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Abstract 

In this project, the heat balance a historical stone church has been analyzed. The project 

was divided into three theses: transmission losses, solar heat gain and air infiltration 

losses; the latter has been discussed in this work. 

 

Nowadays energy usage is one of the main points to be taken into account when a new 

building is being constructed. Climate control, when properly used is an efficient and cost 

effective method for preventive conservation and in this case, where the study of a 

historical stone church has been analyzed, this factor become more important. 

 

The church that has been studied is located in Gästrikland, Sweden, and it is located on 

top of a hill. Therefore, it is exposed to different weather conditions. The church, as most 

of the historical buildings, is naturally ventilated and during the heating season it is 

intermittently heated depending on its usage, keeping a minimum temperature of 11 °C. 

 

In order to predict the Air Change Rate (ACH), multiple linear regression fit to periodical 

measurements has been performed using the Excel software. Based on this, infiltration 

losses during a one-year period have been calculated. The resulting total ventilation losses 

during this period were 74800 kWh. Ventilation losses increase with time form 

September until reaching a maximum in December of almost 70 kW. Ventilation losses 

result in an expenditure of 15700 €/month. Therefore, in order to palliate these expenses, 

different measures may be analyzed such as sealing the crawl space vents or installing 

flexible heating by making different heating zones.  

 

Regarding the heat balance, a study of two periods was performed. In the first period, 

February, a good co-variation was attained, whereas, in the second period, April, the 

curve of the theoretical heating power was not even close to the heating power curve. 

Losses increase during cold season and during non-sunlight hours. It can be observed 

how transmission losses are the ones which have the biggest impact, followed by 

ventilation losses. Thus, solar heat gains have less importance than the previous ones.  

 

Finally, it can be said that the analysis performed in this thesis can be performed also on 

other historical buildings of similar construction; since the conditions and characteristics 

are similar, the same procedures and design rules can be followed. 
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1 Introduction 

The creation of an indoor climate, separated from the outdoor climate, is the basic 

purpose of most buildings. This is because, the climate is meant to provide comfort for 

people who live or work inside the building. On the other hand, climate and its conditions 

are likely to provoke degradation on the building. Induced degradation is one of the major 

hazards to the cultural heritage. The best conservation strategy that can be followed is to 

prevent the damages and degradation rather than acting afterwards [1]. 

 

Nowadays energy usage is one of the main points to be taken into account when a new 

building is being constructed, in order to achieve a relatively well insulated building 

which results in energy saving, different measures have to be applied. Most of these 

measures should be planned during the design phase of the building, implemented during 

the construction and verified once the building is finished. 

 

However, in many cases in general and in this one in particular, the building is already 

constructed and the measures have to be implemented afterwards in compliance with the 

building design. Furthermore in some exceptional cases the measures applied to improve 

the energy requirements must obey the restrictions to which historical buildings are held, 

as is the case of the church of Hamrånge. 

 

Climate control, when properly used is an efficient and cost effective method for 

preventive conservation. To establish a proper indoor climate the following factors should 

be taken into account: 

 

- Air temperature 

- Surface temperature 

- Relative humidity 

- Air movements 

 

This thesis work, where air infiltration losses have been studied, is part of a project 

developed in the University of Gävle, with the support of the Swedish Energy Agency 

[1]. Within the project, which comprises the study of the historical stone church of 

Hamrånge, different issues have been studied; transmission losses, air infiltration losses 

and finally solar heat gain. 
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1.1 Aim 

In order to keep a regulated indoor environment several electric heaters had been installed 

around the church. Each year, these heaters have to work more time and at higher power 

due to the air infiltrations. This derives into greater energy consumption and therefore, a 

higher cost. 

 

The air infiltration losses that take place in most of the historical stone churches prevents 

them from keeping a constant indoor climate that provides an environment of thermal 

comfort to the occupants and preserves the cultural heritage of the building. Hence, 

temperature is deeply related to the relative humidity and in many churches the relative 

humidity is allowed to reach dangerous levels. Extreme low levels could provoke drying 

damages on wooden objects like old organs. On the other hand, too high humidity levels 

increase the risk for mold, rot and other fungi. 

 

Thus, the aim of this thesis is to evaluate the effect that these air infiltrations cause on the 

indoor climate of the church, mainly the effect on the heat losses due to the air 

infiltrations.  

 

Therefore, the objectives of this work are to: 

 

Firstly, to create a model using the previously attained data of air change rate, obtained by 

two different methods that have been explained in a subsequent section, to describe how 

air change rate (ACH) depends on wind speed (U) and indoor-outdoor temperature (T). 

