hence the first step was an ocular inspection of the leaks around the windows – 
their approximate width and length. The observed leak area was inserted in the model.  

Then the simulation-derived AERs per hour for this period in scenario i, the one with all 
surrounding elements present and towers intact, were averaged for the same time periods as 
the tracer gas measuring, and the results compared to the tracer gas testing results. As long as 
they didn’t coincide the leaks were adjusted in size until AER and temperature corresponded 
to measured values. This was done for the north-eastern corner of the building at the 2nd floor, 
where the tracer gas tests had been taking place. The rest of the leaks in the other rooms were 
assumed to be of similar size, meaning that the air exchange rate in those rooms is tainted by 
larger uncertainty. An exception from this principle of adopting the leak areas found in the 
north-eastern corner was made in the rooms where the windows had been exchanged to more 
airtight ones in the 40s. There the leaks were calibrated according to temperature only, due to 
assumed deviation in leak area and lack of tracer gas testing to compare with. 

When the calibration of the scenario i-model had reached a point where the correspondence 
with the test-period was satisfactory, the average AER for the entire year was calculated and 
the other scenarios were correlated to the findings of the first one and deviations calculated. 



158 
158 

158  Chapter 5: Case study of Skokloster Castle  

The main focus of the simulation – though the entire building was simulated – was a quarter 
of the 2nd floor, a series of 5 rooms including the Kings’ Hall, room 2:A, which holds some of 
the most magnificent cultural heritage items of the castle, and the Gray Room, room 2:V, 
which is the one with the most severe mould issues. Hence this part of the building is the most 
crucial to focus on. 

The most comprehensive documentation of indoor conditions in the building before any 
mitigating measures were commenced was performed in 2009, including some of the tracer 
gas measuring. This meant that this was the most suitable year to simulate due to the better 
opportunities for calibration against measured values. 

5.4.2 The modelled building 
As described in the introduction in chapter 1, the building has a symmetrical plan, four floors 
of varying but generally rather large heights and is constructed of solid brick masonry of 
thicknesses varying from about 1.4 m in the 1st floor to about 0.8 m at the 4th floor. The brick 
walls are plastered on both sides, but some are also covered with a layer of gilded leather or 
wall tapestry, including the exterior walls where moisture problems are more abundant. In 
some places the original tapestries have been exchanged for a thinner cloth, posing less of a 
mold risk, at some places they have simply been removed and the plaster surface is exposed. 
Some of the remaining tapestries had also been moved a bit out from the wall to mitigate risk 
for mold as the room air is cooled by the wall surface. This generates a special microclimate 
between the tapestries and the wall that was not taken into account in the BES simulation 
model, but was dealt with in subsequent HAM modelling for moisture levels, which is not 
included in this part of the study. 

All the rooms except in the 1st floor have painted wooden wall panels up to a height of about 
0.8 m, though the exact height is varying from room to room. Floors in staircases and most of 
the floors at the 1st and 2nd floors have lime stone surfaces, the rest are wooden floors. 
Ceilings at the 1st floor are rendered vaults, at the rest of the floors there are wooden ceilings 
with visible beams. The wooden ceilings are painted or, at 2nd floor, covered with 
ornamented, and in some rooms also painted, gypsum plaster. 

There are large open fireplaces in most rooms and adjacent to them there are also large tile 
stoves. Some chimneys were left open at the time of the investigation and thereby providing 
means for additional air movement. The most prominent cause of leak flows, however, was 
the windows. These were almost all fairly leaky at the time of this investigation, displaying 
leaks of 1 – 5 mm width almost all around the perimeters. Hence the air exchange over the 
building envelope was prominent. 

The building is as mentioned largely unheated, but some parts of the 1st floor are heated, 
especially the office rooms used by the museum staff. Those spaces are heated to around 20 
°C. Some of the other rooms, workshops etc, on that floor are kept at least at 3 – 5 °C to 
prevent freezing of working material. 

5.4.3 Ambient climate 
The outdoor climate data was taken from SMHI’s (the Swedish Meteorological Institute) 
weather station Alnö in lake Mälaren, which was found to be the best choice among the 
weather stations in the vicinity. There are three weather stations that supply hourly values for 
all necessary parameters at about equal distance from the building, Alnö to the south, Uppsala 
to the north, and Arlanda to the east. However, both the climates of Uppsala and Arlanda 
turned out to deviate too much in a comparison to outdoor values measured on the site, likely 
due to the lack of proximity to the water as well as their locations on plainer ground and in 
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more open landscapes. Arlanda would also have the disadvantage of being slightly ahead in 
solar time. Hence the Alnö climate file was utilized. For the data on solar irradiation the 
STRÅNG-database was utilized. The STRÅNG database is a publicly open resource of the 
Swedish Meteorological and Hydrological Institute (SMHI) delivering data on measured 
global, diffuse and direct solar irradiation from a large number of measure points, interpolated 
to so that values can be derived for any point in Sweden. It is produced with support from the 
Swedish Radiation Protection Authority and the Swedish Environmental Agency. 

This use of the outdoor climate data from Alnö is of course an approximation since there is 
some distance between the building and the weather station, yet the potential differences are 
likely to be larger in local solar irradiation and precipitation than in wind speed and direction, 
and the climatic factor characterizing both places, the proximity to the lake, is present in both 
locations. This gave a reasonably good similarity in temperature and relative humidity, 
compared to the locally measured ones, as well as in wind parameters, which were the main 
focus in this study. The wind pattern of the time period of the tracer gas testing that is used for 
calibration, according to the used climate data, can be found in fig. 5.3. 

 

FIG. 5.3: Wind speed distribution over the different directions during the tested period in 
April 2009. 

5.4.4 The simulation model 
The building was modelled with one zone per room. Separate zones were also created of the 
empty spaces above the ceilings of some of the office rooms where ceiling height had been 
lowered. These unheated spaces have climatic conditions somewhere in between those of the 
heated office rooms and the unheated rooms on the next floor. Total number of zones was 
120, which was the maximum number possible to include in a model due to software 
limitations. Occupants and other sources of internal gains were placed in every room, 
differentiated into rooms accessed by the visitors, by staff daily and by staff occasionally. 23 
object specific schedules were used, 2 of them to define when occupants were present and to 
what extent (one for the museum part and one for the offices), 18 of them regulating opening 
of doors, 3 of them related to regulation of heating. The most influential schedule is the one 
for the presence of people in the museum, including the opening hours for visitors and low 
presence of occupants at other times, such as staff and guards. It is modelled after the opening 
periods during the year, mainly May through September, with addition of extra opening 
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periods for a few days during the fall and during Easter, and one day for a Christmas fair. The 
main material properties are found in table 5.1. 

Table 5.1. Basic material properties 

Material properties    c 
[W/(mK)]  [kg/m3]  [J/(kgK)] 

Lime stone  3.000  2650  2600   

Brick masonry  0.580  1800  850   

Render  0.800  1800  790   

Wood  0.140  500  2300   

Wool tapestry  0.038  50  500   

Plaster  0.700  1600  850   
 

The thermal conductivity of the brick masonry has been among the parameters that have been 
subject to calibration. 

Geometrically the modelling required several simplifications. For one thing the one-
dimensional calculation principle of the whole-building simulation software causes some 
geometrical issues, for example by preventing vaulted ceilings to be dealt with, unless 
simplified. For that purpose models of the vaults were built in the software Comsol 
Multiphysics (fig. 5.4), to establish properties of equivalent one-dimensional components in 
the whole-building model. Simplification was also necessary due to the fact that the sheer size 
and complexity of the object to simulate exceeded the capability of the program. Hence for 
example the slope of the roof – though fully possible to model in IDA ICE in more limited 
cases – was necessary to simplify so that the attic became just another floor with flat roof and 
walls. 

 

Fig. 5.4: Comsol simulation of the transfer of heat through the vaults between the first and 
second floor. 

Important in this context was that the building body of the castle had to have vertexes inserted 
at the point of the junctions between the façade walls and the interior walls. This was 
necessary to mark the borders between the indoor zones, to enable the assigning of different 
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wind pressure coefficients to the different rooms. If not divided into sections the entire 
building façades would, as mentioned before, have only one node in IDA ICE, one single Cp-
coefficient per wind angle for the entire surface disregarding the pressure gradients along the 
façade. Thus, in order to apply the Cp-values obtained in the wind tunnel testing, with the 
distribution over the surface they displayed, the facades had to be differentiated on room 
level, see fig. 5.5. 

 

FIG 5.5: Floor plan in IDA, 2nd floor, with labels of the wall sections for which Cp-
coefficients were assigned. 

When Cp-values are to be included in the model, IDA ICE only takes 8 wind angles into 
account, hence it divides the wind in 45° intervals, to compare with the 24 angles, 15° 
intervals, of the wind tunnel tests made within this project. Thus, only part of the Cp-values 
derived in the wind tunnel tests could be utilized in the model. 

Furthermore, when the subdivision of façades was made, in order to allow for varying Cp-
values along the façades, this was as mentioned done per room. The Cp-values from the wind 
tunnel tests were, however, related to the windows, where the large leak areas were to be 
found, not to the rooms inside. The derived Cp-values thus had to be interpolated to 
correspond to the rooms and respective façade parts they were connected to. 

The wind pressure coefficients at the 4th floor were assumed to be equal to those of the 3rd 
floor, since the eaves are rather large and will cause some increased wind pressure as 
compared to the case of a simpler geometric shape with no eaves. The wind pressure 
coefficients at the 1st floor were assumed to be equal to those of the 2nd floor, as the sheltering 
is similar at that level, only potentially slightly enhanced at the 1st floor due to surrounding 
hedges. Considering the rather small deviations in the wind tunnel results between the 
coefficients of the 2nd and 3rd floors, the levels at which the maximum and minimum pressures 
along the height of the façade could be assumed to be found, these assumptions were found to 
be acceptable approximations. 

In IDA ICE the default setting for wind pressure coefficients is 0 everywhere. There is also an 
option to choose built-in Cp-values, indicated by the software developer to be gathered from 
the AIVC Cp-database (AIVC). The delivered Cp-values appear to be not quite corresponding 
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with the database, however, which could be due to issues in how the software keeps track of 
where the wall sections are located in relation to each other and the entirety of the façade 
surface. There are three different sets of built-in Cp-values depending on wind-exposure; in 
this study the semi-exposed option was chosen. This option is easily implemented; one click 
generates all the values for all façade parts. 

It is possible in IDA ICE to utilize Cp-values from other sources, as in this case from the wind 
tunnel tests, it is however not possible to import such values from external files. The Cp-
values have to be entered one by one, each one related to the right wall part and right wind 
angle for each single Cp-value. Also, the values are to be given not according to wind angle 
relative to the north but relative to the normal of the façade, which requires manual 
rearranging of the data for each wall part. Both the rearranging and the typing in of single 
values are time consuming procedures, which might deter consultants using this software for 
commercial purposes from the use of this manual option in practice. 

Furthermore leaks had to be inserted. This was done in the outer walls representing the cracks 
around the windows, in floors for the existing holes in the vaulted floor structure between the 
1st and 2nd floor and for the leakage through the wooden and plastered floor between the other 
levels. Leak area and opening schedules for the doors between the rooms were defined. 

Since no exact leak areas and discharge coefficients were known, extensive calibration was 
necessary to get the air flow pattern to respond to the wind pressure in a manner resembling 
reality, as indicated by the tracer gas investigations. 

One benefit with using IDA ICE is the possibility to save log files for any variable in the 
calculations. This allowed logging of room temperatures as gathered files per floor as well as 
the leak flows and air flows between the zones delivered in one file per room. However, in 
order to get 29 such user-defined log files the insertion of 140 macro objects was required, all 
with manual linking to a minimum of 3 variables each. Thus, the use of this beneficial feature 
was costly in terms of modelling time. 

5.4.5 Limitations 
The lack of data on exact sizes of leak areas and discharge coefficients means that the 
calibration process has included qualified estimations, based on model response and tracer gas 
investigations as well as ocular observations in situ. Also, the opening and closing schedules 
assumed in the simulation model are schematic though detailed, and the reality by necessity of 
course far more complex. The actual air flows may deviate. However, for the purpose of 
displaying the deviations between the simulations utilizing Cp-values from the different 
sources these potential deviations are assumed to be negligible. 

5.5 Results from part 1, study of the air exchange rate 

5.5.1 Whole-building simulation results 

The air exchange rates at five rooms on the 2nd floor at the north-eastern corner of the building 
were examined, the rooms 2:A, 2:V, 2:X, 2:Y and 2:Z, seen in plan in fig. 5.6. The first step in 
the analysis of the results was to check the correspondence between the tracer gas testing and 
the simulation of scenario i. The results of that comparison can be seen in table 5.2. 
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FIG. 5.6: Location of the rooms 2:A, 2:V, 2:X, 2:Y and 2:Z around the north-eastern corner of 
the building. 

Table 5.2: Correspondence between measured and simulated average AER in scenario i. 

Room  Measured AER  Simulated AER 

2:A  0.46  0.46 
2:V  0.68  0.68 

2:X  0.92  0.91 

2:Y  0.98  0.98 

2:Z  ‐  0.53 

 
In table 5.2 it can be seen that the correspondence is satisfactory. The average AER for room 
2X is slightly too low, but the deviation is -0.73 % which was considered to be acceptable. 

The next step was the investigation of how the average AER of the five simulation scenarios 
compare to each other. The deviations, as can be seen in fig. 5.7 and fig. 5.8, are in some 
cases prominent. The displayed deviations show that the choice of Cp-values in the modelling 
of buildings with natural ventilation may impact estimations of energy usage as well as indoor 
climate and user comfort to an unneglectable extent. But the implications to damage risk 
assessment in buildings of the cultural heritage may be even more critical, as the deviating air 
exchange rates in turn also impact the temperature and relative humidity. 

In this case, when the building is mainly unheated, the resulting temperature differences may 
not be very large. Yet the impact on the moisture levels can be more clearly impacted (those 
have been studied in subsequent step in the simulation process, using the software WUFI, and 
are to be shown in a following article). As previously mentioned rather small climatic 
deviations can result in the crossing of the border between critical and non-critical conditions 
from a damage risk point of view. Hence, the difference between acute damage risk and 
considerably less damage risk may depend on the accuracy of the estimated AER. As the 
deviations found in the averages as displayed in fig. 5.7 and fig. 5.8 are quite considerable, it 
should at least be out of the question to base any decisions concerning mitigation strategies  
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FIG. 5.7: Comparison of air exchange rates in the rooms 2A, 2V and 2Z according to the 
simulations with different Cp-coefficients: i) Cp from wind tunnel test A, with surrounding 
vegetation and neighboring building; ii) Cp from wind tunnel test B, without surrounding 
elements but with actual geometry; iii) Cp from wind tunnel test C, without surrounding 
elements and without towers; iv) Cp from database option “semi-exposed” according to IDA; 
v) All Cp-values set to zero. Lower, lighter columns display average AER, higher, darker ones 
the maximum hourly AER. Deviations from the result of scenario i) are given as percentages. 

on simulations with the default settings for Cp-values, found in the scenario v, and it is clearly 
questionable to base such decisions on the outcome of the model with database values as well. 

5.5.2 The rooms 
In general there is – as it should be – a difference between the rooms. However, it should here 
be noted that all the resulting air exchange rates in the simulations iv and v, the ones without 
the wind tunnel derived Cp-values, are lower than the ones in simulation i and the measured 
ones, and while simulation iv in some cases are rather similar to the non-tower version of the 
wind tunnel models – as it should – the default setting of simulation v generates deviations in 
the range of 26 - 90 %. 

