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Abstract 

The issue of how to ventilate the crawl space of buildings is often debated, since it affects both heat 

loss and humidity conditions, where the latter is crucial for the onset of mould growth and other 

microbiological activities. In this moment, experiments are going on in a historical stone church 

(Hamrånge church, Sweden), where crawl space air is leaking into the church hall, thus affecting heating 

requirements, air quality and the thermal comfort for visitors. The experiments include long-term field 

measurements and computer control of ventilation dampers, installed in order to attain a more 

favourable natural ventilation in the crawl space. The thesis work consists of analysing the above 

mentioned issues for this unique case. 

Nowadays this church has a Humidity Controlled Natural Ventilation. It works comparing Absolute 

Humidity between indoors and outdoors and depending on it, the dampers placed on some of the crawl 

space vents open or close themselves to let air go through them. 

The aim of this thesis is to analyse with all the data provided (taken from Hamrånge church) if a crawl 

space of the church already described is well ventilated or on the contrary it is not well ventilated. This 

thesis is not a computer simulation one but it is a data treatment one, analysis from data taken from 

this church will be done. Also it will be focused on the functioning of the control of the ventilation 

system to check how representative is where the sensor is placed to open and close the dampers. 

Besides, energy used in heating of one winter with this way to ventilate the crawl space will be 

compared with other winters when these devices were not used and vents were opened always. 

The methodology for the analysis will be performed taking advantage of the computer program Excel 

to be able to manage all the amount of data. A method taken from other authors will be used in order 

to study the mould growth risk in the crawl space and also some other studies of the variation of the 

Temperature, Absolute Humidity and Relative Humidity in the crawl space wile dampers are closed or 

open. Besides a method to analyse wind direction and speed will be implemented. 

As a result, after implementing all the analysis, this report will be concluded that this new method is 

well implemented with good results in terms of heating savings compared with other winters. Besides, 

although mould is a problem, the place where the sensor to open and close the dampers is the best 

one among the crawl space which is the one where more mould is expected during summer (from June 

to September), that is the season of the year when more mould and sooner is expected according with 

the results.  
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1. Introduction 

To begin with the report of this research it is helpful to mention that humidity and temperature have 

a great impact for mould growth and that is good to take into account for preservation of old buildings 

which have crawl spaces in them because there it takes more importance. 

Besides nowadays energy consumption has acquired a very relevant issue for society. It has great 

impact and benefits in terms not only economical but also environmental aspects. Therefore energy is 

a very important subject that needs to be taken into account. 

This thesis report is a part of a big project. The project in general is called “Energy Savings and 

Preservation in Historic Monumental Buildings”. The study is mainly performed in real objects in the 

field. This project intends to conclude with methods not only to save energy in old buildings like 

churches but also to preserve the structure of these monumental buildings. Besides it is supported by 

the Swedish Energy Agency.  

The project is focused on: 

 Finding measuring methods for ventilation rate and effective leakage area of the buildings,  

 Identification methods for air leakage in building envelope,  

 Particle deposition mechanisms and soiling of surfaces.  Especially effects of air movements, 

air infiltration and air cleaning,  

 Possibilities and risks of using fan convectors and airborne heating,  

 Thermal comfort assessment, especially at air tightening, 

 Long-time variations (year cycle) in air and surface temperatures in churches and thence 

appearing air currents (in particular downdraughts),  

 Crawl space ventilation for energy saving, moisture reduction and comfort improvement, 

 Possibilities to abate or reduce downdraughts.  

 

Nevertheless this thesis work will focus on studying the crawl space ventilation which is based on a 
Humidity Controlled Natural Ventilation of a church taking into account both energy savings due to 
this ventilation and mould growth risk due to humidity. Besides thermal comfort will be taken into 
account.  
 
The fact of ventilating the crawl space of buildings is often under big inquiries. This affects both heat 

loss and humidity conditions, where the latter is crucial for the growth of mould and other 

microbiological activities. 

This thesis focuses on churches, actually all the data are taken from an individual church that will be 

explained in the following sections. However the conclusions are intended to be able to be extrapolated 

to other buildings with similar characteristics.  

1.1. Conservation of historical buildings 

Although society energy demand nowadays is high, each time more and more people is concerned 

about it and many measures are taken in order to reduce it to be able to help the environment and as 

a result also to help to the preservation of cultural heritage.  

Nevertheless, although the society concerning on the efficient management of energy, it still is a big 

demand of it which is linked to the use and therefore preserve historic buildings and their interiors [1]. 

Energy price rise is a fact, but also is a fact that people claim for better comfort in the buildings. 
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In order to achieve that, some actions and devices can be taken or implemented in terms of heating or 

ventilating the buildings at low costs regarding energy efficient devices, however, some of these 

installations could have a contrary impact for the buildings causing damage to them, because they 

could cause a visual bad impact on the building. 

As already mentioned, this is part of a big project supported by the Swedish Energy Agency. Also it is 

fair to mention that it exists in Sweden an agency called “The Swedish National Heritage Board” [2], 

which serves since the 17th century as Sweden’s central administrative agency in the area of cultural 

heritage, cultural or historic environment. Their mission is to ensure that cultural value of buildings and 

landscapes is preserved in the most effective possible manner. 

It could be stated that Sweden is very concerned on preserving historic buildings because there exist 

several agencies and organizations for this duty. Since 2000 the Church of Sweden is no longer a state 

church, but receives 46 million euros in state grants each year to cover costs for measures concerning 

preservation of the 3,700 or so listed churches [2]. 

1.2. Description of the church 

The church under study is called Hamrånge Church because it is located in this region which is around 

35 km north from Gävle, at Bergby village (Eastern cost of Sweden). This historical stone church was 

built between 1847 and 1854 on a hill which is about 17 metres about seal level. Its latitude is 

60º55’37.17’’ and its longitude 17º2’20.48’’ [3]. Figure 1 below shows a picture of the church how it 

looks from outside. 