 

Secondly, the mentioned air infiltration losses have been calculated for a period of one 

year, from 1th October 2012 to 30th September 2013 using the model developed in the 

first step of the thesis. 

 

The next step of the thesis and as has been mentioned before, this project consists of three 

different parts, which have been divided into three theses. Each thesis will contribute 

towards a detailed analysis. Hence, a comparison between the infiltration heat losses with 

transmission losses and solar heat gains from the other two theses have been carried out. 
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Once the objective is achieved and the losses reduced, economical benefits can be 

appreciated since the energy consumption has decreased considerably due to the smaller 

quantity of energy needed to create an indoor environment that provides comfort to the 

occupants. It also entails social benefits as the church is considered historical heritage. 

 

1.2 Outline 

Once the aim of the thesis has been described and keeping in mind the importance of the 

indoor climate of the church, in the first section of the thesis, theoretical concepts are 

explained in order to acquire a background of knowledge, which allow the 

comprehension of further results and conclusions. This section comprises the description 

of indoor environment theoretical concepts such as air ventilation and air infiltration as 

well as the conditions that the indoor climate of the churches and old buildings should 

have in order to maintain in good conditions the cultural heritage they contain. 

 

In the second section, a brief explanation of how the data collection has been collected 

and the devices used for this purpose is explained. The collected data is analyzed and the 

results obtained are explained. The data is collected in the weather station located 1 km to 

the northwest of the church, where temperature, humidity, pressure, wind speed and 

precipitations are measured. 

 

Finally, the third section comprises the discussion of the method used for the analysis as 

well as data quality and the coherence of the results. In this final part, ideas to solve the 

problems the church is facing are exposed and some suggestions are done. 

 

1.3 Description of the church 

The church that has been studied is located in Gästrikland, Gävle. As it is shown on 

figure 1, the church is exposed to the wind due to its location. 
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Figure 1. Church of Hamrånge located on a hill. 

 

The dimensions of the church are roughly, 41 x 16,6 x 11,5 m and the interior volume of 

the big hall has been estimated in 7623 m3.  

 

Commonly in every old Swedish church there is a void space under the floor called crawl 

space, in this case the crawl space has a height of 0,7m with vent openings of 30 x 30 cm. 

The walls of the Hamrånge church are made of stone, plastered inside and outside, with 

the interior space that this type of stone walls entails filled with small stones and lime 

mortar. 

 

The church, as most of the historical buildings, is naturally ventilated and during the 

heating season it is intermittently heated depending on its usage, keeping a minimum 

temperature of 11 °C. 
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2 Theory 

In this section of the project, different theoretical concepts related to indoor environment 

such as thermal comfort, indoor air quality and other important ideas are described as 

well as the problems that churches have to deal with when they suffer from air 

infiltrations. Hence, some alternatives in order to minimize the effects have been 

explained. 

  

2.1 Indoor environment in buildings 

Indoor environment affects directly on occupants, depending on the type of building and 

the use that it is going to have, different considerations about the priority of the 

parameters of indoor environment could be reached. Indoor environment needed for a 

gymnasium is quite different from the one needed in a residential building and parameters 

such as temperature, humidity and air movements will differ in each case. 

 

Different emissions from building materials, humidity and contaminants coming from 

outside and the ones generated indoors due to the occupants and furniture are the main 

sources of health problem inside building. 

 

Indoor Environmental Quality (IEQ) is a term, which keeps a close relation with the 

occupants health and comfort inside a building. This term refers to all the factors 

involved. IEQ depends on these factors: indoor air quality, thermal comfort, relative 

humidity, air change rate and acoustic and lighting quality [2]. 

 

Indoor air quality, thermal comfort and air change rate are going to be briefly described 

below, whereas the effect of relative humidity is going to be discussed directly in the 

section of indoor climate in churches. 

 

2.1.1 Indoor air quality 

Indoor air quality refers to the cleanness of the indoor air. As said before, the pollutants 

and other contaminants, which are found in the air, could cause several problems in terms 
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of health or efficiency to the occupants. Thus, indoor air must be controlled in order to 

avoid these setbacks. 

 

Indoor air quality depends mainly of different small particles in suspension as well as 

microorganism, mold, bacteria and different emitted gases. 

 

Principal contaminants of the indoor air quality are the followings [3]: 

 

- Molds and other allergens 

- Volatile Organic Compounds (VOC) 

- Carbon monoxide 

- Carbon dioxide 

 

In order to control the indoor air of a building, the best solution is to install a ventilation 

system which would allow the occupants to decide whether to activate it and refresh the 

indoor air or not.  