Room 2A, displayed in fig. 5.7, is a room at the middle of the façade, with air exchange with 
several other interior zones as well as with the exterior both through the wall of the front 
façade, the wall of the façade towards the inner court yard and through the chimney that was 
open at this point in time. In general the rooms in the middle of the façade could be expected 
to be less affected by the turbulence around the towers, and thus the derived values in scenario 
ii, iii and even iv should be somewhat in agreement with scenario i. This is also the case, the 
deviations are not large, but it is 10 % (related to simulation i) in scenario iv, with the 
database Cp-coefficients. Scenario v is the one with a radical deviation, showing that the 
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FIG. 5.8: Comparison of air exchange rates in the rooms 2X and 2Y according to the 
simulations with different Cp-coefficients: i) Cp from wind tunnel test A, with surrounding 
vegetation and neighboring building; ii) Cp from wind tunnel test B, without surrounding 
elements but with actual geometry; iii) Cp from wind tunnel test C, without surrounding 
elements and without towers; iv) Cp from database option “semi-exposed” according to IDA; 
v) All Cp-values set to zero. Lower, lighter columns display average AER, higher, darker ones 
the maximum hourly AER. Deviations from the result of scenario i) are given as percentages. 

default setting of the program is less suitable to utilize even in this, geometrically relatively 
unproblematic room. 

Room 2V and room 2Z, also fig. 5.7, are located on a similar distance from the corners and 
being of similar size. Hence they could be anticipated to have rather similar conditions, apart 
from differences due to surrounding vegetation and number of and opening schedules for the 
doors. The AER-patterns in these two rooms are indeed rather similar, but with somewhat 
larger AER in 2V (likely due to the open door towards the corridor), larger impact of the 
removal of the trees in 2V (that room being rather sheltered by more densely grown trees on 
the north side than 2Z is by the solitary trees on the eastern side), and a larger deviation in 2Z 
in scenario v (which could be related to the connection between 2Z and not only 2Y but also 
2A, the room is hence impacted from a larger number of directions). It should also be 
remembered that the time period examined does not contain an evenly spread wind 
distribution but rather displays fairly little wind from the north, the direction of room 2V, but 
instead quite a lot from the east, the direction of 2Z, seen in fig. 5.3. This could affect the 
impact of the removal of Cp-coefficients in scenario v. 

The actual corner room, 2X, seen in fig. 5.8, should display large deviation due to its location 
between two façade walls that both are affected by the turbulence around the towers, and it 
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does. The sheltering effect of the vegetation is indicated by the difference between the 
simulations i and ii, as the vegetationless model ii anticipates a 10 % higher AER than the 
model i, that includes vegetation. An interesting result in this room is also the deviation 
between the scenarios iii and iv, that both should represent geometrically simplified models 
for Cp-coefficient acquisition. While iii slightly overestimates the AER, scenario iv 
underestimates it with 24 %. This could possibly be explained by the fact that the IDA-ICE-
generated Cp-coefficients in the scenario iv did not quite follow the pattern of the simple-
shape wind tunnel tests from which accessible database values are derived. But the largest 
deviation is again found in the scenario v, which displays a profound underestimation of the 
AER, 62 %. 

The tower room 2Y, also fig. 5.8, follows somewhat the pattern found in 2X. Due to its 
exposed location, with external walls practically all around, as well as the pressure build-up 
around the towers, it has, like 2X, a large air exchange rate and errors in wind pressure 
estimations would here be most visible. This can be seen in the resulting AER rate of the 
simulation v, the one without Cp-values, that underestimates the AER rate with 90 %. 

In summary the simulations iv and v, which utilizes Cp-factors of derived from sources of 
varying degree of simplification, displays significant deviations from actual air exchange rate 
and would give rise to faulty assumptions as to the influence of the air exchange on the indoor 
climate. 

5.6 Conclusions from part 1, study of the air exchange rate 
It can be concluded that the geometric complexity added by the towers causes additional 
turbulence compared to a simpler geometry, as was hypothesized. This turbulence does affect 
the pressure coefficients influencing leak-flows, and this effect will vary along the façades. 
The results of the case study presented above show that the existence of the obstructions, in 
this case consisting of the towers, potentially changes not only the air flow patterns around the 
building but also the air flow inside. This may cause a potentially large risk of deriving faulty 
assessments if simplified methods are used. 

The study shows that the choice of Cp-value sets utilized in a whole-building simulation may 
have a profound impact on the simulation output. According to the study, negligence in taking 
the variations of the Cp coefficient into account in simulations of this kind of objects may 
cause the calculated air exchange rates to be flawed to such an extent that they are misleading. 
This means a significant increase in uncertainty in the simulation model, to a degree where its 
results could be rendered deceptive rather than illuminating. Thus awareness of this 
uncertainty, and the plausible size of it, is important when performing simulations of this type 
and when analysing their results. To estimate the plausible size of the wind pressure related 
uncertainty for other building shapes studies of other shapes are necessary. 

It is possible to draw the conclusion that when calculating the wind impact on interior air 
movements these effects should be taken into account in any building with natural ventilation 
and/or where ventilation is significantly affected by leak flows, not just in the case of historic 
buildings such as Skokloster Castle. It is also worth keeping these effects in mind while 
calibrating a whole-building simulation model of such a building according to measured 
indoor temperature values, as these might be influenced by the leak flows. 

The recommendation to owners/caretakers of historic buildings with natural ventilation would 
be to, if it is at all within the realm of what is possible practically and financially, measure the 
air exchange rate with tracer gas and derive object-specific wind pressure coefficients from 
wind tunnel tests. If that is not possible generic database Cp-values can be used, but with 
caution and only it the simulation software allows for subdivision of the outer surfaces of the 
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building so that the pressure gradient along the surfaces can be taken into account. The 
recommendation for software developers would be to develop a simplified commercial CFD-
tool that could estimate the wind pressure coefficients from a virtual model, the same as in the 
whole-building tool or an identical model. The recommendation to the research community 
would be to run wind tunnel tests on a lot more complex building shapes, to provide such a 
simplified CFD-tool with values to be validated against. 
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5.7 Part 2: Study of the thermal bridges in Skokloster Castle 

5.7.1 Applying the EWP method to Skokloster Castle 
In chapter 3 the Equivalent Wall-Part method was introduced. It was tested on two corners in 
room 2:V, the Gray Room, in Skokloster Castle in a simplified experiment in Comsol 
Multiphysics, where the indoor and outdoor temperatures initially were the same, and then the 
outdoor temperature was instantly raised 20 degrees, to check the time constant and resulting 
surface temperature for a two-dimensional model and for the EWP. The correspondence was 
found to be satisfactory. The next step is to test what this means in a whole-building 
simulation. The same EWPs (and some more) were hence inserted in the IDA model, and 
cEWPs added to counter-act the additional heat flow through the EWPs. This part of the 
chapter describes the outcome of that simulation, and also interpret it in terms of mould 
growth risk, introducing a model for display of that risk. 

5.8 Summary of part 2, case study of thermal bridges with EWPs 

Issue: If the most extreme points of the thermal bridges are not taken into account in the 
whole-building simulation the actual risk level for mould growth will remain unknown, as the 
temperature difference between the room air and the extreme point is uncertain. The EWP 
method was created to deal with this issue, and in the following study it will be tried out in a 
whole-building simulation. 

Research question: What can the use of EWPs tell us about the mould growth risk in a 
whole-building simulation that wasn’t possible to know without them? 

Hypothesis: The deviation of the temperature at the thermal bridges is going to both increase 
and decrease the mould risk during different parts of the year, depending on the relationship 
between the indoor and outdoor temperatures. The EWPs will display this, and provide an 
opportunity to see the mould risk in a dynamic context, so that the reason for the mould 
infestation can be interpreted and the design of counteracting measures is facilitated. 

Method: The same EWPs inserted in the IDA model, and cEWPs added to counter-act the 
additional heat flow through the EWPs. The model was then run and the surface temperatures 
of the EWPs extracted for post-processing in order to analyze the mould growth risk. 

Results: The extracted values combined with the measured moisture content showed an 
increased and decreased mould growth risk compared to that of the room air, as predicted. 
The time period that could be identified as the most problematic in the simulation corresponds 
to a common time for the mould problems to increase. The test is not able to confirm the 
performance of the EWPs due to lack of comparable measured values, but would seem to 
work well as an indicator of potential issues and also as an analysis tool to identify the 
mechanisms behind the mould outbreaks. 

Contribution: Demonstration of potential usefulness of the EWP-method and how it can be 
used to identify the mould risk level. Also a mould risk display method for the same purpose 
has been developed. 

5.9 Using the EWPs to identify mould growth risk 
One of the reasons Skokloster Castle is a good test object is that it is well documented as far 
as its thermal and humidity performance goes. But another reason is that there are extensive 
and also well documented mould issues there to investigate. Hence it is a suitable simulation 
object to test the EWPs in, to study their usefulness in a real case. 
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The method of the EWPs was described in chapter 3, but the mould growth risk assessment 
could do with some further elaboration. In order to assess mould risk, some kind of model for 
the prediction of mould growth has to be used. Such models are usually built on two out of 
four factors that determine the environments suitability for the mould to grow: temperature 
and humidity. The other two factors are more rarely taken into account, due to the difficulties 
to do so: the presence of mould spores or mycelium and the presence of nutrients. Concerning 
the nutrients the existing mould risk model do have different classes or similar of substrates, 
that are more or less likely for the mould to thrive on. Extensive testing of materials in that 
respect has been done by for instance (Johansson et al., 2012, 2013c, 2013a, 2013b; 
Sedlbauer, 2001, 2002), and analyses of the mechanisms behind the growth by amongst others 
(Isaksson et al., 2010; Johansson et al., 2017). Samples of the same kind of material may 
however display variations in susceptibility to mould infestation. 

The presence of mould spores is a factor not included very often for the simple reason that 
there usually is no lack of spores, though the amount of spores in the air varies due to 
surrounding and also due to time of the year (Mattsson, Johan, 2004).  

Another aspect of the mould risk is that time is a critical factor (Johansson et al., 2013a; 
Johansson, 2019). When conditions that are favorable for mould growth are reached after a 
period of unfavorable ones, it takes time for the mould spores to germinate, and if there is 
dormant mycelium present the tips of the hyphae, where growth would occur, will have dried 
up and need time to recover. Hence there is a lag between the occurrence of favorable 
conditions and the onset of mould growth. 

5.9.1 Mould risk models 
There are several mould growth risk models to choose from: the IEA-Annex 14 evaluation 
method, the isopleths of Sedlbauer (Sedlbauer, 2001), the Critical Moisture Level (CML) 
model, WUFIbio (developed from Sedlbauer’s isopleths to include the time aspect), the VTT 
model and the M model, the MRD model, amongst others. Common for them all is however 
that they by necessity simplify the actually rather complex mould growth process, and that in 
itself means an inherently high level of uncertainty. The more simplified the less reliable, in 
most cases. The notorious unwillingness by the mould to cooperate with these models have 
led to some studies of the reliability of them, that generally can be said to conclude that mould 
growth prediction is difficult and that the simplifications of the models make it important to 
take their assessment with some caution (Johansson, 2019; Vereecken et al., 2011; Vereecken 
and Roels, 2012).  

The study presented by (Johansson, 2019) performed laboratory test on 6 materials in 5 
different climatic conditions and noted the amount of or lack of mould growth. Then had the 
same materials and climatic conditions assessed by 6 different commonly used mould growth 
prediction models. The models were not used to predict amount of mould growth, merely if it 
was going to occur or not. The problem with the result of that study is not that there was a 
discrepancy between the predictions and the actual mould growth – given the complicated 
nature of the task that was expected. The real problem was that the results were not evenly 
distributed on under- and overestimations of the mould risk. In only 2 % of the cases a mould 
risk model predicted mould growth but there was none, while in 67 % of the cases the mould 
growth models predicted no mould growth risk, but there was mould growth taking place. So 
in 2/3 of the predictions the assessments were wrong in the wrong way – underestimating the 
risk. This could be a serious problem when different strategies for retrofitting or other 
measures in historic buildings are to be evaluated. Going through the process of simulating for 
the purpose of getting to know the mould growth risk, getting a green light for a certain 
strategy and investing in that one and then actually getting a mould problem anyhow, that is 
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something neither the buildings nor their owners/caretakers should be exposed to. Certainly 
an overestimation of the risk is a problem too, if it gets people to invest in measures that 
might not be entirely necessary. But there is a quote attributed to the British social thinker 
John Ruskin (though it is questioned if he really is the source of it), called “The Common 
Law of Business Balance”, which can be rewritten to fit the situation: 

“It's unwise to pay too much, but it's worse to pay too little. When you pay too much, you lose 
a little money – that is all. When you pay too little, you sometimes lose everything, because 
the thing you bought was incapable of doing the thing it was bought to do.” 

That could be said about the investment in building simulation as well, but applied in this 
context of the mould risk models it would the rewritten as: 

“It's unwise to do too much to avoid mould issues, but it's worse to do too little. When you do 
too much, you lose a little money – that is all. When you do too little, you sometimes lose 
everything, because the mould infestation ruined it all.” 

 

Fig. 5.9: Mould in tapestry in the Gray Room in Skokloster (Photo: Ann-Cathrin Rothlind) 

5.9.2 1.1 The case: Skokloster Castle 

The castle was described in chapter 1, and the main focus of this study is the mould risk in the 
room 2:V, the Grey Room. But as a reference two other rooms are also simulated and 
evaluated with respect to mould risk. The rooms are chosen because of their similarity to the 
Grey Room in location within the castle – all more or less next to a stair case and in similar 
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relationship to the building geometry as well as in size. The two other rooms are room 2:H, 
the Nursery, and 2:R, the Blue Bedroom. In all of them the thermal bridges by the joint 
between an inner wall and the exterior wall was studied with the use of EWPs. The rooms and 
the corners (marked with red dots) can be seen in fig. 5.10. 

 

Fig 5.10: Skokloster Castle, plan of the 2nd floor, the studied rooms marked in orange and the 
simulated corner thermal bridges marked with red dots. 

The Grey Room is known for its mould issues, afflicting the entire room but more intense in 
vicinity of the thermal bridges and also around volumes of relatively stagnant air behind, 
under or within pieces of furniture. The Blue bedroom has been known to have much less 
issues but outbreaks have occurred, and the Nursery is known to have among the least issues 
on the otherwise mould afflicted 2nd floor. The hypothesis is hence that the resulting mould 
risk curves will show a significantly higher risk for mould growth in the Grey Room than the 
others, and that the Nursery will have the smallest risk. 

It should be noted that the Blue Bedroom and the Nursery was not among the rooms where 
the leakage was calibrated, so the air exchange rate in these rooms will be tainted by a higher 
degree of uncertainty which could affect the results. 

5.10 Method, case study of thermal bridges with EWPs 
The damage risk assessment in this work is focused on mould risk. Hence some kind of 
assessment method is necessary. Given the amount of time and work and dedication invested 
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in the commonly used mould risk models that still have such a discouraging success rate, the 
approach in this work is to not attempt to predict the mould growth as such, but rather to 
somehow quantify the mould risk, and preferably in a dynamic manner, to disclose not just 
the risk but when and under what circumstances it occurs. The mould growth risk measured in 
an index or assessment of growth length could be the same in a case with a slow steady 
growth rate as in a case with no growth at all except for one single peak with suddenly very 
favorable conditions. Yet the causes behind the growth in the two cases and the most suitable 
means to deal with them might be very different. Hence the time aspect is important not only 
because it determines how far the mould growth can reach, but also because it, if displayed in 
a useful manner, can provide the knowledge necessary to find the most appropriate measures 
to deal with the situation.  