 

Figure 1: Hamrånge Church [4] 

The inner dimensions of the church are roughly 41x 16.6 x 11.5 m and the volume of the big hall is 7623 

m3. 

Church have stone walls which are plastered on inside and outside. Stone and lime mortar seem to 

have been used to fill in the interior space. Walls are about 1,3 metres thick in total. On their part, 

windows of the church are double-glazed.  



Humidity and Energy aspects of Crawl Space Ventilation Iñaki Razquin 

3 

 

 

Figure 2: Inside Hamrånge church1 

Regarding that in this thesis the most interest will be on the crawl space of the church (which is shown 

in Figure 3 below) its characteristics are: 

The height of the crawl space varies between about 0.4 m (Western side) to about 0.8 m (Eastern side). 

It has some ventilation vents (Figure 4) which dimensions are between 1,8 and 2,5 metres of longitude 

depending on the vent and 30x30cm wide, with a grid of 47,3% perforation degree because the 

dimension of the cross-shaped holes in the grid are: 13x13mm, 5mm wide, curved ends, centre-centre 

distance: 20mm. 

                

Figure 4: Crawl space vent with grid 

 

In order to be able to ventilate the crawl space, some of these vents are always closed while some 

others have dampers (4 in total see Appendix A) in them which are sometimes open and sometimes 

closed depending on the difference of Absolute Humidity (AH) between the crawl space and the 

                                                 

1 Picture taken from Mangnus Mattsson’s documents 

Figure 3: Crawl space CITA1 
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outdoors. I order to be able to check them, there are several data loggers in the crawl space, the church 

and outdoors. Its performance will be explained later in the thesis. 

Lastly, the floor was built in wood and between two layers of wood it was filled with lime sand layers. 

This is what separates the church from the crawlspace, and it allows many exchange of air and moisture 

between these two spaces. That means that there are many leaks between the floor and the crawl 

space as it can be seen in Figure 5 which shows how leaky is the floor detected by infrared 

thermography. 

 

Figure 5: Leaky floor detected by infrared thermography2 

 

The church has natural ventilation without any supply or extract mechanical ventilation. No cooling is 

needed due to the weather where it is located while heating is much needed. The heating system is 

formed by radiators and bench heaters as is shown in the pictures below. 

 

 

Figure 7: Bench heater 

 

                                                 

2 Picture taken from Mangnus Mattson’s documents 

Figure 6: Radiator 
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Figure 8: Heating system3 

This heating system has an influence in producing difference of temperatures between inside and 

outside and depending on the height which causes downdraughts, air currents, turbulences and 

particle deposition in the walls of the church which is undesirable. 

 

1.3. Objective of the thesis 

The aim of this thesis is to analyse with all the data provided (taken from Hamrånge church) if a crawl 

space of the church already described is well ventilated or on the contrary it is not well ventilated. Also 

it will be focused on the functioning of the control system (Humidity Controlled Natural Ventilation) to 

check how representative is where the sensor is placed to open and close the dampers. 

In case that it is concluded as that it is not good ventilated, the goal of the thesis would be to end with 

why is it what to change or add, how to ventilate it and what kind of measurements would be good in 

order to be able to ventilate it on a good way.  

All these measures would be focused regarding that with this ventilation of the crawl space would help 

to energy saving of the whole church, moisture reduction in order to avoid mould growth and 

improving comfort. 

The fact of ventilating the crawl space of buildings is often under big inquiries. This affects both heat 

loss and humidity conditions, where the latter is crucial for the growth of mould and other 

microbiological activities.  

Many churches are seldom used for any other activities apart from religious ones. Regarding that, a 

good and controlled strategy must be used in order to ventilate it [5]. Moreover churches contain many 

artwork which preservation is of great importance for society. A propos of it, churches or even buildings 

which also have a crawl space in them need to be studied thoroughly and more carefully due to the 

                                                 

3 Picture taken from Mats Sandberg 
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energy losses through the floor and because of the risk of mould growth due to humidity and 

temperature. 

The thesis is highly wide because many variables have to be taken into account to find the best balance 

between them. Humidity and temperature are interrelated and mould growth is a big problem 

associated. Besides ventilation of the crawl spaces affect the heat needed inside the building because 

of heat leakages. Furthermore, thermal comfort should be taken into account because if there are more 

losses through the floor to the crawl space people would feel colder on their feet and more heating 

would be needed. 

Thus, this thesis will focus on the ventilation of the crawl space. 

Lastly, as mentioned before, although this thesis is focused mainly on an individual stone church 

situated in Sweden, the conclusions are intended to be relevant to other similar buildings with 

comparable characteristics and problems. 
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2. Theory 

2.1. Crawl spaces and its ventilation. 

Many buildings all over the world are provided by crawl spaces in them, mostly old buildings because 

many years ago it was a very used structure. Wooden floors were done letting and air layer between 

the ground and them.  

In Sweden, many buildings are designed following a moisture design method. This takes into 

consideration moisture flows and levels [6].  

Regarding to the crawl space structure, it has some advantages or benefits such as: 

 Cost effectiveness 

 Easy access to the ground (water and heat installations) 

 Low cost repairs in terms of water needs or heat installation 

 The evaporated water among the crawl space can be removed by ventilation. 

On the other hand, this kind of crawl spaces have some big disadvantages because they are one of the 

most endangered parts of the building for moisture and mould growth. Besides, their renovation 

expenditures can be very high [6, 7]. Recently, it has been developed more awareness in terms of air 

quality and indoor air problems. That is why studies related on mould growth problems have been 

done. Besides, in both cold and warm climates where crawl spaces are placed, indoor air problems in 

terms of mould growth and moisture problems in it have been considered. 

Ventilation of crawl spaces began to become mandatory in the decade of 50s by ventilation codes [8]. 

The reason for it was because the main source of crawl space moisture came due to evaporation from 

the crawl space floor and ventilating it would help to dissipate that moisture. 