 

2.1.2 Thermal comfort 

The definition of thermal comfort is the condition of mind that expresses satisfaction with 

the thermal environment and is assessed by subjective evaluation [4]. 

 

Thermal comfort is needed for the occupants to regulate the body temperature and for 

helping the cooling and heating mechanism that humans use in order to keep a constant 

body temperature. An inappropriate thermal comfort could derive into an imbalance in 

the body temperature and cause discomfort.  

 

There are several factors that influence the thermal comfort, those are: 

 

- Metabolic rate 

- Clothing insulation 

- Air temperature 

- Mean radiant temperature 

- Operative temperature 

- Air speed 
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- Relative humidity 

 

There are two main models used in the analysis of thermal comfort, which are: 

 

Static comfort model (PMV/PPD) 

 

PMV represents the Predicted Mean Vote scale. The PMV-index is used to quantify the 

degree of discomfort of a large population of people exposed to a certain environment. 

PMV is based on steady-state heat transfer between the body and the environment. 

 

PPD means Predicted Percent of Dissatisfied people. The PPD-index predicts the number 

of dissatisfied people at each PMV. As PMV changes away from zero in either the 

positive or negative direction, PPD increases [5]. 

 

Adaptive comfort model 

 

The adaptive model takes into account the idea that the outdoor climate influences the 

indoor comfort due to occupants can adapt to different temperatures during different 

periods of the year.  

 

Adaptive thermal comfort is based on field data, satisfaction is influenced by expectations 

and the context, outdoor climate is an important influence and there exists three different 

types of adaptation: Physiological, behavioral and physical. 

 

 

2.1.3 Air change rate 

Indoor air should be refreshed every certain period in order to eliminate pollutants and 

airborne particles from the interior. Air change rate is defined as the relation between the 

airflow rate and the room volume: 

 

                                  (Eq.1) 
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Air Change Rate measures how quickly the interior air is replaced by outdoor air. In order 

to estimate the Air Change Rate correctly, ventilation and infiltration should be taken into 

account [6]. It should be appreciated that a small fraction of the fresh air entering the 

room also leave it, so not all the volume of fresh air entering remains in the room. 

 

Through ACH it is possible to estimate the air leakages of the building, that is, the ACH 

is related to the tightness of the building. Thus, air leakage can be measured by tracer gas 

methods as it is going to be explained afterwards. Sometimes the predicted airflow rate is 

converted to an equivalent or effective air leakage area by using the following equation 

derived from Bernoulli equation for incompressible fluids [7]: 

 

                                                      (Eq.2) 
 

Where: 

AL = the effective air leakage area [cm2]  

∆Pr = the reference pressure difference [Pa]  

Qr = the predicted air flow rate at ∆Pr [m3/s]  

ρ = the density of the air [kg/m3] 

CD = the discharge coefficient. 

 

2.2 Indoor environment in churches 

If the indoor climate of the church is not the appropriate one serious damage could be 

cause to the building and its objects. Therefore, to preserve this it is needed to control 

both temperature and humidity, which are the main parameters that affect the indoor 

environment of old buildings. This can be achieved easily combining proper technology 

and hiring trained staff for the maintenance of the church. 

 

The proper indoor climate is determined with respect to [1]: 

 

- Comfort. 

- Conservation. 

- Costs. 
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Comfort is a subjective parameter that is able to describe to what extent occupants find 

the indoor climate acceptable. Humans are very sensitive to temperatures, but not so 

sensitive to relative humidity. The comfort temperature range depends mainly on 

clothing, activity and duration of stay in the building; a typical range is 18–22 °C. 

Relative humidity matters to occupants only when it is extremely high; >80% or really 

low; <30% [1]. 

 

Conservation of materials in the building requires an indoor climate that minimizes 

ageing and degradation of the materials that are to be preserved. This depends on the 

materials and the type of degradation processes that are prevalent in the building. For 

materials, relative humidity is often the most important climate parameter. 

 

Costs are always a limiting factor and must be considered from the beginning. A solution 

that is too expensive is useless. 

 

2.2.1 Effects of the humidity on churches  

Humidity in old buildings as churches is, probably one the major hazards for the cultural 

heritage that is housed inside. Thus, the regulation of the humidity by means of 

controlling the indoor climate is a critical fact that must be taken into account for 

achieving a good conservation of the heritage. 

 

When humidity reaches extreme levels it could cause serious problems and damage to the 

church structure, furniture and paints. Too low levels can ruin wooden objects caused by 

drying damages. Whereas, too high levels provide a suitable environment for the 

formation of mold, rot and other fungi. Controlling the indoor temperature is possible to 

control the relative humidity of the church so different ways of control the indoor 

temperature of the church will be studied in a subsequent section. 