The idea is thus to display the mould risk as a function of the relationship between 
temperature and humidity, in such a way that a level and a pattern for the risk emerges. The 
display method is based on the Sedlbauer isopleths, the generalized curves, and for the sake of 
not underestimating the risk – in accordance with the reasoning above – the most optimal 
substrate in Sedlbauer’s model was used. Apart from the determination to not give a false 
green light, this is also due to the fact that materials in historic houses may be more 
susceptible to mould infestation due to deterioration and also soiling by dust and pollen over 
the years. (Bjurman and Leijonhufvud, 2012) states that conservators at Skokloster Castle 
have been pointing out that the more dirt, the more mould growth (fig. 5.11). On top of that 
are the cultural values, which often include and/or are focused on surface layers, like paint, 
that may be more difficult to sanitize should mould occur, and that may also be damaged not 
only by the mould but also by the mitigation of the mould problem. 
 

 

Fig. 5.11: Furniture in the Gray Room in Skokloster Castle, an example of dirt contributing to 
mould growth: On the far edge the pattern of fingers can be seen, where someone has lifted 
the cabinet without gloves. The mould has found the nutrients left by the hands and now 
display a “finger” pattern. (Photo: Ann-Cathrin Rothlind) 
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Furthermore the curves chosen (fig. 5.12) are those of the mould growth, not the germination. 
This is based on the assumption that due to mould exposure during the years, any growth of 
mould is unlikely to have to start from scratch, there is a high likelihood that there is dormant 
mould present that will be activated once a favorable combination of heat and humidity is 
reached. 

 

Fig. 5.12: Risk levels adopted from (Sedlbauer, 2001). 

The risk is calculated as the distance between the curves and the temperature/RH point that 
defines the climatic conditions at a specific time step. The relationship between the relative 
humidity and the temperature in the chosen risk curves is formulated in the equations 5.1-3, 
and then the mould risk level are calculated according to 5.4: 
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Where 

RHmri = the mould risk curves, the first one representing Sedlbauer’s limit for any mould 
growth, the second one is the one for 1 mm growth per day in Sedlbauer’s tests and the third 
one is the one for 2 mm growth per day. Beyond that is considered needless to go, as a rate of 
2 mm growth per day is already an issue that should raise enough warning signs. 

mrc = is the quantified mould risk 

RHt = the RH at the given time step 

The resulting risk curves are thus nothing more than a way to dynamically display the climatic 
conditions in relation to Sedlbauer’s isopleth for the most optimal substrate. They have a lot 
in common with the method to compare a RH-curve with a curve for the critical relative 
humidity, RHcrit, only in this model the impact of the distance above the RHcrit-curve, when 
that occurs, related to the potential growth rate. This is interesting to do since the potential 
growth rate varies with the temperature as well. 

5.10.1 Used relative humidity 
Since the relative humidity cannot be simulated with IDA and no third, moisture calculating 
tool possible to apply in this case was available at the time, the simulation only delivers the 
temperatures in this study, the relative humidity is the one that is measured. This means that 
the examined time period becomes only half a year for the Nursery and the Blue Bedroom, 
since that was the extent of available measure series. The measured relative humidity as well 
as the measured indoor temperature are then used to calculate the absolute humidity, which 
related to the deviating temperatures of the thermal bridges gives an estimation of the RH next 
to the surface at those points. This builds on the assumption of perfectly mixed air, but that is 
the assumption that whole-building simulation as such builds on, so it is at least consistent 
with the simulation type. 

5.10.2 The model 
The simulation model in this study is the same model as in the other studies in this chapter, 
and with EWPs and cEWPs inserted for every thermal bridge that is to be examined. As 
concluded in chapter 3 the EWP method is simplest to apply in cases with just two 
surrounding climates, an inside climate corresponding to a temperature T1 and an outside 
climate corresponding to temperature Te, such as by a joint between a façade wall and an 
interior wall with more or less equal indoor conditions, T1, on each side. For corners exposed 
to more than two surrounding climates, for instance T1 and T2, the situation becomes more 
complicated, as can be seen in fig. 5.13. 

The multiple climatic conditions also require an EWP to be applied on the interior wall 
between the separate indoor climates, meaning each junction of this kind in the IDA-model 
has been equipped with two EWPs, a for the outer wall and b for the inner wall. The resulting 
simulation model for the Gray Room is shown in fig. 5.14.  
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Fig. 5.13: Heat flow patterns for a junction between a 600 mm thick solid exterior wall and 
an interior wall of the same width and construction with the same indoor climate on each side 
of the interior wall (left) and with deviating indoor climates (right). 

 

Fig. 5.14: Placement of EWPs and compensation wall-parts in the simulation model for zone 
2:V, the Gray Room 

5.10.3 Pre-simulation in Comsol Multiphysics 
The 2D simulations of the thermal bridges were carried out in Comsol Multiphysics, with a 
set-up of the model that was displayed in chapter 3, and seen in fig. 3.4.  

In order to simulated the thermal bridge with deviating indoor climates, the corner 1 in the 
Grey Room, the relationship between the temperatures of the three different climates has to be 
determined. That relationship is dynamic and anything but similar throughout the year, but the 
EWP can only allow for a fixed behavior, which makes it necessary to determine which 
relationship between the climates that is the most relevant to choose. That can be done by 
inspecting the temperature relationship at the period of time where the risk is as greatest. To 
identify that period, likely to occur during spring when the cold masonry meets warmer and 
more moist outdoor air. For the studied year 2009 that most hazardous period is identified as 
the end of March to the beginning of April.  
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When the temperature relationships for the period 29th of March to 6th of April is examined it 
turns out that at the peak of the day when the outdoor temperature Te is about 16 °C and the 
indoor temperature T1 in the examined rooms are 8 – 10 °C the temperature T2 in the 
staircases that provides the third climate is about 11 – 12 °C. The relationship between the 
temperatures over that period of time can be seen to be fairly constant and can be described as 
the ratio in equation 5.5: 
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This means that when T1 and T2 are equal, and there are only two surrounding climates such 
as by the simpler thermal bridges in this case, the ones that require only one EWP, the ratio 
will be 0. The thermal bridges next to the staircases which show a ratio of 0.35 the simulation 
conditions of the 2D-simulations in Comsol Multiphysics must be revised and given a third 
boundary condition, so that T0, which in all cases is also equal to T1, is still 0 °C, the Te is still 
20 °C while T2 becomes 20 x 0.35 = 7 °C. The input values for the 2D-simulations and the 
resulting ’ and c’ values are listed in table 1. 
 
Table 5.3: Properties of the brick layers of the studied EWPs, with two EWPs, a and b, for the 
corners with multiple climatic boundary conditions, and only one EWP where only two 
climates are involved. T2/Te indicates the proportion of the temperature difference.. dEWP is 
the thickness of the brick layer of the EWP, dadjacent is the thickness of the brick layer of the 
adjacent joining wall. 
 
     dEWP  dadjacent  c  c'   '  T2/Te 
     [mm]  [mm]  [J/(kgK)]  [J/(kgK)]  [W/(mK)]  [W/(mK)]  [‐] 

Room 2:H, Corner 1  a  1200  590  850  1418  0.60  1.34  0.35 

Room 2:R, Corner 1    1200  440  850  1167  0.60  0.78  0.00 

Room 2:V, Corner 1  a  1200  590  850  1418  0.60  1.34  0.35 

  b  590  1200  850  3066  0.60  0.66   

Room 2:V, Corner 2    1200  440  850  1167  0.60  0.78  0.00 

Plaster layers on all EWPs: d = 30 mm, c = 850 J/(kgK),  = 0.60 W/(mK),  = 1600 kg/m3 

5.11 Results from part 2, study of the thermal bridges with EWPs 
The results are presented related to other studies of the castle and to other ways of displaying 
findings, in order to make them comparable. In that context an investigation of potential 
condensation risk is shown, as condensation risk is related to as a potentially contributing 
factor to the mould issues. That is followed by the more commonly used isopleth graphs for 
the studied rooms and thermal bridges, in order to make the results directly comparable to 
other studies. Not until after that does the same results appear in the suggested mould risk 
display, to relate that display to the other ways of viewing the data. But the first result is an 
illustration of the thermal inertia, as it appears in the simulation output. 

5.11.1 The thermal inertia of the thermal bridges 
An example of the impact of the thermal inertia of thermal bridges can be seen in the 
comparison between the temperatures displayed in fig. 5.36. 
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Fig. 5.15: An example of the impact of thermal inertia: Surface temperatures in the Grey 
Room. 

As can be seen in fig. 5.15 the temperature difference between room air and thermal bridge is 
about one degree in the beginning of the displayed time period and has doubled 200 hours 
later. The values for the ambient air and room air are measured values, while the curves for 
the thermal bridges at corner 1 and 2 show simulations results. The time period shown is 
representing the start and first 100 hours of the most problematic period of the year 2009 
(starting at about hour 2100 and lasting to about hour 2300), and it is clear that the issues start 
when the deviation between room air and thermal bridge is relatively large but also not until 
the wall temperature reaches up over 0 °C where mould growth starts to become more likely. 
In the same period the RH is also increasing from about 65 % to above 80 %. 

While the indoor temperature is fluctuating much more over the day and is increasing faster, 
the temperatures of the thermal bridges lag behind. They are reacting slower both to the daily 
outdoor temperature changes and to the more long term trend of rising temperature during 
spring. 

5.11.2 Condensation risk 
Let’s return to the condensation risk graph for the Gray Room in (Luciani, 2013), fig. 5.2 in 
the beginning of the chapter, the one that showed the relationship between the temperature of 
the indoor air and the dew point of the ambient air. That was a graph for a different time 
period than the one studied in this work, so transferred to this period the graph for the 
deviation between the dew point temperature for the ambient air and the temperature of the 
indoor air would look like fig. 5.16: 
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Fig. 5.16: Difference between outdoor dew point temperature and indoor temperature in the 
Gray Room during the year 2009. 

Just like the graph in (Luciani, 2013) it shows that the indoor temperature is lower than the 
outdoor dew point at during some periods in mid-winter, but not during th rest of the year. 
However, the condensation mid-air in the room is not the main issue – the primary problem is 
the condensation that might occur at the surfaces, and then the most extreme points are the 
crucial ones. If the same outdoor dew point temperature is compared to the most extreme 
temperature of the worst thermal bridge, as found in the simulation, the picture changes 
somewhat, as can be seen in fig. 5.17. The condensation risk – the dips of negative values for 
the temperature difference – does however not increase in this comparison, rather it can be 
seen that as the walls become warmer the risk decreases, seen as the increased positive 
deviations during summer. 

 
Fig. 5.17: Difference between outdoor dew point temperature and temperature by the worst 
thermal bridge in the Gray Room, corner 1, during the year 2009. 
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Yet, this is a comparison between the thermal bridge surface temperature and the ambient air 
– but the surfaces are not exposed to the ambient air, they are exposed to the indoor air. That 
is what constitutes the condensation risk. Looking at that relationship the picture does change, 
fig. 5.18: 

 
Fig. 5.18: Difference between indoor dew point temperature and temperature by the worst 
thermal bridge in the Gray Room, corner 1, during the year 2009. 

What can be seen in fig. 5.18 is that the most extreme temperature of the thermal bridge does 
not go below the indoor air dew point at any time during the year. So direct condensation at 
the surface should not be the problem. This is also supported by the lack of frost damage to 
the walls – if there was a very high level of saturation in the material and the temperatures 
often goes down below zero during the winter, some amount of damage should be possible to 
see. The lack of condensation at the surfaces of the exterior walls does however not mean that 
there is no condensation at all – but if it takes place it is more likely to happen in the materials 
of the items kept in the room that would have more or less the same temperature as the room 
air. Moisture buffering in textiles is also most likely to take place. 

Thus moisture deposit due to direct condensation at the wall surface is not the explanation for 
the mould issue, so the investigation must be continued in the analysis of the temperature/RH-
relationship related to the conditions preferred by the mould. 

5.11.3 Scatter plots of the hourly temperature and moisture values 
The common way of displaying the mould risk as a result of a simulation is a scatter plot 
where every hourly result is plotted as a point in a RH/T graph. The mould risk limit, here 
again acquired from (Sedlbauer, 2001), is also plotted. Thus the amount of dots above and 
below the critical limit for mould growth is graphically displayed. This is a simple method, 
however it is not a very distinct tool since it does not make it clear for how long continuous 
periods of time that the conditions are above the limit and hence being favorable for mould 
growth. This means that it does not differentiate between periods when the conditions jump 
back and forth over the limit and periods when the conditions that are continuous above the 
limit. The fluctuation over the mould risk limit would not give the mould time to start the 
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growth process before it is interrupted again, while the continuous conditions provides the 
mould with favorable growth opportunities. The scatter plots therefore only provide an 
indication if the conditions favorable for mould growth do occur at all and can be used as a 
simple comparison between mould risk at different location. To that purpose the scatter plots 
are used here to display the results of the simulation 

The plots are seen in fig. 5.19 – 5.29. 

 
Fig. 5.19: Graph of measured hourly values for RH and T for the room air in the Gray Room, 
zone 2:V, related to the mould growth limit curve for substrate category I according to 
(Sedlbauer 2001). 

 

Fig. 5.20: Graph of simulated hourly values for RH and T for the room air in the Gray Room, 
zone 2:V, related to the mould growth limit curve for substrate category I according to 
[Sedlbauer 2001]. 
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Fig. 5.21: Graph of simulated hourly values for RH and T for the inner surface of the 
exterior wall in the Gray Room, zone 2:V, related to the mould growth limit curve for 
substrate category I according to [Sedlbauer 2001]. 

 
Fig. 5.22: Graph of simulated hourly values for RH and T for the corner 1 in the Gray Room, 
zone 2:V, related to the mould growth limit curve for substrate category I according to 
[Sedlbauer 2001]. 
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Fig. 5.23: Graph of simulated hourly values for RH and T for the corner 2 in the Gray Room, 
zone 2:V, related to the mould growth limit curve for substrate category I according to 
[Sedlbauer 2001]. 

 
Fig. 5.24: Graph of measured hourly values for RH and T for room air in the Blue Bedroom, 
zone 2:R, related to the mould growth limit curve for substrate category I according to 
[Sedlbauer 2001]. Note: Values for first half of 2009 only. 
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Fig. 5.25: Graph of simulated hourly values for RH and T for room air in the Blue Bedroom, 
zone 2:R, related to the mould growth limit curve for substrate category I according to 
[Sedlbauer 2001]. Note: Values for first half of 2009 only. 

 
Fig. 5.26: Graph of simulated hourly values for RH and T for corner in the Blue Bedroom, 
zone 2:R, related to the mould growth limit curve for substrate category I according to 
[Sedlbauer 2001]. Note: Values for first half of 2009 only. 
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Fig. 5.27: Graph of measured hourly values for RH and T for room air in the Nursery, zone 
2:H, related to the mould growth limit curve for substrate category I according to [Sedlbauer 
2001]. Note: Values for first half of 2009 only. 

 
Fig. 5.28: Graph of simulated hourly values for RH and T for room air in the Nursery, zone 
2:H, related to the mould growth limit curve for substrate category I according to [Sedlbauer 
2001]. Note: Values for first half of 2009 only. 
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Fig. 5.29: Graph of simulated hourly values for RH and T for the corner in the Nursery, zone 
2:H, related to the mould growth limit curve for substrate category I according to [Sedlbauer 
2001]. Note: Values for first half of 2009 only. 

As can be seen the graphs for the room air all provide a more limited risk for mould growth 
then does the graphs for the surfaces. In the standard examination of the risk based only on 
room air conditions the risk would be underestimated. Something else to note is that the 
simulation seem to overestimate the mould risk in the room air in the Nursery and the Blue 
bedroom somewhat – in the measured values there are conditions that are on the limit for 
mould growth but none past that limit, while the simulation shows some crossings over into 
the risk zone. Even so, those conditions do not last for very long continuous periods of time. 
In the Nursery they also occur mostly at temperatures at around 0 °C where not many mould 
species do thrive and most other growth and chemical processes are very slow, so even the 
exaggerated risk of the simulation would be minimal. The thermal bridge at the corner of the 
Nursery show almost identical performance, meaning that the mould risk there is likely to be 
negligible as well. In the Blue bedroom the occasional dots that crosses the limit curve are 
also doing so at low temperatures and for short duration, but there the thermal bridge does 
show an enhanced risk, compared to the conditions of the room air. 