Moisture is normally evaporated from the soil to the crawl space, however, when temperature 

outdoors the crawl space is higher than the temperature inside, this moisture transportation could be 

reversed and that could traduced as condensation in the crawl space. Many studies have been done 

and some of them affirm that the unrestrained ground moisture and a lack of air change is what implies 

more moisture problems. The fact of ventilate a crawl space can be either drying or wetting depending 

on the difference of temperature between outdoors and in the crawl space. Nevertheless, sometimes 

in cold crawl spaces drying by ventilation is problematic. 

The crawl space object of study in this thesis work is the most risky [6] crawl space construction which 

is the outdoor ventilated crawl space. In these kind of constructions heat flows to the crawl space and 

then to the soil. Firstly that occurs due to radiation. This could result in higher danger of mould growth 

with the problems that this mean; that is because the temperatures of walls and surfaces in the crawl 

space can be colder than the air temperature. 

The ventilation of these kind of structures (outdoor air ventilated construction) is easy; outdoor air is 

used remove moisture in the crawl space which can come from different ways such as evaporation 

from the ground or infiltration from external sources. 

There is a big difference between summer and winter in terms of mould risk in these crawl spaces. 

Ventilation works better during the winter because the air among it is warmer than the outdoor air and 

that lets the air in the crawl space to be able to have more moisture. Consequently, mould growth or 

moisture problems are low during the winter.  
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On the other hand, during summer time the result is the contrary and then is when more precautions 

have to be taken into account. Air from outdoors has a big level of moisture and brings it into the crawl 

space and is mixed with the air of inside. This, combined with a lower level of temperature during 

summer, thermal radiation, infiltration from rain and leaks can cause water to condense which is a big 

problem there. 

However condensation is not needed in order to begin mould growth and depending on the 

construction materials of the crawl space it can be expected with different moisture or temperature 

levels of about roughly 80% [6]. Some other properties or variables are important for the issue of mould 

growth risk such as: type of material, the surface area exposed to air, the temperature, the humidity 

and the temperature of the soil. 

2.2. Mould growth in wood 

Although mould growth can be found on different types of materials most common ones are organic 

materials like wood and materials with organic components. The development of mould in wooden 

materials has been object of research for many years. The main objective of these analysis is to 

determine how a material responds to different conditions to find which the critical ones for mould to 

growth on it are. 

Mould fungi is a hazardous problem for wooden materials. Mould and blue stain fungi are often both 

called discolouring fungi which are often the first step of microbial activity in wood. In nature for 

example trunks or sawn goods can be affected in forests or storage. On its part, in buildings, mould can 

cause problems in different parts of it such as roofs, walls, floors or basements, when the circumstances 

for its growth are favourable. Wooden materials are the ones which less can support microbiological 

activities and that is why there is when more attention has to be put.  

Most common mould fungi that attack moisture damaged wood are [9]: 

 Alternaria alternate 

 Aspergillus species 

 Aureobasidium pullullans 

 Cladosporium cladosporioides 

 Chaetomium globosum 

 Paecilomyces variotii 

 Penicillium species and 

 Trichoderma viride. 

The process how mould growths in wood can be divided in two phases [8]:  

 The “initial stage”, which is called at when fungi from the surroundings catches to the surface 

of the wood and their hypha get into the pores in the wood.  

 The “growth stage”, the start of this phase is after the fungi have grown to a determined 

magnitude, so it begins the called “eat wood”. 

The most important aspects that have more influence in mould growth in a crawl space are relative 

humidity, temperature, nutrition and pH. However, the one which is more important is relative 

humidity which is also much related with temperature. The boundary value for relative humidity in 

crawl spaces is typically reflected to be from 75 to 80 per cent [8]. 

There is many literature about mould growth and methods to determine the mould activity in different 

buildings and in laboratories.  
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Firstly, the critical moisture level should be defined: it is the average of moisture that is moved 

throughout a material while it is being dried. There are many factors that affect the critical moisture 

level that can be assigned to a building material. Temperature, relative humidity, incubation time and 

assessment criteria for mould growth have been found while doing laboratory researches in the subject 

[10]. All analysis made in the laboratory need to be performed with the same method in order to be 

able to compare results obtained from different tests. If this critical moisture level is exceeded and 

time is long enough, then mould is supposed to grow in such material. While determining the critical 

moisture level of a material, some tests need to be done with different humidity levels. Performing his 

analysis, the critical moisture level will lie between the two closest humidity levels tested. Besides 

mould growth curves are drawn, which also show (taking into account temperature, humidity and time 

exposed to them) if mould growth is expected in a material. 

All these analysis apart from being done in laboratories, they have also been performed in reality, 

placing the materials both in attics and crawl spaces of buildings [11, 12]. After performing both 

experiments in laboratory and in reality, the results are quite similar although in real conditions 

temperature and relative humidity vary and are not constant as in laboratory. 

Finally, for each material of a building, mould growth limit curves [13] are calculated and if the mixing 

of temperature and relative humidity exceeds them, then mould growth is expected. These results 

indicate on a good way mould growth in a building construction. 

However in this thesis report a method is used in order to determine the microbiological activity 

expected by data taken into a church, this method will be explained later in this report. 
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3. Method 

Once the theory needed in this thesis has been explained it is moment to analyse all the data provided 

in order to get some conclusions. Many data has been given where most important for crawl space 

have been Temperature and Relative Humidity that data loggers have taken. Besides, there are some 

dampers in some of the windows of the crawl space which can be open or close depending on the 

Absolute Humidity; this is another document provided to analyse. Additionally, extra information has 

been provided as for example the weather in the place or the total energy in used in the church while 

the data have been taken. 

In this section will be explained how the analysis of the data has been done, the methods and 

calculations that have been done. 

3.1. Analysis of the data 

To begin with, it is needed to be said that every research like this in which many data are involved, the 

first and very important step is to organize all the amount of data provided to be able to work with 

them. In this thesis the program that has been mainly used has been Excel as will be explained later. 

3.1.1. Data collection. 

The collection of the data has been done with the data loggers already explained. Temperature and 

Relative Humidity data are the most important in this thesis due to their influence for ventilating the 

crawl space and their effect for the mould growth risk. 