The cause for the overestimation of the risk is found in the fact that the leaks were not 
calibrated in this part of the building. In the part of the building where the Nursery and the 
Blue bedroom are situated the leak areas were instead basically assumed to be similar to those 
in the parts that were calibrated. As the leakage is not necessarily uniform in all rooms there 
might be discrepancies for that reason. However, the Nursery was also one of the rooms with 
windows from the 1940’s, which were more air tight than the old ones, so the leakage in this 
room particular room was even more crudely approximated. The leak area was reduced in 
comparison with the calibrated rooms, but it was not calibrated in itself. 

In the Gray Room it is hard to make out the difference between the two corners examined in 
these kinds of graphs, which then requires other, more detailed analyses of the results. 
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5.11.4 The mould risk curves 
The mould risk curves for the Grey room for the full year simulation are found in in fig. 5.30. 
As can be seen it is not possible to say much about the individual curves in this view, as the 
curves overlap each other too much, but the graph can be used to identify the pattern of risk 
and what points of the year the surfaces are the most vulnerable. To be able to see the 
performance of the individual curves in this display the time frame has to be changed, As the 
period 2100 – 2600 h seems to be the most afflicted, that time period is chosen. The result can 
be seen in fig. 5.31. 

 
Fig. 5.30: Mould risk curves for the room air, measured and simulated, the inner surface of 
the exterior wall and the two corners for 2009. 

Fig. 5.31: Mould risk curves for the room air in the Grey Room, room 2:V, measured and 
simulated, the inner surface of the exterior wall and the two corners for 29th of March to 19th 
of April 2009. 
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In fig. 5.31 it can be seen that the mould risk in this period is high, and that the risk at the 
thermal bridges is the highest, corner 1 exceeding the others with considerable margin. Corner 
2 is not much worse than the inner surface of the exterior wall, but those two are both high. 
But what can also be seen is that the conditions fluctuate considerably, which can be a good 
thing, since it means that a relatively small lowering of the risk could cause such growth 
pauses that the growth rarely get a chance to speed up. As the climatic conditions were in 
2009, though, there risk level stayed above the critical level for about 150 h in a row for both 
the thermal bridges and the exterior wall surface as well.  

5.11.5 Comparison between the thermal bridges 
To compare the rooms and their thermal bridges to each other the mould risk curves can be 
displayed as in fig. 5.32. The time frame is slightly augmented to cover a period where the 
thermal bridge in the Nursery suddenly has the highest risk.  

 
Fig. 5.32: The mould risk in the different rooms for 29th of March to 19th of April 2009. 

The mould risk for the thermal bridge in the Grey Room is still the most prominent one, while 
the thermal bridge in the Blue Bedroom does reach some heights but not continuously, which 
would lower the actual risk considerably. 

The finding that the conditions are so much worse within a limited period of time is making it 
possible to rethink the strategies for mould mitigation. Directed measures in the time leading 
up to hotspots of this kind could be effective.  

If numerical values for comparison still would be desirable it is easy to get such values from 
the mould risk curves. One simple way would be to count the number of hours that the 
conditions are above the critical level. In the table 5.4 the hours have been divided by 24 to 
get days. These are hence no consecutive days, just amount of time with critical conditions, 
disregarding if the duration per period above the critical limit. Another kind of index would 
be to multiply the amount of “risk” according to Sedlbauer’s estimation of growth per day 
(hence  risk level = mrc – 1), with the hours they prevail. It is possible that the actual time 
steps of the model had been better, not hourly steps, but the simulation has been set to deliver 
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hourly values for practical reasons, so that is what is counted on in the second column of 
values in table 5.4. 

Table 5.4: Mould risk for the different rooms in time over critical limit and duration times  
level above Sedlbauer’s limit for growth. 

Room  Days over critical limit  Duration x risk level 

2:V  Air, measured  8,7  114 

Thermal bridge, corner 1  16,8  363 

2:R  Air, measured  0  0 

Thermal bridge, corner   5,7  44 

2:H  Air, measured  0,2  0 

Thermal bridge, corner   6,1  137 

5.12 Conclusions from part 2, study of the thermal bridges with 
EWPs 
The EWP method and the mould risk display confirms the findings in the castle, in that it 
rates the risk clearly higher in the Gray Room, room 2:V, lower but close to the critical level 
in the Blue Bedroom, 2:R, and the least risk is found in the Nursery, room 2:H. The risk in the 
Nursery might still be overestimated, but the measured RH does at times reach over 80 % 
which would indicate that the conditions are not entirely risk free, even there.  

The thermal bridges do confirm the hypothesis that the conditions there would be more 
favorable for the mould there than elsewhere. Hence it is not enough to lower the risk in the 
room air, the risk level at the surfaces where infestation actually takes place, if it does occur, 
must be considered. 

The finding that the conditions are so much worse within a limited period of time is making it 
possible to rethink the strategies for mould mitigation. Directed measures in the time leading 
up to hotspots of this kind could be effective. One way to deal with the mould along the walls 
in Skokloster to make use of the space between the tapestries and the walls and hang a thin 
heating cable there, operating during late winter and through the most critical time in spring, 
with a low effect just enough to keep that confined air space slightly warmer than the room, 
keeping the moisture of the spring air from reaching the walls and the mould from infesting 
the tapestries. 

More testing and validation against measured values would be necessary to assure that the 
reached results of the EWP-method have an acceptable level of accuracy. But as diagnostic 
tool it is already of some value. The most concerning issue at the point is however that the last 
step in the serial simulation process still is missing, which is addressed in chapter 6. 
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5.13 Part 3: Deviations between the IDA and WUFI models 

As related to in the start of the chapter an attempt was made to make the simulation tool 
WUFI Plus add the necessary moisture calculations to IDA’s thermal performance simulation. 
This part of the chapter contains a brief description of that attempt and shows why that path 
was abandoned. 

5.14 Summary of part 3, IDA and WUFI models 

Issue: To make WUFI Plus work as a third tool in a serial simulation process, to add moisture 
calculations to use for damage risk assessment. 

Research question: Can WUFI be used as the third simulation step? 

Hypothesis: Since the building physics behind the thermal performance is the same in both 
programs and they both are validated, widely used tools, the thermal performance should be 
the same in both, and hence the WUFI simulation could, by merely adding the moisture 
performance, be used as the last step in the serial simulation process. 

Method: The input data from the calibrated IDA model and the air flow rates between the 
zones and between the zones and the ambient air were modelled in WUFI. Moisture 
performance of the materials wool – in the tapestries – and gilded leather were derived from 
literature and tested in the model, as well as applicable sd values for all the surface materials. 
In both models EWPs and cEWPs were included, to establish thermal behavior of the thermal 
bridges. 

Results: The thermal performance of WUFI did not comply with the one of IDA, and hence 
the relative humidity levels derived could not be assumed to be valid. 

Contribution: Showing one way to not accomplish the serial simulation method, a feat that 
could potentially save someone else the time and effort of making that specific attempt again. 

5.15 Method, the WUFI model 
WUFI Plus is a multizonal tool, and hence the same approach as the one taken in IDA – to 
simulate the entire building due to the deviating conditions between the rooms. The handling 
of the geometrical model in WUFI is a bit more tricky than in IDA, so a feature in WUFI 
making it possible to import a Sketch-up model was utilized (fig. 5.33). 

       

Fig. 5.33: Sketch-up model of entire building, to the left the eastern façade, with the basement 
visible, and to the right the north-eastern tower 
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The Sketch-up model was then imported in WUFI, resulting in the model seen in fig. 5.34. 
Admittedly the detailed tower roofs were not necessary, but gave the model a touch of 
realism. 

 

Fig. 5.34: The imported Sketch-up full-building model as WUFI model. 

Unfortunately this was not a good idea. WUFI did indeed have the capacity required to create 
such a model and enter the input data necessary, but running the model was another matter. 
The model became too heavy for the software to deal with. After consultation with the WUFI 
support the model was hence reduced to only the 5 rooms, the north-eastern corner of the 2nd 
floor (fig. 5.35). 

 

Fig. 5.35: The reduced WUFI model 

This meant that the conditions of the rooms surrounding the modelled had to be gathered from 
IDA, which was fully possible – several other variables were already imported from there, 
such as the air movements between the rooms and between them and the ambient air. But it 
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also meant that the moisture levels of those surrounding rooms were not going to be adjusted 
by WUFI, but would instead have the much too fluctuating humidity levels of IDA, and air 
from those rooms would enter the studied rooms. That could affect the resulting relative 
humidity of the WUFI model, since too dry and too humid air would be let in at times. The 
average moisture content of that air might not deviate much from that of the ambient air, but 
the actual relative humidity of the room air would likely be affected by moisture buffering and 
fluctuate a lot less, so this was a source of uncertainty in the model. 

The EWPs and the materials were copied from IDA, with the addition of moisture parameters 
for the materials. In WUFI the gilded leather on the walls of the Kings’ Hall was also 
modelled, to include it’s impact on the moisture balance. The material values were those of 
leather but with the paint and silver layer as a factor reducing the moisture permeability of the 
surface slightly. In IDA that leather layer was omitted, as its impact on the thermal 
performance would seem limited. 

In IDA the initial start-up phase adjusts the initial conditions of the building parts as far as 
temperatures goes, in WUFI, where not only the initial temperatures were affected, this 
process was missing. As a consequence the WUFI model was run for three consecutive years 
to reach results that were balanced enough – before that the values changed considerably from 
year to year until they stabilized. 

5.16 Results from part 3, deviations between the IDA and WUFI 
models 
The results of the IDA and the WUFI models were not dissimilar, but the temperature 
differences were too large to be acceptable with respect to their impact on the relative 
humidity. The thermal performance of the room air in the Grey Room over the year, 2009, can 
be seen in fig. 5.36.  

 
Fig. 5.36: Temperatures over the year in the simulations in IDA and WUFI for room 2:V, the 
Gray Room: Thin light-blue line – ambient temperature, orange line – IDAs values, thick 
clear-blue line – WUFIs values, thick purple line measured values. 
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As can be seen IDA overestimates the temperature during some periods of the year, for a short 
while in the beginning of the year and then during the spring and fall. WUFI on the other hand 
gets an even larger off-set from the measured values during the same winter period as IDA, 
but then has a reasonably good fit to the measured curve during spring and fall, though 
slightly low, but lays several degrees too low during the summer. The off-set for the IDA 
values in fall could be because of an overestimation of the internal thermal inertia – since both 
the measured values and WUFIs temperature curve falls faster – but that is contradicted by the 
fact that the temperature in spring actually rises faster in IDA than in the other two curves. A 
more likely cause is the window issue referred to in the beginning of this chapter. The pulling 
and drawing of the curtains may have been overestimated in the IDA model during fall, 
winter and spring, letting in more solar radiation than is actually the case, due to the fact that 
the opening and closing of the curtains remained constant over the year. In summer the more 
often opened curtains may correspond better to the reality since there are more visitors at that 
time and the curtains may be pulled more often. So although the IDA model did take a 
variable number of visitors into account in terms of people being present as a heat load, the 
window settings remain the same all through the year, which might not have been correct. 

The WUFI windows, on the other hand, seem to be letting in too little heat, never reaching the 
actual indoor temperatures during summer. 

 
Fig 5.37: The RH levels in the Gray Room at during the end of March and the beginning of 
April. The RH of IDA is a synthetic construction, relating the temperature of IDA to the 
measured moisture content. 

If the RH for the most critical period of the year, the end of March to the beginning of April is 
analyzed (fig. 5.37), and the RH for IDA is calculated as the moisture content of the measured 
values divided by the saturation level for the temperature that IDA has derived, instead of the 
unbuffered and unrealistic RH that IDA has calculated, then the issues with the WUFI 
temperatures can be seen.  

The WUFI curve shows a good compliance in the middle section, where its temperature 
coincides with the measured and IDA’s values, but not when it underestimates the 
temperature. The deviation becomes in the order of 10 %, sometimes almost 15 %. That was 
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considered an unacceptable deviation, and the attempts to make IDA and WUFI part of the 
same simulation process were ended. 

5.17 Conclusions from part 3, deviations between the IDA and WUFI 
models 
Although both IDA and WUFI are thoroughly validated and widely sold and used simulation 
tools, their results did deviate in a way that was not anticipated. This is likely due to the 
window models and perhaps to some extent to the lack of internal mass to contribute to the 
thermal inertia in WUFI, but may also be attributed to the complexity of the task in general. 
Both models had long run times, and WUFI could not manage more than 5 rooms of the 
building, with the level of detail that was used. If simpler conditions had been the case it is 
possible that the window models would have had more similar performance. Furthermore, if 
the energy calculations in WUFI had been possible to turn off and the temperatures could 
have been locked to the logged values of the IDA simulation, the complexity might have been 
reduced to a level that would have worked better, and the tools could have been used in a 
serial simulation process. Now this wasn’t the case and the search for a suitable tool to add 
the moisture performance in this serial simulation process had to continue in a different 
direction. 
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Fig. 5.38: Skokloster Castle seen from south-east (Photo: Jens Mohr, Statens Historiska 
Museum, CC BY-SA) 
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Chapter 6: MOIRA and the serial simulation method 

“Make everyting as simple as possible, but not simpler.” 

- Albert Einstein 

6.1 Introducing MOIRA and the serial simulation method 

As stated in the beginning of this thesis the aim of the work presented here is to facilitate the 
choice and design of strategies for enhanced energy efficiency and preventive 
conservation in buildings of the cultural heritage with focus on building simulation as a 
tool. In those investigations demands possible to pose on suitable tools and methods were 
expressed, and issues with available tools identified. Although there are tools and methods 
available that can be used, there is still a gap between what is possible and what is desirable in 
the process using those tools and methods. The next step was then to investigate the 
possibility of methods that would bridge that gap. Such a method was designed, and within 
that there was a need for a new tool as well, so the additional program MOIRA (MOIsture Re-
calculation Application) was created. 

MOIRA and the serial simulation method was developed in (Widström, 2012) and presented 
in (Widström, 2011), but as the aim of this thesis is to suggest ways to facilitate simulation of 
historic buildings, and that tool and method are such suggestions, developed for this very 
purpose, they do constitute one of the main outcomes of the project and deserve a description 
in this thesis as well. There is more background material for the calculations in the previous 
thesis, so for a more detailed presentation the reader is referred to (Widström, 2012). 

6.2 Summary for MOIRA and the serial simulation method 

Issue: The available tools that could be used are of two kinds, BES and HAM. BES tools are 
able to have the flexibility and detail that is needed for the simulation of historic building but 
are not able to deliver the output needed, while the HAM tools are more limited in the 
possibilities to build the model but are able to deliver the moisture performance necessary. So 
there is a need for some method that combines both. 

Research question: Can the domains and the flexibility needed be combined in a way that 
could improve the simulation of historic buildings compared to the tools and methods 
available today? 

Hypothesis: A stepwise serial process starting the building of the model in a flexible 
environment and adding the complexity of the moisture in a later step would make the desired 
combination of flexibility and complexity possible. 

Method: Design of a serial method and a tool that fulfills the function of the last step in the 
method, and test of the method in a case study of Hamrånge church. 

Results: The tool and method performed according to the intention, with good 
correspondence between measured and simulated values. The method was also quick and 
efficient – the handling not, though, since a user interface of the tool is missing and the output 
from the primary simulation had to be manually extracted and inserted in the secondary tool, 
MOIRA. 
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Contribution: A method and a specifically designed tool to simulate historic buildings 
fulfilling all the features of the demands on the simulation process formulated in the 
beginning of the work, except for the accessibility and ease of handling. There are no 
technical issues that hinder the fulfillment of the last demands, the only obstacle is the time 
and money needed for the development of the prototype into a user-friendly product. 