In the picture below (Figure 8) it can be seen where the data loggers are placed. Besides in Appendix A 

there that plan with all the data loggers’ position and names.  

 

Figure 9: Plan of the church with data loggers and vents with dampers 

  

  

 

 

 

 

 

 

Vent with damper 

Data logger 

 

 

 

 VentoVind 
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The data that have been analysed are those taken from the 1st of March of 2015 to the 1st of March of 

2016. There are more data from other periods, however, this was the period in which all the data 

loggers had data in order to be able to compare and analyse them. Besides, it is one complete year, 

which means that after analysing all them, they can be divided into summer and winter, when mould 

growth is more supposed and when heating is more needed; to make a deeper analysis. 

The data loggers used in the church are: SatelLite-TH, Mitec Instrument AB, Säffle, Sweden (Figure 10). 

Data corrections according to calibration of these loggers yielded a remaining uncertainty in 

Temperature of about 0.1 °C and in Relative humidity of about 2 %-units. 

The documents available are then: 

 4 data loggers in the crawl space. 

 1 data logger outdoors of the church. 

 Damper State. (1 open/ 0 close) Data each 15 minutes. 

 Weather information in the region with wind data (speed and direction) 

 

 

Figure 10: Data logger placed in the crawl space 
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3.1.2. Theory needed for the analysis and calculations. 

3.1.2.1. Absolute Humidity calculation from Relative Humidity and Temperature. 

Regarding the data provided by the data loggers, they were Relative Humidity and Temperature on 

each moment (each 10 minutes). However the dampers of the crawl space work comparing the 

absolute humidity between the data logger TH2108 and the TH2209.  

TH2108 is inside the crawl space and TH2109 outdoors, on the Eastern wall, about 2 m over ground 

level. In the pictures below it can be seen the sensors of the damper control unit (figures 10 and 11). 

On the one in the crawl space you can see the logger TH2108 put on top of it. Also it can also be read 

the control product name: “VentoVind” from the company Corroventa Avfuktning AB, Sweden. This is 

the device that opens and closes the dampers of the windows. The performance is as follows: 

The dampers are opened when the absolute humidity is higher in the crawlspace than outdoors and 

the outdoor temperature is higher than -5°C. It is thought that there is a 10% hysteresis in the control 

algorithm, meaning that the dampers are opened when the absolute humidity in the crawl space 

exceeds that of the outdoor air by 10%, and that they are closed again when the humidity in the 

outdoor air exceeds that of the crawl space by 10%.  

That will be the first step of the thesis, to check if dampers are working properly and this damper state 

also will be compared with other data loggers in order to check if the dampers would work in a different 

way if the Absolute Humidity was compared with them. 

 

Figure 13: Damper devices 

Figure 12: TH2109 (outdoors) Figure 11: Sensor "VentoVind" 
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To do that, firstly the Absolute Humidity has to be calculated from Relative Humidity and temperature 

given. This is the method followed [14]: 

𝐴𝐻 =
𝐶∗𝑃𝑤

𝑇
 (1) 

Where: 

 AH: Absolute Humidity g/m3. 

 C: constant 2.16679 gK/J. 

 Pw: Vapour Pressure (Pa) 

 T: Temperature (K) 

To calculate Pw it is needed the following formula: 

𝑃𝑤 =
𝑃𝑤𝑠(𝑇)∗𝑅𝐻

100
 (2) 

 

 Where: 

 Pws: Pressure of saturated vapour at the temperature in each moment. 

 RH: Relative Humidity (%) 

In order to calculate Pws some tables have been used [15] and the data have been interpolated if 

necessary, all this using Excel Program. In the part of results all this is shown. 

 

3.1.2.2. Mould growth analysis method 

As already mentioned, mould growth risk is a very important issue to analyse in order to ventilate on a 

good way a crawl space. A mathematical method has been used to determine this mould growth risk 

[9].  

Regression models for mould growth in constant humidity and temperature conditions for pure pine 

and spruce sapwood. Those regression models along with the experiments in fluctuating conditions are 

the basis for the present mathematical model. It is a material model describing the response of pure 

wooden material to arbitrary temperature and humidity conditions and will form an essential part of a 

more complete structural model simulating the moisture behaviour of building structures in actual 

measured weather conditions. 

Especially dry periods have posed a problem in the published regression models, as experimental 

knowledge concerning the effect of non-favourable conditions for mould growth has been very limited. 

The few results published on this subject are not applicable to humidity histories other than those used 

in the experiments. From a practical point of view, it has not been possible to analyse real building 

structures in actual varying climatic conditions. 

This method is based on other regression models for mould growth on sapwood of pine and spruce. 

How to quantify the scale of the mould growth in this model is determined on the mould index checked 

by visual inspection experiments. This same scale is applied in this model, (Figure 12) but the indexes 

are not only integer values while they can be whichever value. 
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Table 1: Mould growth indexes 

Mould index Explanation 

0 no growth 

1 some growth detected only with microscopy 

2 Moderate growth detected with microscopy (coverage more than 10%) 

3 some growth detected visually 

4 visually detected coverage more than 10% 

5 visually detected coverage more than 50% 

6 visually detected coverage 100% 

 

This model consists of some equations which describe the growth rate of the mould index in different 

fluctuating conditions including the effect of exposure time, temperature, relative humidity and dry 

periods. Temperature and humidity conditions favourable for mould growth are presented as a 

mathematical model. 

In this work, the equations have been focused on the maximum mould growth and the time in which 

mould growth is expected. 

The maximum value for mould growth (mould index) depends on the temperature and humidity. The 

mould index has an upper limit which depends on temperature and relative humidity.  

That critical relative humidity can too be understood as the warning rate needed for mould growth. 

That also depends on the mould growth index on its own. 

In this analysis, each pair of values (RH and Temperature) has been studied as if these conditions were 

constant in time, then on each moment all the equations have been implemented in order to have a 

big analysis to be able to compare one with each other in a deeper analysis. 