6.3 Background for the tool and method 
In the investigations a set of demands on suitable tools and methods were identified, and it 
was found that it is difficult to get all the demands fulfilled in such a way that they lead to a 
gathered and comprehensive basis for decisions. In an academic setting, where tools and 
methods can be created and modified in a customized manner, the simulation does not require 
anything but the proficiency of the software user – knowledge about the programs and how to 
manipulate them and understanding of the building physics and criteria needed. The situation 
looks different for the professional consultant, who is the one being likely to get the job to 
simulate the historic buildings in all cases except for the ones where the simulation is of 
scientific interest. Hence there was a gap identified, between what is possible and what is 
desirable in the area of whole-building simulation of historic building.  

The demands to fulfill 
In chapter 2 a list of identified demands on the simulations of historic buildings was 
presented. As stated there not all of these demands have to be fulfilled in every case, so to 
start a shorter list of the ones that have the greatest impact on the usefulness of the simulations 
can be made. That way the design of the simulation process becomes focused on the most 
important features first. According to that short list the simulations should, in no order of 
priority: 

 Integrate several domains: energy, comfort, moisture performance, damage risks and 
reliability, including CO2 emission, exergy and other aspects of resource usage 

 Be able to perform long-term dynamic simulations, preferably several years 

 Be multizonal, and hence able to embrace the whole building and the interaction 
between its zones 

 Be able to forecast average performance as well as local microclimate conditions at 
critical points 

 Be able to include potential strategies and control systems 

 Be fast, accessible and reliable 

 Be flexible, and  

 Be easy to calibrate 

6.4 Method 

6.4.1 Designing an alternative, serial simulation method 
After that shorter list was established, the demands had to be examined and prioritized. Basic 
demands are that the tool has to be dynamic and multizonal, they do not determine the method 
but they determine the choice of types of tools possible to use within it. So by taking on to 
stick to tools that can deal with these demands those aspects were considered included. Then 
the remaining demands were grouped in a priority order, and one set of demands that could be 
identified as more crucial than the others, making the demands in that group a priority: 
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 Flexibility – in order to be able to emulate the geometry of the building including 
internal mass in rooms and installations and controls 

 Possibility to investigate the most critical points, at the thermal bridges 

 Inclusion of moisture performance, for the sake of damage risk assessment 

These three are all essential and were prioritized together as a group, without internal ranking. 
Once it is made sure that the method is going to fulfill these demands, the others can be 
added. 

Flexibility 
In the previous chapters the available kinds of tools were examined. Modular and flexibility 
oriented BES whole-building simulation software are best suited for the task of creating as 
close a resemblance between the building and the model as possible. This is possible because 
they do not have the additional complexity of the moisture calculations to deal with, hence 
can focus their resources on model flexibility. 

Even then, all issues with the modelling of buildings with rounded shapes like apses and 
vaults are not solved due to the one-dimensional environment of the software, nor the one 
with the investigation of the most risk-prone points, the ones by the thermal bridges, for the 
same reason. But as far as a one-dimensional environment can accommodate the model of the 
historic building, it does, and especially its present and potential future installations and 
control functions. It is also better at taking thermal comfort into account. This might not 
always be a priority as far as criteria goes, but is still a factor that should be investigated. 

So for this new method a modular whole-building BES software, IDA ICE, was chosen as 
base for the investigations. An advantage with that choice is also that the natural ventilation 
impacted by specified wind pressure coefficients can be taken into account, and the air flows 
between the ambient climate and the room air can be calculated, as well as the air flows 
between the zones. Hence it is also possible to examine the potential consequences of a 
change in air tightness of the building envelope. 

Investigation of risk-prone points 
So, a modular BES software can provide the whole-building environment needed for the 
model building. But that still leaves the other two important aspects uncovered, one of them 
being the investigation of the most risk-prone points, the ones at the thermal bridges. Now, it 
is not an absolute necessity as such to study these points within the one-dimensional 
environment of the whole-building simulation. It is possible to extract the indoor climate from 
the whole-building simulation and use it for separate studies of the thermal bridges in a two- 
or three-dimensional tool later. If that is done in a WUFI 2D-tool the moisture aspect will be 
taken care of as well – though the data of the indoor moisture performance in the room air, 
that would be needed as boundary condition for such an investigation, is not yet included. 

Separate investigations of the risk-prone points in WUFI 2D can certainly be a good idea, but 
it does not give the overview that becomes possible if they are included in the whole-building 
simulation from the start. Their general performance and risk level being displayed in an 
integrated model facilitates comparison between different scenarios, and make potential need 
for revision of the strategies apparent. 

Hence the use of Equivalent Wall Parts is included in this method. That requires a pre-
simulation of the performance of the thermal bridges, where their time constants and surface 
temperatures are determined. The pre-simulation is done with a two- or three-dimensional 
simulation tool, in this case Comsol Multiphysics. From that the modified equivalent ’ and 
c’ can be calculated as described in chapter 3. 
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Inclusion of moisture calculations 
Then one of the most critical aspects remains to be included, the moisture performance. Now, 
the structure of the method is to start with the pre-simulation as a preparation for the primary 
whole-building simulation, which is where the flexibility is needed. The strategy was to make 
use of the flexibility of the primary whole-building simulation first, to determine the thermal 
performance, and then add the complexity of the moisture calculations in a subsequent step. 
In that manner both the flexibility and the more resource demanding moisture calculations can 
be taken into account in the method, just not at the same time in the process sequence. 

So the energy performance calculations are carried out without moisture calculations, but the 
moisture calculations would not be possible to perform without the knowledge of the 
temperatures. So the temperature and air flow data must be extracted from the primary 
simulation and inserted in the secondary. This is however not possible with any existing 
commercial tool, so a tool especially designed for this task, MOIRA, had to be created. 

6.4.2 Comparison with previous methods 

As related to in chapter 2, there are a couple of other methods available to deal with the 
integration of the desired functionality, seen in fig. 3.4. It is possible to a. A parallel 
simplified method using a variety of different specialized tools, that are good at what they do 
but do not do anything but that, or b. Use an advanced, fully integrated or closely coupled tool 
that is able to take care of all the aspects at the same time, which renders a better overview 
and decision basis, but at the expense of the flexibility and detail. The method described 
above then introduces third option, c. A serial, step-wise hybrid method. The fig. 2.7, that 
displayed two possible methods to deal with integration of simulation functionality, can thus 
be augmented with the addition of the suggested third method, shown in fig. 6.1. 

Fig. 6.1: The three different simulation method types: a. Different models for simulation of 
multiple aspects: a. Parallel simplified – a multitude of results that need to be balanced 
against each other, b. Advanced fully integrated or closely coupled and c. Serial, with the new 
tool MOIRA encircled. 

The main problem in the method type a is that the inter-dependence of the various aspects is 
not taken into account and that the evaluation of the results relies on the past experiences of 
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the user and his/her personal skill in the aggregation of them to a decision basis. Although the 
skill and judgment of the expert are indispensable assets, an evaluation of interdependent 
aspects relying solely on these forces them to replace much of what simulations might be able 
contribute with. In addition, the quality of the outcome of such a process is difficult to assess. 

The second method, type b, is likely to reduce error risk by dealing with a single model and 
performing calculations with all the simulated aspects simultaneously, but the risk of 
instability, user errors due to complexity and limited use increases and complexity in model 
build and detail is likely to have to be reduced. 

The third path, which divides the simulation process into several steps, as indicated by model 
c, is adding aspects one or two at a time in series. This leads to a more stable and less 
complicated simulation process, although recalculation is necessary in order to simulate 
interdependent aspects. This method is however not perfect either, simplifications have to be 
made here as well, but the most critical demands formulated for the suitability for simulation 
of historic buildings are fulfilled in a way that the other methods had issues achieving. 

This serial simulation process can be seen as a hybrid coupling/integrating simulation model, 
as discussed by (Citherlet et al., 2001). Although a parallel approach may seem more natural 
given the interrelated nature of the aspects included, the stepwise addition of complexity can 
not only increase stability but also provide better opportunities for calibration and error 
checking. 

6.4.3 Compliance with demands 
Now the basic design of the method had been determined, and the details around it had to be 
elaborated upon. A check of how the method complied with the demands ensued. The basic 
demands, the long-term simulation periods, the inclusion of multiple zones, the flexibility, the 
inclusion of critical points and the moisture performance were already included. The serial 
process also has the advantages that the overview, calibration and error checking becomes 
facilitated since they too can be performed in the respective steps, so those demands were also 
already fulfilled.  

That the method was fast, accessible and reliable could be at least in part be ensured by the 
possibility to choose fast, accessible and reliable tools for the first two steps, the pre-
simulation, here done in Comsol Multiphysics, and the primary simulation tool, IDA ICE. 
The choice of the modular whole-building BES tool IDA ICE as primary simulation tool 
made sure that it is possible to include potential strategies and control systems in the model, 
and also that both the domains energy performance and thermal comfort were included. Cost 
for the energy usage and CO2 emission and other aspects of resource usage are also possible 
to get directly from IDA. Exergy would however have to be dealt with in a post-simulation 
calculation, but even though exergy might be interesting from a sustainability point of view, 
no other method would automatically include it either, so the post-processing was considered 
acceptable in that respect. The damage risks also would have had to be handled in a post-
simulation calculation, but the mould risk assessment, according to the analysis method 
presented in chapter 5, was included in the moisture recalculation tool. 

Hence all demands were fulfilled, with the little snag that the moisture-including tool didn’t 
yet exist, also somewhat impairing the “accessible and reliable” demand.  

6.5 MOIRA 
The function of MOIRA is to recalculate the simulation done in IDA, with the addition of the 
moisture performance. Now, IDA does take moisture into account to some extent. The 
software calculates the relative humidity in the indoor air based on outdoor RH and air 
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exchange between the indoor air and the ambient as well as the air exchange between the 
zones. However, IDA does not contain any calculations of moisture buffering, nor addition of 
moisture from activities within the building. This means that the calculated RH follows the 
outdoor moisture content quite slavishly, and that in IDA the absolute humidity indoors and 
outdoors are practically the same. 

Looking at a comparison between the RH the IDA calculates and measured values, it is 
possible to conclude that the RH in IDA cannot be used in this context – it is varying rapidly 
and with great amplitude, in a way that the measured RH clearly does not. The effect of 
moisture buffering and moisture transport through the building components do have to be 
included. 

6.5.1 Necessary input data 
MOIRA hence receives the output data from IDA and uses as input data. The data transferred 
is the nodes of the IDA model, excluding material nodes. The material nodes in MOIRA are 
defined manually. The materials layers in the building components are divided into more 
nodes than in IDA, to make the moisture transfer calculations in the building components 
smoother. For each imported node, including surfaces nodes, the initial temperatures are 
imported. Further MOIRA needs a series of log files: a climate file, the air flows between the 
zones, the air flow between the zones and the ambient, the temperature of the air nodes of the 
zones as well as the temperature of the surface nodes of all surrounding building components. 
Temperatures of the nodes within the materials are calculated by MOIRA. 

6.5.2 Methods and simplifications 
Several simplifications made in this study may affect the result to some extent. Convective 
moisture transport through the building components is calculated only as a mass flow. No 
influence on the temperature of condensation or evaporation is included; rain loads on 
component surfaces are also lacking in this study, mainly due to lack of local data, and so also 
is thermo-diffusion, which however is assumed to have a negligible influence in this context 
(Baker et al., 2009; Künzel, 1995).  

The moisture transport method in the presented study is simplified, according to the 
classification suggested by (Grunewald et al., 2003). The first version used humidity per 
volume instead of vapor pressure as potential for the vapor flow. Pressure is doubtlessly a 
technically more correct potential, and in later versions it is implemented as driving force of 
the moisture transport instead of the moisture content. 

Liquid and vapor transport through the building components are taken into account, but 
convective transfer is added to mass flow for the transport due to ventilation. This leads to the 
following formulas for the moisture transport, with modifications of the functions used 
according to the degree of saturation of the material, and the moisture level in the zone: 
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where Sw represents the flow of liquid moisture into the walls from the ground, added into the 
one-dimensional calculations as an additional moisture source, vt represents the moisture per 
volume of the air in a zone at a given time step, vt-1 the moisture per volume for the previous 
time step, G represents added internal moisture, including any temperature- and humidity-
dependent reductions accomplished by a dehumidifier, n the number of components in contact 
with the zone, gk the moisture flow from the surface of component k, Ak the area of that 
component, m the number of adjacent zones, Li the air flow from a specific neighboring zone 
and vi its humidity. The heat flow is then calculated according to Fourier’s law, with -values, 
 and Dw-values adjusted according to the moisture content. 

In the first version of MOIRA rising damp was not taken into account, which, in the case 
study of Hamrånge, led to underestimated RH after each rain. The simulated and measured 
values would correspond rather closely until about 0,5 – 1 day after the precipitation had 
started, at which point it started to rise, then followed the simulated RH curve but with a 
distinct offset, until a while after the rain had stopped, when it started to fall and again 
coincided with the simulated values. Hence a function was introduced that included a 
moisture addition by rain fall. This is still a rather crude function, simply the addition of a 
constant value being turned on and off by rain fall. This function was not turned on in the 
results shown in the case study below. 

6.5.3 Conditions at thermal bridges 
The primary whole-building simulation in IDA has to have EWPs for the thermal bridges 
included, in order to get MOIRA to calculate the conditions there. When this is the case, the 
data from these points will be imported and calculated like any other node of the respective 
kind.  

However, as there are not yet any modification method to include the behavior of the moisture 
bridge in those points, the calculations of the effects of façade wetting or buffered moisture do 
not include the two-dimensional moisture flows at these points. A simplified calculation 
method for the inclusion of moisture bridge behavior would be interesting to include in future 
work. 

6.5.4 Calculations 
The nodes of the objects are assigned in a specific process, depending on their type. Thus, in 
order to determine the necessary processes, the node types first need to be established. There 
are four main categories of nodes: 

a. Material nodes, nodes that constitute parts of the building components 
b. Surface nodes, nodes that represent the surfaces and do not have a volume 
c. Air nodes, ambient as well as zone nodes 
d. Special nodes, such as bottom node of ground component and nodes of interior 

components at symmetry 

An overview of the node structure of one single component can be seen in fig. 6.2. 
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Fig. 6.2: Example of node structure of one single component. Note that the measure d is 
denoting half the layer thickness. The nodes are in this case named N and then a location 
number, in an actual project these names are chosen according to component and placement. 
The processes utilized for the nodes are named P and then a type number. 

The fig. 6.2 displays 7 out of the 17 processes, P1 – P7, which are utilized in the program. 
They will all be described more in detail later in this chapter. A list of them can be seen in 
table 6.1. 

Table 6.1: List of utilized processes 

Process  Category  Type of node 

P0  d  A help process gathering output from the components of a zone and 

delivers to the zone node 

P1  c  Air node for ambient condition 

P2  b  Surface node towards ambient condition 

P3  a  Material node bordering to ambient condition 

P4  a  Material node surrounded by other material nodes 

P5  a  Material node bordering to a zone 

P6  b  Surface node towards a zone 

P7  c  Air node for a zone 

P8  d  A help process making it possible to add values of several zones 

P9  d  Air node for a combination of zones, aided by P8 

P10  b  Surface node of an interior element 

P11  d  Material node by symmetry 

P12  d  Bottom node of ground 

P13  d  Ground node, all but bottom one and top one 

P14  d  Top node of ground 

P15  d  Material node of interior element, bordering to a zone 

P16  d  Surface node of a Very Small Wall Part, towards a zone 

 
The principles within each category are rather similar, with exception of category d, the 
special cases, as these lend their basic traits from the category of nodes that they are special 
cases of. There is one more exception and that is that the ambient air node is very much 
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simpler than the zone air nodes, as its data is just gathered from the climate data in the 
ida_data file used to transfer the logged data from IDA to MOIRA. 