𝑅𝐻𝑐𝑟𝑖𝑡 = {−0.00267𝑇3 + 0.160𝑇2 − 3.13𝑇 + 100     𝑤ℎ𝑒𝑛 𝑇 ≤ 20
80%                                                                       𝑤ℎ𝑒𝑛 𝑇 > 20

 (3) 

As known from experience, mould growth once initiated does not necessarily lead to visually 

detectable mould [9]. Also, the final coverage of mould fungi on a surface is dependent on the 

temperature and humidity conditions suggesting that a certain limiting value exists above which the 

mould index does not rise irrespective of time available in basically favourable conditions. To construct 

this limit, it is natural to assume that in conditions critical for the initiation of mould growth, Eq. (1), 

this upper limit for growth is 1, i.e. just some growth can be detected microscopically no matter how 

much time passes. In the other extreme it may be concluded that at 100% relative humidity the mould 

will eventually cover the whole surface regardless of temperature (in the range 0±50 °C) and M thus 

reaches a value of 6. In between these two fixed points the experiments suggest that the largest 

possible value of the mould index assumes a parabolic form; the largest possible mould growth. 

𝑀𝑚𝑎𝑥 = 1 + 7
𝑅𝐻𝑐𝑟𝑖𝑡−𝑅𝐻

𝑅𝐻𝑐𝑟𝑖𝑡−100
− 2 (

𝑅𝐻𝑐𝑟𝑖𝑡−𝑅𝐻

𝑅𝐻𝑐𝑟𝑖𝑡−100
)

2

 (4) 

As a basis for the growth model, presents a regression equation for the response time (weeks) needed 

for the initiation of mould growth on wooden material in constant temperature and humidity 

conditions: 

𝑡𝑚 = exp (−0.68𝑙𝑛𝑇 − 13.9𝑙𝑛𝑅𝐻 + 0.14𝑊 − 0.33𝑆𝑄 + 66.02) (5) 
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3.1.2.3. Wind direction calculations. 

Later in the results part there are many graphs and in some of them, when it is made an analysis of the 

AH, RH and Temperature comparting when the dampers are open and close, the wind direction has 

been taken into account. 

This wind direction has been calculated as follows: 

The data that were provided indicated the wind direction in degrees e.g. if wind came from the North 

this was 0º and from the South was 180º. All these data have been modified in order to only have two 

different values, a binary variable, when wind comes from West and when wind comes from East. 

The façade of the tower of the church is deviated 20º from North towards West which means that in 

wind direction in the data given that is 340º (See Appendix A for direction of the facades). What has 

been assumed is that all wind data directions between 160º and 340º were wind from West and wind 

directions which were lower than 160º and higher than 340º were assumed as East direction. All this 

was done being helped by Excel program, and on each graph the values for wind direction were 

changed to fit with the values of the graph, but all them follow the same: Upper level of the binary 

variable is wind from West and lower level means wind from the East. 

Furthermore for summertime, as only with the direction of the wind (binary variable) was not enough, 

other graphs have been implemented in order to have into account not only the direction of the wind 

but also the average of the speed. 

To do it this equation has been used: 

|𝑈| = − U ∗ sin(𝜃 + 20) (6) 

Where: 

 U: Average wind speed (m/s) 

 sin(θ): sinus of the angle of the wind direction (the 20ᴼ are added because of the Northern 

church façade is 20ᴼ headed to North-west) 

The sign (-) before the formula is added to make a concordance between the binary method of wind 

direction and this one. 

This new variable varies between negative and positive values and also can be zero. The variable 

indicates the value of the wind in the direction of East or West. If the variable is positive means that 

wind comes from West and if it is negative from East. Besides, if it is in the surroundings of zero value 

that can have two meanings: 

 The speed of the wind is too low. 

 The wind direction is heading directly to the Northern or the Southern façade directly so the 

sin(θ) has a value closed to zero and the wind component directed to Eastern or Western 

façade has a low value. 
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3.2. Limitations. 

While explaining the method it should be mentioned the limitations that have been found through the 

analysis of the research. These could be summed up on: 

 The analysis has been done only taking data of one year. 

 Dry periods have not been taken into account while implementing the method. 

 Wind direction has been taken once as a binary variable and then only one component of it 

has been analysed. 

 There were some missing data during some days. Also there were some no sense data during 

some moments or days which have been omitted. 

 While implementing the method, the variable SQ was unknown and was taken as 0,5 because 

actually this analysis compares the data from different data loggers which are placed in the 

same crawl space so the materials of it were the same. 
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4. Results and discussion. 

4.1. Long term crawl space climate. 

The first data analysis made regarding the data provided has been to analyse in a general way Relative 

Humidity, Temperature and Absolute Humidity for a whole year data of each data logger placed in the 

crawl space. This will give a general overview of where is the RH or the Temperature higher in order to 

be able to make deeper analysis later depending on these results. 

As previously mentioned, the data were from the 1st of March of 2015 to the 1st of March of 2016 each 

10 minutes. After calculating the Absolute Humidity with the method already explained these are the 

three graphs obtained (Figure 14, 15 and 16; Relative Humidity, Temperature and Absolute Humidity 

respectively) for each data logger of the crawl space.  

The Data loggers analysed within the crawl space are (see Appendix A for positions): 

 TH2108 (Central logger: CE logger) 

 TH2178 (South East logger: SE logger) 

 TH2200 (South West logger: SW logger) 

 TH2151 (North logger: N logger) 

 

 

Figure 14: Relative Humidity of data loggers in the crawl space 
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Figure 15: Temperature of data loggers in the crawl space 

 

 

 

Figure 16: Absolute Humidity of data loggers in the crawl space 
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Analysing the Relative Humidity (Figure 14) during the whole year it can be stated that the highest 

values are detected from mid-June to mid-September (summer time). The Relative Humidity during the 

whole year within the crawl space remains between 40 and 100 %, being summertime when it is higher 

while winter when it is lower. It can be seen that data loggers CE and SE have most of the year the 

highest values, being CE logger the one with highest values during summer time. Both data loggers are 

the closest to the Eastern façade of the church. 