Thus it is reasonable to start describing the processes beginning with P4 rather than P0 or P1, 
as its characteristics will reappear in the other material node processes and get to the air node 
and surface node processes later. 

6.5.5 Material node processes 

Capillary moisture transport 
As discussed above the issue here is mainly the choice of potential and availability of 
transport coefficients to go with those potentials. In this case, in spite of the suction pressure 
being more scientifically correct, the lack of certainty on the nature of the pore system, 
especially the radii and their distribution, the suction pressure was discarded. The remaining 
options would then be moisture content or relative humidity, where (Künzel, 1995) clearly 
states that though good results can be achieved by the use of moisture content as potential, RH 
is more correct. And the development away from Philip and de Vries’ (de Vries, Daniel, 
1987) and Luikov’s (Luikov, A.V., 1961) choice of moisture content as potential may support 
that point. However, availability of data for transport coefficients seemed more abundant for 
the potential moisture content, so that is the choice for the time being. The quasi-steady state 
form of the forward difference method renders the formula: 
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where 
gwi  =  the capillary moisture flow to the node 

wi  =  the moisture content of the node 

wi-1  =  the moisture content of the node on one side of it 

wi+1  =  the moisture content of the node on the other side 

di  =  half of the thickness of the layer, ergo the distance from the center of the node to  
  it’s edge towards the next layer 

di-1  =  half the thickness of the adjacent layer on one side 

di+1  =  half the thickness of the adjacent layer on the other side 

Dwi  =  the capillary transfer coefficient at the moisture content level of the node 

Dwi-1  =  the equivalent capillary transfer coefficient of the adjacent node at one side 

Dwi+1  =  the equivalent capillary transfer coefficient of the adjacent node at the other side 

Sw = the potential added moisture through suction from a moisture source that is missed by the 
1D calculation method, such as ground moisture being sucked up due to lack of moisture 
barriers in the foundation.  

The values of the Dw-variable are gathered from a linearized liquid transport coefficient curve 
for suction described in the nodedata_init file according to the formulas below. 
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where 

Dw0-6i  =  the Dw-values of the points on the curve as stated in the nodedata_init file 

w0-6i  =  the corresponding w-values of the same points 

It can be noted that only one curve for the liquid transport coefficient is used, one for suction 
rather than for redistribution. This may cause an overestimation of the capillary moisture 
transfer when only redistribution is taking place but since the calculations does not take into 
account whether wetting or redistribution is taking place, only one curve is possible, and so 
the suction curve was chosen. 

Surface diffusion is assumed to be part of the liquid moisture flow of the capillary conduction. 

Vapor transport 
The choice of potential here is less difficult, as the logic of the vapor pressure as potential is 
convincing. However, there are other issues to deal with. One of those is the behavior of the 
diffusion in the material nodes. While the capillary transfer increases with increasing moisture 
content, until all capillaries are full and an increase in water content as well as in liquid 
transport coefficient is no longer possible, the diffusion permeability is more lucid. It may be 
enhanced by being able to take short cuts through water islets at menisci, but as (Künzel, 
1995) states, it is not necessarily so in all cases. And especially at high saturation levels, the 
short cut effect is bound to disappear as there are no longer any paths quite open at all for the 
vapor transport, the capillaries are simply blocked by liquid water. Thus the curve of the 
diffusion permeability coefficient in relationship to the moisture content would decrease at 
high saturation, but that does of course not mean that the diffusion in the remaining capillaries 
is low.  

It might also be a mistake to assume that the vapor transport at those moisture content levels 
is so small compared to the liquid transport that it is negligible. If there is no gradient in the 
suction pressure – or in this case the moisture content – and the liquid flow is nonexistent, and 
a vapor flow still is possible, though its path is restrained, and there is a great temperature 
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gradient pushing the vapor flow, it might quite well play a dominant role in the moisture 
content fluctuations. Also, there might be a water front in the material, leaving most of it 
water filled, under the right circumstances causing a considerable vapor flow for a shorter 
distance than the average half of the layer, the distance d from the node to its layer boundary. 
Shorter distance means less resistance and thus a more substantial flow. And at the same time, 
if the material layer has really reached capillary saturation, the diffusivity coefficient must be 
0, there is simply not enough air for such a transport to take place in. 

But the rigidity of the nodal structure makes it difficult to take the consequences of such is-
sues into account. The distance for the vapor to travel can not be part of a layer, as if the no-
de was sliding around in the layer according to water saturation. The node is not a fixed point 
in the sense that it is not a representation of something physical, and yet it is fixed as it is 
representing an average for the layer. When the distance for the diffusive flow to move to 
reach the next node is counted as being half of the thickness of the layer in question plus half 
that of the next layer, then that is an average, measured from one center of a layer to another. 
Again, the quasi-steady state version of the formula would give: 
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If only the flow from node i-1 to i is considered it becomes: 
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Now, if water in liquid form is filling the capillaries of node i-1, meaning that the diffusivity 
coefficient p,i-1, is zero, then denominator becomes infinite and the entire flow 0. But if there 
is a water front at the layer boundary, and there is a temperature gradient pushing the flow, 
there still will be a vapor flow from the layer i-1, though not from the central position of node 
i-1. The node, being the average, is still going to be the one losing water to node i, but the 
distance is not going to be di-1+di, it will only be di, granting a much larger flow in-stead of a 
nonexistent one. So merely a reduced diffusive permeability coefficient at high saturations 
might not reveal the actual behavior. 

One way of dealing with this is to look at the separate cases that may occur in the material, 
and then let the process code know which case is the existing one at the time step in question, 
and then have it chose equations appropriate for that case. The cases that could occur are 
presented below (fig. 6.3): 
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Fig. 6.3: Potential node saturation cases. The direction of the arrows shows the moisture 
flows, but the calculations only take one direction into account, towards the node in question, 
though the flow in that direction can be positive or negative . 

However, this method has its clear disadvantages. First of all, though it does reduce the risk 
for a large vapor flow from a saturated layer to a much less saturated being neglected, it still 
does not overcome the rigidity of the nodal system. The calculation of distance for the vapor 
to travel can now be di-1+di or di, but nothing in between, where reality may end up much 
more often than is convenient. And those steps in distance results in undesirable jumps in the 
calculated values, which might lead to instability and faulty results. A generalized version of 
reality would look more like fig. 6.4, and the distance d would be more or less indeterminable. 

 
 

Fig. 6.4: Potential border between two nodes with different water content – the distance d, 
which is the distance that a diffusive flow would travel, is not fixed. 

 
And this is still just a generalized view, as in the real world, beyond the one dimensionality of 
these calculations, gravity would shape the water front to something rather unlike a sharp line 
parallel to the layer surface, as seen in fig. 6.5. 
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Fig. 6.5: Actual waterfront is not linear and parallel to the surface, it is impacted by 
gravitation and curved. However, an approximation can be done, leading to an average 
distance from d from the surface to the waterfront. 

Yet the calculations do deal with averages, and thus a sharp water front is a possible 
approximation. So it would be of use to have a formula that could let the distance d drift 
according to the saturation of the material. A simple evaluation of the location of the assumed 
water front, not taking range of pore size and shape into account, will be a rather rough 
estimate. However, with a couple of variables, a and c, to adjust the curve with, a formula for 
the factor K, representing the percentage of the distance between the middle of the node and 
the surface that the water front has reached, could look like (6.7): 
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 (6.7) 

rendering a curve with an appearance such as the one in fig. 6.6. 
 

 
Fig. 6.6: The curve for the factor K, that is moving the point from where the evaporation is 
assumed to be taking place to an estimated water front rather than the middle of the node. 
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Now, this proposed method will here be called the K-method. It applies a strict fickian quasi-
steady state diffusive flow modified to accommodate the effects of capillary water blockage, 
attempting to translate physical states to a mathematical interpretation. However, it does have 
its flaws. The method works well for very short time steps, where the gvs does not have time 
to affect the K-value substantially. This due to the quasi-steady state nature of the calculation. 
If the input values can be assumed to be more or less representative for the entire time step, 
with not more of an error than could be accommodated for in the next time step, then the 
method is feasible. Thus a short time step would keep the error down to an acceptable level 
and the calculations would remain stable. However, as the calculation method is aimed at long 
simulation periods, limiting the maximum time step unnecessarily much would be a clear 
disadvantage, prolonging simulation run time. 

The fact that the calculations are treated as a series of small quasi-steady state calculations 
also means that the diffusive transfer could be reduced to the capillary transfer to the fictive 
waterfront, if that flow is smaller. But at time steps long enough for the diffusive moisture 
flow to affect the water content so much that the K-value would get significantly altered, 
should it have been recalculated, the initial values of the time step can no longer be taken as 
valid. At a point where a wetted building component is drying the drying curves of (Nevander 
and Elmarsson, 1994) are displaying the problem, fig. 6.7. The cause of the problem is the 
combination of capillary and diffusive flows redistributing the moisture within the node so 
that the average values used in the serial steady state calculations become flawed. So the 
flows derived from the formulas above would need to be modified, to accommodate for the 
effects of capillary and diffusive flows affecting each other, which could be done by 
approximations that may add unnecessarily much to run time and computer power. However, 
inside the component the processes are likely to be slower and potentials smaller and the 
method more useful without further modification. 

The values for a and c would be material specific and related to the sorption curve. The 
estimate for the blockage could be considered an average waterfront within the node, fig. 6.4, 
thus useful in reducing the distance over which the diffusive transport is to travel: 
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At the outermost (or innermost) node towards the surface the formula could be modified 
further to
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Fig. 6.7: Stages of one-sided drying of a material layer of thickness d. According to 
(Nevander and Elmarsson, 1994). 

The calculation of drying out under isothermal conditions is dealt with by several authors, 
(Hagentoft, 2001), among others, in ways that goes back to the formulas of (Crank, 1975). 
Another approach for the more exposed nodes could be to at least partially apply the approach 
of Kirchhoff-potentials, as described in (Arfvidsson, 1998). Due to a lack of already 
determined -values, recalculation of available data would be necessary. Since the use of the 
Kirchhoff potential method thus include added calculations in the form of recalculations it is 
at this point not considered feasible to make use of the method in its full extent everywhere in 
the model, but rather possibly make use of it at the points where it is most useful, such as at 
the surfaces of the components. But, as the moisture transport in the case of drying out 
towards one side, as concluded earlier, is a matter of vapor and liquid moisture flows 
interacting, the use of a method combining the two does make sense to apply there, at the 
surface nodes. It would however have to be modified to suit non-isothermal conditions, 
accounted for in (Widström, 2012). The recalculation of the transport coefficient and a 
method to account for flows at saturations where RH = 100% is also accounted for in that 
context. 

Effusion and thermodiffusion are at the time being not included in the calculations. 

The present model is calculating the diffusion according to the first model, the K-model, but a 
test, described below, comparing that model, a plain fickian model, the Crank model and the 
Kirchhoff model in a drying case gives reason to believe that there might be reason to at least 
consider revising that choice. 

6.5.6 Test case 
Set-up: A theoretical and simplified case was set-up and simulated using the four different 
methods. The study was of the outermost node of a thick wall of granite masonry, with an 
outer layer of render. The wall was then exposed to repeated wetting, presumed to be from 
driving rain, and going through a heating cycle caused by solar irradiation daily. The values 
used for the layer and boundary conditions can be found in table 6.2, and the moisture load 
and the temperatures can be seen in fig. 6.8 and 6.9 respectively. 
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Table 6.2 Parameters for the test 

Parameter  Value  Unit 

dx  0.0125  m 

dt  300  s 

Zse  60  s/m 

wf  250  kg/m3 

wcrit  230  kg/m3 

e 1  °C 

i 15  °C 

RHe  0.95 – 1.00  ‐ 

RHi  0.4  ‐ 

 

          
Fig. 6.8: Added moisture to simulate wetting by precipitation 

 
Fig. 6.9: Temperatures, node, surface and ambient air, curves repeated daily 
 



  Chapter 6: MOIRA & the serial simulation method  211 

 
Fig. 6.10: Calculated RHequ compared with surface RH and ambient RH, seen in a one day 
perspective 

In this way there was a variable temperature gradient and a wetting every ninth day followed 
by a drying period. The wetting of the layer was presumed to be complete, free water 
saturation, in order to study the performance of the models at high saturations. 

6.5.7 Results from the test 
The curve of the K-method does of course depend on the choice of values for the modification 
constants a and c, modifying the K-curve by making the spread of the steeper part of the 
curves wider. A comparison with measured values would now have given an indication of 
which of these methods that would be best suited in this case, but lacking such values, the 
shape of the curves (fig. 6.11) and their likelihood of describing the reality correctly will have 
to be estimated. Doing that it is clear that the unmodified Fick method delivers a curve that is 
not realistic, while the others predict more distinct and plausible curves for the moisture 
content. But which path to follow further will obviously require some more pondering. 

  
Fig. 6.11:, Comparison between calculation according to Fick without modification for 
distance for the vapor to travel through the material, the K-method trying to compensate for 
the distance problem at high saturation, the Crank method and the Kirchhoff method. 
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6.5.8 Moisture content 
Based on the two types of moisture flows, capillary and diffusive, a difference in moisture 
content of the node is calculated: 
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That is, the amount of added or subtracted moisture is found by multiplication with the time 
and this amount is divided by the volume, but as this is done for a square meter, only the 
thickness of the layer counts, the 2di. The resulting moisture content is found by adding the 

iw to the previous moisture content t dtw  : 

i t dt iw w w    (6.11) 

6.5.9 Interpolation of relative humidity and variable material property values 
The RH, , Dw and  for the node are then all calculated according to the same method as the 
Dw above, using the respective linearized curves given in the nodedata_init file. The absolute 
humidity of the air in the node is calculated from the temperature and the RH: 
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 (6.12) 

The thermal resistance R is then calculated and based on that the heat flow to or from the 
node: 
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That heat flow is then used to calculate the temperature of the node: 
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6.5.10 Surface resistance and precipitation 
The calculations of the node type P3 are similar with the difference of the treatment of the 
relationship with the adjacent surface node and air node. In P3, the adjacent air node is the 
ambient air, and thus the calculation of amount of moisture given off to the air by the node is 
not relevant, but the amount of moisture received is all the more important, especially the 
wetting by precipitation that may reach the interior of the component and eventually the 
interior surface of the component if moisture protection is absent. In order to figure out that 
moisture flow, Moira starts with calculating the surface moisture resistance: 
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Then the amount of water from precipitation that the outer surface is exposed to is calculated, 
starting with the calculation of the angles necessary: 

0.107
180 arctan

4.5
cos cos 0

0 cos 0

1 0

cos cos 0 0

0 cos 0 0

3600

fact

fact

fact

fact

fact

fact fact

fact fact

r

Wd ad

Wu
ah

Ra
for

for

for

for and

for and

Ra
Rn

un Wu

g Rn un ar rs





  

 

 

   

  

 

 

 

  

 

 

 

  

  

 


  

   

 (6.16) 

where 

  =  angle between the normal of the component surface and the horizontal wind 
direction 

Wd  =  wind direction according to climate data 

ad  =  orientation of the surface of the component with respect to north (0 = north, 90 = 
east, 180 = south, 270 = west) 

  = angle between the angle of the normal of the component surface with respect to 
the horizon and the angle of the rain 

ah  =  slope of the component surface (0 = facing downwards, 90 = vertical to ground, 
180 = facing upwards) 

Wu  =  wind speed according to climate data 

Ra  =  precipitation amount 

fact  =  influence of orientation on rain amount reaching the surface 

fact  =  influence of slope on rain amount reaching the surface 

Rn  =  Rain amount normal to the surface 

un  =  wind speed normal to the surface 

ar  =  precipitation absorptivity 

rs  =  site-specific coefficient 

gr  =  surface liquid flux density due to precipitation 

The ad, ah, ar and rs are parameters in the nodedata_init and are gathered from that file by 
the process, Wd, Wu and Ra are variables gathered from the climate data via the IDA-simula-
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tion, , , fact, fact, un are internal variables for the calculation and gr the output to be 
integrated in the moisture balance of the node. 

6.5.11 Air node processes 
Convective heat and moisture flows through the building components are not included in the 
model, but are instead treated as part of the air flows between ambient conditions and the 
zones and between the zones themselves.  
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Where Lj are the different air flows entering the zone, vt represents the moisture per volume of 
the air in a zone at a given time step, vt-1 the moisture per volume for the previous time step, G 
represents added internal moisture, including any temperature- and humidity-dependent 
reductions accomplished by a dehumidifier, n the number of components in contact with the 
zone, gk the moisture flow from the surface of component k, Ak the area of that component, m 
the number of adjacent zones, Li the air flow from a specific neighboring zone and vi its 
humidity. 

6.6 The case study 
The simulation procedure was tested in a case study of Hamrånge church, described in chapter 
1, situated on the Swedish Baltic coast, close to the town of Gävle. The church did not have 
any discernible moisture problems at the time of the investigations, but there were problems 
in the crawl space, which had led to some concern and to the investigations of the University 
in Gävle, that undertook the measuring. 

The church is heated by electrical radiators, placed below the windows and under the pews, 
and the control strategy in 2010 was intermittent heating with a minimum temperature of 
11°C during the week and 19°C during the weekends. In 2009, the minimum temperatures 
were respectively 12°C and 20°C.  

6.6.1 The investigation 
To deal with the crawl space problem, as well as the high costs for heating, the strategy that 
was being tested was to close the crawl space vents. The hypothesis in the work of this thesis 
was that that was not a solution that would lead to a satisfactory result, as the floor of the 
crawl space was bare soil that was in no way covered to keep moisture from evaporating from 
it. Closing the vents would trap that moisture. Hence two more alternatives were simulated, 
one with timed opening and closing of the vents, and one with the vents closed and a 
dehumidifier installed. The timed closing of the vents built on a traditional practice regarding 
vents in crawl spaced, where the vents were closed in midwinter when the moisture content of 
the air was low. Then they were kept closed until after midsummer, when the crawl space had 
warmed up again. That way the issue with warm, moisture-laden air condensating on the cold 
surfaces in the crawl space was avoided.  

The model was calibrated against data from the time before the vents were closed, and 
validated against data from after the closing.  
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Hence four strategies were been simulated:  

1 Crawl space vents open (Sc 1),  

2 Crawl space vents closed (Sc 2),  

3 Crawl space vents closed during the first half of the year and open during the second 
half (Sc 3), and  

4 Dehumidifier (3,0 kW) installed in the crawl space and the crawl space vents closed 
(Sc 4). 

6.6.2 Issues 

Material properties 
It was difficult to acquire useful input values for the material properties. The only practical, 
although arduous, way to deal with this problem was been to calibrate the model according to 
measured data. 

Measurements 
To calibrate and to validate the model it is imperative to have reliable measurement data over 
a sufficiently long time. It is also important to have a sufficient number of measurement 
points. This can be a troublesome feature of a whole-building simulation of a historical 
building, since measurements can be both a disturbance in the use of the building, depending 
on the equipment and where it is placed, an added cost and a delay in the investigation. In this 
case the measuring was taking place at the request of the church administration. 

Geometrical issues 
The often complex and irregular geometries of historic buildings generally fit the whole-
building simulation software badly, making considerable simplifications necessary. In this 
case the vaulted ceiling of the hall of the church was the trickiest point. The ceiling is flat over 
the side naves and vaulted over the middle one. Keeping the lower level and ignoring the 
vault was not an option – it would lead to a much too small air volume. Yet flattening the 
ceiling to an average level, which would have retained the correct volume, would increase the 
surface of the outer walls, leading to an incorrect heat loss there. On the other hand the 
surface area of the ceiling would be considerably smaller, leading to less losses in that 
direction.  

This was solved by making a two-dimensional simulation, using Comsol Multiphysics, of the 
cross section of the church, calculating the heat flows and then the areas needed to correspond 
to those heat flows, balanced against the air volume. The result was a flat ceiling and a 
minimal reduction of the air volume. This was deemed acceptable as it was the crawl space 
that was the focus of the investigation, and the air movement was a flow into the crawl space 
through the vents and out through the vents on the opposite side and up into the church hall 
through its floor. At no point in the simulation did the air flow go from the church hall down 
into the crawl space. 

Dehumidification 
Humidity of the soil in the floor of the crawl space is set to a constant level of full saturation 
20 mm below the surface. As the dehumidifier is removing moisture the evaporation from the 
soil is hence going to rise, but that is not of any consequence in this model since capacity of 
the dehumidifier can simply be increased. A clear weakness with the dehumidifier-scenario is 
however that there is only one node for the entire air volume, while in reality there is very 
little likelihood that the climatic conditions are equal throughout the crawl space due to the 
low height. 
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6.6.3 Results for MOIRA and the serial simulation method 
The results consist of a comparison of the simulated RH in IDA and in MOIRA with the 
measured values from the calibration case (fig. 6.12), with vents open, and the validation case 
(fig. 6.13), with vents closed, and a comparison between the output from the four scenarios. 

 

Fig. 6.12: Measured RH of the air in the crawl space together with the results of the initial 
IDA-simulation and of the MOIRA-simulation (Sc 1, corresponding to the open crawl space 
vents at the time of measuring), for a week in November 2009, before the crawl space vents 
were closed. 

 

Fig. 6.13: Measured RH of the air in the crawl space together with the results of the IDA- and 
the MOIRA-simulations (now the Sc 2, crawl space vents closed), for a week in October 2010, 
after the crawl space vents had been closed. 

The three alternative strategies all lead to a reduction of about 5% in the RH inside the 
church, but this reduction is not really necessary since the moisture levels do not reach the 
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risk levels, nor are there any mould issues there. So the church hall is left out of the 
considerations. In the crawl space, however, the situation is different. Scenario 2 with the 
vents closed does not really reduce the RH and at times it increases it considerably, especially 
during fall. 

What can be seen in fig. 6.11 and 6.13 is that the IDA values for the indoor RH are not useful, 
as least not in an environment with a lot of surrounding buffering surfaces. The fluctuations of 
the actual RH are simply much smaller – and the RH level as such much higher. At points the 
deviation is 30 %.  

What can also be seen is that the closed vents-scenario, scenario 2 that is displayed in fig. 
6.13, shows very high moisture levels at that point, both in measured and simulated values, 
those that were simulated with MOIRA. IDA’s values under-estimate the RH quite a lot. 

6.6.4 The scenarios 
A comparison of the scenarios is also displayed, fig. 6.14 and 6.15. Fig. 6.14 shows the RH of 
the different scenarios with the addition of one thermal bridge, a corner, for scenario 2, the 
scenario that seemed most risky. However, in the displayed summer case in fig 6.14, the 
surface temperature of the thermal bridge actually higher than that of the crawl space air, due 
to heating from the warm summer air in the ambient climate as well as solar irradiation. So 
there is no condensation issue by the thermal bridge at this point.  

This, the period displayed in fig. 6.14, is obviously not any particularly hazardous periods 
from a damage risk point of view. Scenario 1, the vents always open scenario, rises a bit at the 
end of the month, but apart from that the RH levels of almost all the scenarios stay under 75 
%. 

The scenario 1 starts undulating a lot at the end of the month, but it is not unexpected as its 
open vents makes it very susceptible to changes in moisture cncentration in the ambient 
weather. 

 

Fig. 6.14: Simulated mean RH of the air in the crawl space for scenarios 1, 2 and 4 in June 
2009, with the addition of the RH for the point by the thermal bridge in scenario 2. (Air RH 
for scenario 3 is equal to that of scenario 2, since both display closed crawl space vents at 
this point in time) 
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Fig. 6.15: Simulated mean RH of the air in the crawl space for a week in November 2009, for 
scenarios 1, 2 and 4. 

In fig. 6.15 again the closed vents-scenario displays a higher RH than the others, this time in 
November. Though not quite as bad, the open vents scenario is not much better. In the 
beginning of the period the two scenarios even coincide at one point. The dehumidifier is, as 
in all cases, the most effective measure. That is however an active, energy demanding strategy 
which could be considered a less attractive option due to the investment as well as operating 
costs. 

6.6.5 Energy usage 
The calculated energy usage for heating in the different scenarios is shown in table 6.3: 

Table 6.3: Yearly energy usage for heating in the different scenarios, MWh 

Scenarios  Energy usage, [MWH/year] 

Sc 1, crawl space vents open  132 

Sc 2, crawl space vents closed  129 

Sc 3, crawl space vents timed  130 

Sc 4, dehumidification  141 

 

It should be pointed out that the energy usage for the dehumidification is counted on a unit 
that is dimensioned for the extraction of moisture only, the necessary fans are not included, 
hence the figure for that scenario in this respect is misleading – all that is known is that it will 
be more than the figure in the table. 

6.6.6 Mould risk 
The issue in this case was the mould growth in the crawl space, hence the risk for continued 
mould growth should be examined. The mould risk curves included in the model was used 
and the results can be seen in fig. 6.16. 
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Fig. 6.16: Mould Risk Curves for the crawl space and for the thermal bridge by the corner in 
two of the scenarios, in the fall of 2009 (scenario 3 coincides with scenario 1 during this 
period). 

The growth risk levels are based on curves for a. the limit for any potential growth, 
representing an mrc-value of 1 in this graph, b. a potential growth rate 1mm per day, 
equivalent of an mrc-value of 2, and c. a potential growth rate 2mm or more, represented by 
an mrc-value of 3. Thus the condition of the air in scenario 2, consistently remaining above 
the value of 1, is indicating some mould growth risk throughout the period. The thermal 
bridge point in scenario 2 shows a continuous risk for a growth rate of 1mm/day or more all 
the time from the first week in November and thereafter. Mrc is dimensionless, as it 
represents a certain risk level, not a specific growth rate. A revealed risk for growth should 
not be taken as a prediction that growth will occur. 

The maximum duration of the mould risk levels in the scenarios can be seen in table 6.4: 

Table 6.4: Maximum duration of the mould risk levels, measured in days, during the year 
2009 

 

In the duration figures the dehumidification scenario, Sc 4, again stands out as the one with 
minimum risk, but the passive measure of timed opening and closing of vents, the traditional 
method, shows a clear improvement regarding the risk level compared to the first two 
strategies. 

  Air in crawl space  Thermal bridge, corner 

  Growth risk 
> 0 mm/day 

[days] 

Growth risk 
>1 mm/day 

[days] 

Growth risk 
> 2 mm/day 

[days] 

Growth risk 
> 0 mm/day 

[days] 

Growth risk 
> 1 mm/day 

[days] 

Growth risk 
> 2 mm/day 

[days] 

Scenario 1, Sc1  7.14  0.53  0  7.59  3.84  1.55 

Scenario 2, Sc 2  62.24  4.14  0  45.76  25.22  2.90 

Scenario 3, Sc 3  0.99  0  0  6.59  0  0 

Scenario 4, Sc 4  0  0  0  0  0  0 
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6.7 Discussion around MOIRA and the serial simulation method 

6.7.1 General observations of the method 
Although the data for 2009 show a good fit some of the time, there are deviations. This may 
in part be due to the fact that the climate data used were taken from the nearest weather 
station, in Gävle some 25 km away, and not from the site itself, because the measurements 
made on the site did not cover a sufficiently long period. Also, the outdoor measure 
equipment at the site was placed close to a wall, which affected the data for the outdoor 
conditions at the site and made them less reliable. For instance after a rain the RH value of the 
sensor at the site showed 100 % RH long after the rain had passed and the RH level had gone 
down considerably in the measures from the nearest weather station. This is likely to be due to 
evaporation of absorbed driving rain from the wall in too close proximity of the sensor. The 
use climate data used will probably give a reasonable general result, but there will be 
deviations from actual local conditions.  

More important, MOIRA was at the time of this study not yet developed to handle the wetting 
of outdoor surfaces due to rain. Local data were lacking, and the amount of precipitation in 
the used climate data from Gävle did not seem useful in pinpointing the exact timing of the 
precipitation, due to the distance. However, the results from 2009 clearly show that this 
functionality is not negligible and, after this study, it has therefore been added to the 
calculations. 

6.7.2 The case study 
The results of the different simulations show that, although the crawl space vents were closed 
in order to lower the relative humidity in the crawl space, the problem is not the moisture 
brought in from the ambient air but is to a much greater extent the moisture rising from the 
ground. Thus the strategy of scenario 2, in which the crawl space vents were closed, had little 
effect in the spring when providing protection against moist warm air entering the still cold 
crawl space but actually led to a considerable increase in the RH there during the fall, since 
the moisture rising from the ground was not ventilated away. While the RH in the crawl space 
was increased, the RH within the body of the church was actually lowered by this strategy, 
since the air flow from the crawl space was greatly reduced. But that lowering was not 
necessary, as the RH in the church hall was not at a risk level in the first place – it was the RH 
in the crawl space that was the problem. Thus, the strategy of scenario 2 is not a solution to 
the problem, according to the simulation. 

The strategy of scenario 3, which kept the vents closed during the first half of the year, to 
prevent moist air from entering into the cold crawl space in early summer, and opened the 
vents in the second half of the year, does not solve the problem entirely, but does improve the 
situation, compared to scenario 1 and 2. This strategy led to a 2% reduction in the energy 
consumption and, although it may not be considered an absolutely efficient solution to the 
crawl space moisture problem, it is passive and very cost efficient. The only strategy that 
delivered the desired result of keeping the crawl space free from the risk of mould risk was to 
install a dehumidifier – but that in turn resulted in an increase of more than 6.6% in the energy 
usage. The two desires, to improve the energy performance and to keep the crawl space free 
from the risk of mould growth, were thus not reconcilable using any of the studied strategies, 
but the periodic opening and closing of the vents, the historical method, did lead to an 
improvement in the situation at almost no cost. 

It should be noted that the calculations are based on the assumption that the air in the 
respective zones is well mixed and that the average humidity per volume can be used to 
estimate the RH in the zone as well as at the investigated critical points. The validity of this 
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assumption might however be questioned, especially regarding the crawl space, and even 
more so after the closing of the vents. With a height of some 0.70 – 0.80 m, a floor area of 
about 740 m2 and numerous walls and pillars separating the air into several volumes, the 
mixing of the air is likely to be limited. 

6.8 Conclusions from MOIRA and the serial simulation method 
The simulation tool and method was tested and validated against measured data from a case 
study in a Swedish church with good agreement. Simulating the thermal performance in one 
step and the moisture performance in a second proved feasible and, provided that the time 
steps are kept within limits, the method shows good stability. 

The secondary simulation takes only a very short run time, about 100 000 time steps in 24 
seconds, it is flexible and effective. The tool is however still at an experimental level. More 
tests as well as an improved user interface and version handling are highly desirable, as is 
increased functionality and in particular the inclusion of the impact of precipitation wetting on 
component surfaces. 
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Chapter 7: Conclusions 

“Learn from yesterday, live for today, hope for tomorrow. 
The important thing is to not stop questioning.” 

- Albert Einstein 

7.1 Conclusions 

This thesis started with history, with the issue of preserving our understanding of the past in 
order to be able to create a better future. It started with the ambition of improving the 
possibilities of enabling building simulation, by analyzing the past, to create a window into 
that future, allowing us to anticipate the future consequences of our present actions and 
choices. 