On its part, Temperature (Figure 15) analysis of the crawl space during the year concludes that during 

most of the year all data loggers’ temperatures differ no more than 4 ºC, except in January when this 

difference is higher between the hottest one (N logger) and the coldest one (SE logger). During the 

whole year, temperatures in the crawl space are between 2 and 17 ºC. 

Lastly, analysing the Absolute Humidity (Figure 16) during the whole year it can be stated that its 

behaviour is similar to the Relative Humidity. In summer data logger CE is the one with highest values 

with a big difference with the rest, while during the rest of the year both data loggers OUT and SE have 

normally the highest values being CE logger the one that provides the highest Absolute Humidity during 

most of the year. 

Both Relative Humidity and Absolute Humidity have a big importance. The RH because is the one that 

is related with mould growth and the one which is going to be more hazardous. On the other hand the 

AH is important to analyse because the dampers (as has been already explained) work comparing this 

AH with an absolute humidity from a data logger outdoors. 

It can be seen in the graph (Figure 14) that the data logger that has the highest Relative Humidity in 

summer time is the CE logger, which is the one that is used to compare its Absolute Humidity with the 

one outdoors in order to open or close the dampers. It could be said on this point that  

Later, a deeper analysis on these variables will be done, regarding when dampers are opened or closed, 

in winter or summer time and taking into account the wind speed and direction. 

4.2. Mould and tm. 

Analysing then together RH and Temperature, mould risk will be studied. Applying the method 

explained before, the first step followed has been to make a couple of graphs are made.  

These both graphs are general to have a general overview during the whole year and to know when 

will mould growth more expected and more problematic and afterwards be able to make an in depth 

analysis. To make these both graphs the data used have been the ones provided by data logger CE 

which was the one that presented higher Relative Humidity values for summertime, when is supposed 

to be mould growth more critical. Now some graphs are going to be shown to prove this hypothesis. 

The first one (Figure 17) is a graph that shows the time, tm (in weeks; Equation 5) when mould growth 

is expected on each moment of the year, considering for such moment constant temperature and 

relative humidity. 

In the second one (Figure 18), what is represented is a frequency diagram which shows how many 

times is repeated a tm value; divided these values for each month. That means that the curves for the 

months that are higher at the beginning (with low tm values) have more times low tm values and 

regarding that tm means the time when mould growth is expected, these months are then the most risk 

ones for it. 
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Figure 17: tm of CE data logger during the year 

As can be seen in the graph above (Figure 17) the months where mould growth is expected in less time 

are from mid-June to the end of September which means that in summertime is when exists more risk 

for this effect so a deeper analysis will be done later.  

In this graph below (Figure 18) is showed that in the months of summer (July, August, September and 

June from the first to the fourth) is when tm has lowest values, these lower values are more repeated 

in these months, this is what is showed in the graph. When tm has lower values is when there is hich 

risk for mould growth. That is why for summer time is when mould growth is when needs to be taken 

into account more specifically due to that in winter time is not expected. In July curve there are two 

lines at the beginning that could not be removed but no explanation has achieved, some problem with 

the data in the Excel sheet must have happened. 

 

 

Figure 18: frequency of tm values divided in months 
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In the next two graphs (Figure 19 and 20) data from all the data loggers in the crawl space are analysed 

to check where the critical and highest values for mould growth are on each moment during the year. 

The graph below (Figure 19) shows the value of M for each data logger position during the year. As 

explained before, M is the largest possible value of the mould index for determined temperature and 

relative humidity. On its part, the other graph below (Figure 20) shows for each data logger in the crawl 

space the tm (in weeks) in each moment of the year studied. 

As can be seen regarding both graphs is that in summertime is when M has the highest value for all 

data loggers, but even higher for CE logger. Besides, tm presents the lowest values in summertime for 

these data logger so mould growth becomes a big problem in summer and more in these position. So 

as in previous analysis this is the data logger that has to be taken into account more for summertime 

because of its highest and more critical values. 

However, regarding wintertime, both data loggers CE and SE present the highest values for M. 

Furthermore these two data loggers have the lowest values for tm. Nevertheless these values are not 

as critical as in summertime.   

 

 

Figure 19: M value of data loggers in the crawl space 
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Figure 20: tm value of data loggers in the crawl space 

As it can be seen in these last two graphs there are occasional peaks (in Figure 19) or dips (in Figure 20) 

which are a result of the importance of such intermittently dryer periods [12]. After all these analysis 

it can be stated that for summer, that is when mould growth is really expected, the studies have to be 

more focused in these terms.  

4.3. Dampers performance. 

In this thesis also was interesting to check if these dampers were working as was supposed, in other 

words, if in real life the dampers are working the same way as they would be supposed to work after 

analysing the data. These vents with dampers can be seen where are situated in Appendix A. 

As explained in the thesis before, the performance of the dampers is as follows: there is one device 

that compare the absolute humidity between inside and the outside. If this absolute humidity 

difference varies more than 10 % from one to the other, the device makes the dampers to change their 

state from open to close or vice versa. 

A method on an Excel sheet was implemented which compared how the dampers were supposed to 

be on each moment with how the dampers were working in reality. 

In the table below (Table 2) is explained with data all this analysis. 

Table 2: Damper data comparison 

Total pairs of data to check 50877 

Pairs of data that match between Real and Analysis 49578 

Pairs of data that NO match between Real and Analysis 1299 

 

% 𝑜𝑓 𝑔𝑜𝑜𝑑 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
49578

50877
∗ 100 = 97.4 % 

In conclusion it can be stated that this method works as it is supposed to work because the percentage 

of failure is low and many of these times the data only are different during a few minutes and 
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sometimes this difference between analysis and real life is because the Absolute Humidity between 

them differ a little more, or less, than the 10% of hysteresis explained for the performance of the 

dampers. 

 

4.4. Short-term crawl space climate. Damper state effects. 

Now is time to make an in depth analysis of the data. In order to do it, it is going to be analysed how 

the dampers affect to the variables studied in the crawl space which are RH, Temperature and AH when 

they are open and they suddenly open. Besides, in order to take into account mould risk during 

summer, tm has been added to the graph when AH is analysed. Furthermore, in every single graph wind 

direction is added to analyse the variations in a better way. 

Firstly winter time has been analysed, but in this case only Temperature has been object of study due 

to mould is not a problem in this time and Temperature is the most important variable for this case. 

On its part, on summertime all data previously mentioned has been analysed.  

It has been chosen three periods of winter time and other three of summer time when the dampers 

remain sometime closed and suddenly they open themselves to have more examples and occasions.  

In all the graphs there are two vertical axis: 

 The principal one (left one): in the graphs of Temperature and RH is the one used for all the 

data loggers of the crawl space (excluded the one of outdoors). On its part, for the graphs of 

AH it is used for all the data loggers (included the one of outdoors) and to indicate the wind 

direction (upper level from West, lower level from East). 

 The secondary one (right one): in the graphs of Temperature and RH is the one used to indicate 

the Temperature or RH respectively from the outdoors data logger and to indicate the wind 

direction. On its part, for the graphs of AH it is used to indicate the tm variable for mould growth 

in weeks. This tm variable is taken from CE logger which is the position where there is more risk 

of mould growth in summer. 
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4.4.1. Winter 

 From 29/12 to 3/01 

 

Figure 21: Temperature of data loggers in crawl space in winter (1) 

 From 14/01 to 24/01 

 

Figure 22: Temperature of data loggers in crawl space in winter (2) 

 From 26/01 to 29/01 

 

Figure 23: Temperature of data loggers in crawl space in winter (3) 
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Regarding the graphs above (Figures 21, 22, 23) all them have temperature and wind direction values 

from winter time for three different dates during winter 2015-2016.  

For all these dates it can be said that the temperature inside the church, in the hall, remained at 11ºC 

the whole time. 

First of all, from the three graphs it is clear that there exists a big difference when dampers are open 

or close. When they are close the temperature checked by the data loggers in the crawl space does not 

vary as much as what it does when they are open. However, there is sometimes that when the dampers 

are closed the temperature of the data loggers still varies a lot. That could be explained with that not 

all the vents in the crawl space are closed or they use the damper system, there are some that are 

always open so sometimes that could affect to the ventilation of the crawl space. Besides it needs to 

be said that in winter, although walls are cold they still radiate heat so for the balance of temperature 

into the crawl space it needs to be taken into account. 

It could be expected that as temperature outdoors is lower than in the crawl space, when dampers are 

open the temperature indoors would lower. However what happens is that temperature inside the 

crawl space follows more or less how as the temperature outdoors varies.  

In all the graphs, both N and SW logger follow always the same path, Temperature of N logger is always 

roughly 1 ºC higher than SW logger but they both rise and go down at the same time roughly. That can 

be explained because of the position of both data loggers, they have a vent with dampers at more or 

less the same distance from the western façade of the church so wind conditions and temperature can 

affect on the same way. 

In the first graph (Figure21) while the dampers are open and wind comes from East during a long period 

it can be seen that SE logger is the one which is more affected by it and responds faster to changes on 

outdoors temperature. 

Figure22 shows when dampers are closed due to outdoors temperature is below -5ºC and when the 

temperature raises over it they suddenly open themselves. This graph helps to determine that the 

performance of the system that opens and closes the dampers works well. 

Besides, SE logger is the one that follows more and responds faster to changes in outdoor temperatures 

independently of wind direction, although if wind comes from East it responds faster. This could be 

explain because of the position of the logger, it is closed to one vent with damper of the Eastern façade 

and a conduct goes almost directly to it. 

Furthermore in winter, as the temperature inside the church is higher during most of the time than 

outside, stack effect can take part in the ventilation of the whole church in general and of the crawl 

space in particular. 
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4.4.2. Summer 

 From 11/08 to 14/08 

o Temperature 

 

Figure 24: Temperature of data loggers in crawl space in summer (1) 

 

o RH 

 

Figure 25: RH of data loggers in crawl space in summer (1) 
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o AH and tm 

 

Figure 26: AH and tm of data loggers in crawl space in summer (1) 

o |𝑈| 

 

Figure 27: Wind analysis summer (1) 

It can be observed in every graph a big difference between dampers closed and open, which is when 

indoors data loggers vary more. While they are closed in the first instance it happens something in the 

CE logger because it changes while the other loggers do not change and it is difficult to explain with a 

logical explanation. However when dampers are open it does not change as much as the other 

dampers, that could be due to the position of it which has the vents the furthest. 

Afterwards, when dampers open themselves, all data loggers start to vary their values. SW and N 

loggers follow the same path, being SW logger the one which has a bit more of temperature and AH, 

but more variation in terms of RH, it decreases more than N logger. 

There is a big increase in temperature and deep in RH in SE logger when dampers are opened. SE logger 

is always the one that responds fastest to changes. Regarding the wind data it can be observed that in 

that moment wind direction is from West but actually the value for this component of the wind is not 

too high regarding the Figure 27 because the values are positive.  
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Comparing the data from temperature outdoors and in the church in the hall, these days temperature 

from outdoors was lower than into the hall of the church (which was between 2o and 21 ᴼC roughly) 

so although it was summer, stack effect could happen.  

Regarding that it is summer time, tm value is very important because that shows when mould is 

expected under these conditions. For these graphs it has been taken tm values from CE logger which is 

the one that in summer time has more risk. In this case can be observed that when dampers remain 

closed a long time, tm value starts to increase because in this case both Temperature and RH start to 

decrease, then mould expectation in weeks is higher. After that, this value begins to decrease until the 

dampers close. Although both the Temperature and the RH of CE logger are not the highest, their 

combination makes tm value the lowest so it is the position more risky in terms of mould growth. 