The overall aim of the work was to facilitate the choice and design of strategies for enhanced 
energy efficiency and preventive conservation in buildings of the cultural heritage, by 
investigating whole-building simulation as a tool with which to achieve that. Those choices 
and designs are decided upon by people who own or care for historic buildings and/or cultural 
heritage kept within such buildings. The support of that group is the end goal of the endeavor. 
However, in order to provide those people with the best possible basis to make their decisions 
on, there is another target group, the consultants in the field who are their advisors and whose 
advice would be more well-founded if that window into the future, which building simulation 
constitutes, becomes clearer. Hence the more practical goal was to see what can be done to 
improve simulation methods and practices, in order to make the benefits of the tool come to 
better use that they are today.  

The method involved analyzing the characteristics and needs of the historic building to find 
out what demands they create on the simulation process; investigating the simulation process 
to see the extent to which it is possible to accommodate those demands; identifying issues in 
the process; and selecting some of them to try to find possible solutions to them. This was 
done by studying the research in the field, including connecting areas functioning as boundary 
conditions, analyzing tools and methods, trying them out in a series of case studies as well as 
more theoretical tests – of which a few ones ended up in this thesis – and letting that work 
lead to the identification of the issues that would seem to make the most difference at the 
time. Those issues were then investigated more thoroughly and some possible solutions were 
explored. 

7.2 Findings 
The investigations showed that the most important general demands on a simulation method 
suitable for the purpose of simulating historic buildings were that it should be: 

 Able to integrate several domains: energy, comfort, moisture performance, damage 
risks and reliability, including CO2 emission, exergy and other aspects of resource 
usage 

 Able to perform long-term dynamic simulations, preferably several years 

 Able to include multiple zones, and hence able to embrace the whole building and the 
interaction between its zones 
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 Able to forecast average performance as well as local microclimate conditions at 
critical points 

 Able to include potential strategies and control systems 

 Fast, accessible and reliable 

 Flexible, and  

 Easy to calibrate 

The issues that were identified as being of particular importance to study were how to 
integrate the investigation of the climatically most critical points, by the thermal bridges, into 
the simulations, and the impact of wind pressure on the air exchange in the building. It is 
necessary to get the air exchange rate right in order to assess the relative humidity, and yet 
that relative humidity is only useful for the prediction of potential mould growth if the 
conditions where it is most likely to take place are known. So if the simulation is going to be 
able to investigate mould risk, the impact of the wind on the air exchange and the conditions 
at the thermal bridges would have to be dealt with. The EWP method was created to solve the 
problem with the thermal performance of the thermal bridges. 

The use of the method makes it possible to examine the surface temperatures of the thermal 
bridges within the one-dimensional environment of the whole-building simulation software. 
The impact of the thermal inertia on the fluctuation of those surface temperatures is then also 
revealed. By calculating the relative humidity by the thermal bridges as the vapor density of 
the room air divided by the saturation vapor density at the temperature of the surface, the two 
factors use to assess the mould risk can be established: temperature and relative humidity. 
This is done relating to the thermal performance of the thermal bridges only. Hence the two- 
or three-dimensional moisture performance at the thermal bridge is not taken into account, 
and any impact that may have on the mould risk is thus neglected. However, once the risk 
pattern is determined, over time as well as in location within the building, it can be analyzed 
and if necessary, the risk-prone points can then be further examined with a two-dimensional 
HAM-tool. 

The EWP method can be implemented in most whole-building simulation environments as 
long as wall-parts models can be created and their surface temperatures logged. It can be seen 
as working satisfactorily in the tested cases and under the conditions stated. 

The issue of the wind pressure is more complex to solve, but the work of this thesis revealed 
the wind pressure distribution around Skokloster Castle with and without surrounding 
elements and also displayed the impact of the towers. Also shown was a quantification of the 
differences that the choices of wind pressure coefficients from sources of different levels of 
simplification may cause. Thus the impact of the choice of wind pressure coefficients was 
pointed out. It was made clear that the simulated air exchange rate in buildings with natural 
ventilation cannot be considered useful, either for energy calculations or for the calculations 
of relative humidity and, beyond that, damage risk, unless it is based on relevant pressure 
coefficients. 

It is possible to conclude that when calculating the wind impact on interior air movements 
these effects should be taken into account in any building with natural ventilation and/or 
where ventilation is significantly affected by leak flows, not just in the case of historic 
buildings such as Skokloster Castle. It is also worth keeping these effects in mind when 
calibrating a whole-building simulation model according to measured indoor temperature 
values, as these might well be influenced by the leak flows.  

The wind tunnel experiments performed within this work show that the wind pressure 
coefficients around the building are significantly affected by the obstruction of the air flow 
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that the towers constitute. It also shows the influence of the surrounding trees and neighboring 
building on the internal air flows. The impact of wind pressure on air exchange rate and 
interior air movements between zones is profound in buildings with natural ventilation, and of 
considerable importance for the usefulness and reliability of the simulation results. Hence the 
impact of the surroundings as well as of the geometrical complication of the towers must be 
taken into account by the use of appropriate wind pressure coefficients. 

The recommendation to owners/caretakers of historic buildings with natural ventilation would 
be, if practically and financially possible, to measure the air exchange rate with tracer gas and 
derive object-specific wind pressure coefficients from wind tunnel tests. If that is not possible 
generic database Cp values can be used, but with caution and only if the simulation software 
allows for subdivision of the outer surfaces of the building so that the pressure gradient along 
the surfaces can be taken into account. The recommendation for software developers would 
be to develop a simplified commercial CFD-tool that could estimate the wind pressure 
coefficients from a virtual model, the same as in the whole-building tool or an identical 
model. The recommendation to the research community would be to run wind tunnel tests on 
a lot more complex building shapes, in order to provide such a simplified CFD-tool with 
values to be validated against. 

To be able to visualize the potential mould risk, a display method was also developed. This 
was not done to create another mould growth prediction model to add to the already ample 
amount of such tools, but to facilitate the overview and understanding of the mould risk. The 
most important benefit of the method is that it makes the most critical periods in time easy to 
identify, whether that is a specific point with exceptionally high risk or if it is a longer period 
with lower but more consistent risk. Understanding the pattern, at which points in time the 
risk is as higher, can reveal the specific causes and provide a better basis for decisions about 
possible mitigation strategies. Different strategies could be considered depending on whether 
the mould issue is characterized by short, intense periods of mould risk or whether the risk is 
low but consistent. If the mould risk is low but above the limit for safe conditions during long 
periods of time the mitigation strategy might have to be of a long-term nature as well, perhaps 
involving installation of conservation heating, prohibiting visits to the area permanently, 
letting that part be displayed behind glass to reduce the moisture load, or using cautiously 
designed dehumidification strategies. 

In cases of shorter periods with high risk the mitigation of the issue can be time-related as 
well. For instance tempering or a quasi-tempering solution as suggested in chapter 5 – the 
hanging of thin heating cables behind the tapestries – could be used, and then only activated 
before and during the mould risk period. Another strategy could be to prohibit visitors during 
the periods when the risk is especially high. Yet another strategy could be the one that proved 
successful in the Hamrånge case study, where the vents in the crawl space were opened and 
closed in such a way that the humidification of the crawl space by the warm, humid ambient 
air in spring was greatly reduced, while the moisture from the ground in the crawl space could 
be vented out during the second half of the year. The time aspect could simply be used to 
determine the most effective strategy, despite not predicting actual growth of the hyphae. 

Finally, there was a need for a process that could fulfill the identified demands. A method was 
designed, along with a tool to make it possible. The tool and the method were tested and 
found to be effective. Is the method flawless? Definitely not, but the point was to test if the 
method was able to facilitate the simulation process with a useful, reliable result – which it 
was. The method fulfilled all the most crucial demands except two – the accessibility and ease 
of handling. MOIRA clearly fails in terms of those two aspects because it only exists as a 
prototype, having no user-interface, a limited amount of zones and, since it is not on the 
market, it cannot be accessed by anyone. However, it was proven that the method is useful, 
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and if the tool would be developed from prototype to accessible product, it would fulfill its 
purpose. It could be used with any whole-building tool of choice, as long as it is possible to 
log and export the variables needed, and limit stability issues and run time while enhancing 
error-checking and calibration possibilities and including mould risk overview. 

7.3 Research question 
The main research question was: 

“What tools and methods are necessary to allow whole-building simulations of sufficient 
reliability to be carried out on buildings of the cultural heritage, by practitioners in the 
field, in order to provide a useful basis for decisions on retrofitting strategies?” 

The demands that define such tools and methods were identified, and existing tools and 
methods were investigated and compared. It could be concluded that while there are existing 
tools that have the flexibility, accessibility, stability, reliability and proficiency needed to 
simulated historic buildings, these are rarely found in the same package. This is not due to a 
lack of interest from the software developers, nor because of lack of knowledge of the 
mechanisms involved, but because of the limitations that the complexity of the calculations of 
the simulations places on the software. The software designer simply have to decide what to 
focus on and must leave some other aspects out, or run the risk of stability issues, 
unreasonable long run times and dissatisfied customers. These limitations are generally not a 
problem, as long as the simulation objects are fairly regular and it is possible to make a series 
of assumptions about them, making them fit the template. However, it does become a problem 
when the houses being simulated do not fit that template, as is the case with many of the 
historic buildings, and have additional needs on top of that. Furthermore, the stakes are 
generally higher in cultural heritage buildings as well, as far as damage risks are concerned. In 
a modern building, damage may be costly, potentially unhealthy and annoying but amendable. 
In a historic building it could cause loss of irreplaceable cultural values, apart from being 
even more costly, and no less unhealthy and annoying. 

However, the issue of getting all the desired qualities and functionalities into one process, 
despite the complexity, could be dealt with by compartmentalizing the simulation process, 
adding the complexity in steps instead of all at once. Hence the serial simulation method was 
developed. It resulted in a process that is able to take the specific demands of historic 
buildings into account and deliver both integrated and comprehensive results to serve as a 
useful and well-founded basis for decisions, thus not only constituting an answer to the 
research question what is necessary but also showing that it is possible to deliver that which is 
necessary. 
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7.4 Future research 

“Life is like riding a bicycle. To keep your balance, you must keep 
moving.” 

- Albert Einstein 

As the work presented in this thesis has a wide scope and covers a variety of topics, it is 
possible to see a number of areas in which future research could be desirable. Some of them 
are discussed below, related to their areas: 

7.4.1 The simulation of historic building as simulation in practice 
The aim of the work was to facilitate the simulation of historic buildings by practitioners, but 
the one aspect of that which has not been dealt with in this work is the practitioners 
themselves. I did attempt to do this in the beginning of the work, by creating an informal 
reference group, but the project did not quite have the opportunities, the time, or the resources 
to go more in depth with the practitioner’s side of the story. Inspiration can be gathered from 
the EERE-project mentioned before, where interviews, assignments and workshops were 
carried out with practitioners to investigate their knowledge, tools and methods, what was 
working well for them and what not and what could be created to ensure good quality of the 
simulations. In that case the goal was a framework of standards, guidelines, mutual 
nomenclature etc, and that might not be the level that would be of the most immediate interest 
in this case. However, if the goal is to facilitate for the practitioners, it does make sense to 
look into their means and methods, expectations, attitudes and skills and also what they would 
find most beneficial in their situation. 

7.4.2 Validation of the EWP-method and integration of moisture performance 
It is possible to anticipate the thermal behavior of the most risk-prone points – the ones by the 
thermal bridges – in a whole-building simulation by using the EWP method suggested in this 
thesis, at least as long as they consist of masonry with a layer of render on each side. In the 
future the accuracy of the method should be confirmed by validation against measured values. 
Also, the EWP method does not yet include moisture transfer through the building envelope, 
or the presence of an uneven distribution of buffered moisture in, for instance, a corner of a 
building. Of course, it is considerably more complex to identify the same kind of simplified 
translating equations as the ones created for the temperature performance, due to the much 
greater complexity of the moisture flow calculations and larger amount of variables. 
However, it would be very useful in the assessment of the performance of the thermal bridges 
to get at least an approximation of the specific moisture performance at these points, which in 
turn would be of great importance in the examination of the mold risk. 

7.4.3 The serial method and MOIRA 
Since the development of MOIRA was only just started in this project, it would seem 
worthwhile to continue that work. Important lines of inquiry would include the development 
of a user-interface, inclusion of damage risk assessment for fracturing, parametrization of the 
structure, and an investigation into how the information transfer from the primary whole-
building simulation tool to MOIRA could be facilitated. 
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7.4.4 The use of inverse modeling 
It would be interesting to address the abundant uncertainties of the materials and construction 
and their actual properties. One way of doing that is to undertake investigations of the use and 
properties of historic materials to remediate those uncertainties, something which has been 
done in several studies. However, the materials are diverse and heterogeneous, so although 
such investigations are be valuable, for the sake of the use of building simulation it would be 
useful to approach the problem from the other end as well, by looking more into how inverse 
modeling could be used to analyze the building and reach conclusions about factors that are 
unknown. That would strengthen the aspect of analysis tool in the simulation and make it 
even more useful as a tool for revealing the things about a building that have not even been 
searched for, since nobody knew they were unknown. It could also facilitate the calibration 
considerably, which would be of great interest. 

7.4.5 Continue to simulate strategies 
One point of ensuring flexibility in the simulation was to enable the simulation of different 
strategies for the sake of comparison, both between potential alternatives and the strategies 
versus specific criteria. Thus, it would be valuable to examine that aspect of the simulations 
more and explore the limits of what is possible, desirable, and/or practical. 

7.4.6 Continued wind tunnel studies of buildings of irregular shapes 
The use of correct wind pressure coefficients was shown to be of paramount importance for 
the AER in a leaky building with natural ventilation, such as Skokloster Castle. However, 
such correct coefficients are difficult to obtain and not every building can be put into a wind 
tunnel. Means to provide practitioners with the data that would improve the assessment of the 
AER should be investigated. One way to achieve this could be by performing wind tunnel 
tests of series of irregular shapes, contributing to the “coefficient libraries” that already exist 
for simpler shapes. Another way could be a computer software package for CFD-analysis, 
with a ready-made set-up and another kind of user interface, so that a practitioner could just 
insert the coordinates of the building, or alternatively import 3D-BIM-files, adjust for factors 
in the surrounding and click run, and receive a set of wind pressure coefficients per exterior 
surface. 

7.4.7 Climate change studies investigating extreme weather events and 
building resilience 
One of the issues that the building simulation is well suited to deal with is how buildings, 
whether historic or not, will respond to future climates, which may include many more 
extreme weather events. Just as the indoor climate can be examined to determine what 
strategies would be useful to mitigate unfavorable conditions within the building, it would be 
of value to examine what kind of measures could be taken to improve performance of the 
outside of the building in case of an extreme weather event. It could be used to examine 
present resilience and strategies to improve it. It could be used to help figure out how 
buildings of the cultural heritage would fare during such events and possibly come up with 
mitigating strategies, and it could be used to figure out how future buildings should be built to 
withstand more climatic extreme loads. 

7.5 A few last words 
There is no lack of areas to continue investigating. Curiosity may have killed the cat, but it 
has also made mankind as we know it. We would never have left our original habitat in the 
trees somewhere in central Africa and inhabited the world unless we were constantly curious 
about what else there is to find, beyond the next mountain, beyond the horizon. Stephen 
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Hawking said “We are just an advanced breed of monkeys on a minor planet of a very 
average star. But we can understand the Universe. That makes us something very special.” I 
do not claim to understand the Universe, but I do claim that it is curiosity makes us special, 
that gives us the urge to find out – about the universe, about history, about ourselves. Building 
simulation is a tool that lets us find out about things we would not otherwise be able to realize 
otherwise. It is the perfect tool for curious people. And a perfect tool to be curious about. 

It is also a perfect tool to help us in our present situation, to help us investigate the 
consequences of our choices before we make them, to ensure that the future we create with 
those choices is the future that we want. This may be something to ponder in the even bigger 
picture of the choices that we make in life. 
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“Eternity is a long time, especially towards the end.” 
―  Stephen Hawking 