 

 From 27/08 to 30/08 

o Temperature 

 

Figure 28: Temperature of data loggers in crawl space in summer (2) 

o RH 

 

Figure 29: RH of data loggers in crawl space in summer (2) 
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o AH and tm 

 

Figure 30: AH and tm of data loggers in crawl space in summer (2) 

o |𝑈| 

 

Figure 31: Wind analysis summer (2) 

 

As in all the cases before, it is observed a big change in the variation of the variables between when 

dampers are opened or closed. 

As in previous summer case SW and N loggers follow the same path, being SW logger the one which 

has a bit more of temperature and AH, but more variation in terms of RH, it decreases more than N 

logger. It can be seen that SW weather is more affected by changes generally while N logger remains 

more constant than it.  

Regarding the Figure 31 and data provided by the weather conditions it seems that during this period 

the wind when dampers first are opened is strong from west. 

Taking into account tm value, it is clear that when dampers are opened a long time, after a while, maybe 

due to ventilation, it starts to raise so time when mould is expected is longer, however, after that, still 

with the vents opened that time starts to be shorter so mould is expected sooner  
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 From 4/09 to 11/09 

o Temperature 

 

Figure 32: Temperature of data loggers in crawl space in summer (3) 

o RH 

 

Figure 33: RH of data loggers in crawl space in summer (3) 

o AH and tm 

 

Figure 34: AH and tm of data loggers in crawl space in summer (3) 
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o |𝑈| 

 

Figure 35: Wind analysis summer (3) 

 

Here it can be observed clearly when the dampers remain opened SE logger is the one that responds 

faster while N and SW loggers follow the same path as explained before. 

 

In this case it can be seen a big variation of the wind direction and speed and also a big variation in 

temperature, AH and RH among the crawl space because the dampers remain opened most of the 

time. 
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4.5. Heating 

As mentioned before, the way on how to ventilate the crawl space could affect the heating system of 

the whole church due to possible leakages and heat transmission from crawl space to the main church. 

Here that is what is going to be analysed. 

Before implementing this way of ventilating the crawl space, the vents of it where all opened. After 

that, some vents were closed and in others this devices were put.  

Data of the energy consumption during winter time have been analysed (between October and April) 

specifically winters from four years. Three of them were when the vents of the crawl space were 

opened, the other year, in order to be able to compare data, was from a year with humidity and 

temperature controlled dampers for the vents. 

As these winters have had different mean temperatures and for example one may have been colder, 

in order to have it into account an adjustment of the data has been done.  

All the data have been referred to the winter when the dampers have been implemented. Thus, they 

can be compared with the data of that winter in order to see if there would have been a saving in 

energy consumption if during those years the way of ventilating the crawl space with dampers would 

have been implemented.  

Real values: 

Table 3 

Year Energy consumption 
(kWh/day) 

State of crawl Space 
openings 

2009-2010 1049.24 Open 

2011-2012 968.27 Open 

2012-2013 1112.61 Open 

2015-2016 900.649 HCCV4 

 

Values referred to winter 2015-2016  

Table 4: 

Year Energy consumption 
(kWh/day) 

Difference to HCCV 
(kWh/day) 

2009-2010 928.67 28.03 

2011-2012 973.99 73.35 

2012-2013 915.81 15.15 

2015-2016 900.649 0 

 

  

                                                 

4 HCCV: Humidity Controlled Crawl Space Ventilation (2015-2016) 
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5. Conclusions 

A crawl space climate with its ventilation has been analysed in this thesis work. It has been mostly 

focused on risk of mould growth and also some heating values have been compared with other winters 

without the new way of ventilating. 

Regarding the method that nowadays is implemented to ventilate the crawl space with natural 

ventilation the dampers (Humidity Controlled Crawl Space Ventilation) the main conclusion that can 

be stated is that the way that nowadays is being used in order to ventilate the crawl space is roughly 

well implemented and with no bad results. As mentioned in the report in many sources affirm that 

having RH above 80% is very risky. However, some improvements mentioned after can be done 

because the problem of mould is still there and should be avoided. Besides other conclusions have 

been attained while analysing all the data:  

There is a big difference between when dampers are opened and closed in climate in the crawl space. 

However regarding mould issue it does not exist an easy pattern followed when dampers open or close 

themselves. 

Also CE logger is in the position where the device for the dampers system is placed. After analyse all, It 

can be stated that this is the best position to place the VentoVind sensor because in that place is where 

mould risk is higher in summer time. CE logger also is the logger that remains more constant when 

dampers are opened due to its position in the crawl space that does not have a vent next to it. On its 

part SE logger is the position where changes fastest the properties.  

Besides, comparing SW and N logger, both have always the same kind of behaviour. It differs between 

winter and summer because e.g. in winter N logger has more temperature than SW and in winter it 

occurs the opposite.  

Moreover with the analysis implemented and all the graphs done, wind speed and direction has not 

given any pattern that follows most of the time. 

Using this method to ventilate the crawl space has some energy savings comparing with energy used 

in previous winters. 

Now, taking all the analysis into account some possible measures or improvements for this system of 

ventilating have been thought. 

Although it seems that this ventilation system is good implemented with this system; mechanical 

devices such as fans could be added at least in summer time to mix the air within it in a better way. 

In order to save more in heating, the temperature when dampers close themselves could be changed 

from -5 O C to a higher temperature. However mould risk during that time and also later in spring should 

be checked. Furthermore, checking the possibility of changing in winter time the position of the 

VentoVind sensor of indoors because in winter time SE logger is colder and has RH higher and that is 

where mould has more importance, but not as much as what it has in CE position. 

As N and SW logger have the same behaviour, one of them could be removed or other places could be 

tried in order to have more information from other places among the crawl space.  

To sum up, it should be said that although the performance of the Humidity Controlled Crawl Space 

Ventilation seems to work in a good way and has benefits in terms of heating, all these improvements 

and further analysis and measures should be done to minimize the maximum the mould growth risk. 
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Appendix A 

TH2151- (N logger) 

TH2178- (SE logger) 

TH2108- (CE logger) 

TH2200- (SW logger) 

VentoVind Sensor indoor 

VentoVind Sensor outdoor 

TH2109- (OUT logger) 

North 