 

As said before, high levels of humidity provides the growth of microorganisms and mold. 

In order to prevent this uncontrolled growth the relative humidity must be below 65%. 

  

One effective way of controlling indoor humidity in the church is the ventilation. 

However, if the ventilation process is not controlled properly it may provoke more 
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problems than the ones that will be solved. For example, in springtime, the church 

temperature remains significantly low after the winter, but ventilation will bring warm 

and humid air into the church, this humid air produces condensation. 

 

One possible solution to the ventilation problem could be the implementation of heated 

zones within the church instead of heating the whole church; by doing this, the 

investment and heating costs are reduced drastically.   

 

2.2.2 Heating devices for old churches 

Most old churches had been without any type of heating device for years, but recently and 

due to the need of creating a comfortable environment for the occupants, different 

techniques have been applied. Not all the measures applied in the churches resulted into a 

good option, the huge necessity of energy for heating up the churches is in some cases 

untenable. Thus, the best heating technique result the adaptive heating, which could 

provide savings up to 60% in some cases. 

 

Installing use-adaptive heating, as well as other efforts in order to implement energy-

saving, may be complex for the following reasons [1]: 

 

- Practical knowledge and competence about energy-efficient and environmental 

running are very low among the responsible staff in our churches. 

- Over 95% of the Swedish churches are electrically heated. The often needed 

increase of heating power will lead to higher energy costs by legal changes and 

demands in using more expensive electrical tariffs. 

- The good alternatives to electrical heating are limited regarding to aesthetic 

demands and adequate effect to make more use adaptive heating in churches. 

- Confusion and disagreement about what conditions of indoor climate are good for 

running and preservation of the organs. 

 

The main reasons in order to install heating systems in old churches are to maintain the 

art objects in the interior of the church in good condition, guarantee occupants comfort 

and conserve in proper condition the structure of the church. According to studies, three 

main heating systems have been proved successfully to heat up churches without 

damaging its heritage and structure. 
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The first one, blow warm air with gas heat has been applied for heating ventilation 

process, the system consist of a gas boiler room, ventilation pipes and air inlets, this 

heating ventilation system on a church showed economic benefits due to the possibility of 

heating just before the services and keeping an optimal temperature during the non 

services periods. The visual effects can be minimized by taking advantage of the existing 

holes in the church structure for installing the air diffusors.  

 

The second one, consist on installing an electrical under-floor heating system, by using 

this system economical benefits can be appreciated due to the possibility of heating by 

zones and the opportunity of controlling the heating intensity during services. 

 

The third option is the installation of radiant heating system; the heat is transported 

through a glass pipe, which is fitted in an appropriate way throughout the church in order 

to do not damage the heritage. This heating system does not warm up the indoor 

temperature as much as the previous ones, so among the three methods this is the one 

which implantation is minimal. 

 

To conclude, it could be remarked that for old churches the heating systems are only used 

for heating up the indoor temperature during the services and, also to maintain a 

minimum temperature during the rest of the season in order to provide an acceptable 

indoor climate for materials at a moderate energy cost. This heating strategy is known as 

intermittent heating and is a good option for reducing the costs of maintenance.  

 

2.2.3 Crawl space 

Hamrånge church has a crawl space under its whole surface, provided with vents of 

30x30 cm. This crawl space is actually ventilated by natural ventilation through the 

openings before mentioned. 

 

Ventilation in crawl spaces must be controlled due to its ease of creating an environment 

where mold, insects or even rodents can grow relatively quickly. Hence, pollutants and 

moisture can be driven into the building interior due to the pressure difference existing 

between the crawl space air and the indoor air. This situation may worsen if a mechanical 
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ventilation system is installed on the crawls space since it would force the infiltration of 

the crawl space air into the interior. 

 

Passive ventilation has always been applied in most of crawl spaces due to the building 

codes, which also indicates the size of the vents needed for each crawl space depending 

on its surface. However, ventilate the crawl space during warm weather periods has been 

demonstrated to be a counterproductive measure due to the huge amount of humidity that 

is introduced into the crawl space making it more humid rather than taking out the 

moisture, which is the main objective of the ventilation. Thus, a midpoint must be found 

in order to permit the correct ventilation of the crawl space without having undesirable 

consequences. 

 

One possible solution is seal the crawl space during warm weather seasons. Thus, warm 

air does not penetrate the crawl space and condensation does not take place in the interior 

surfaces that are cooled due to the lower temperature of the ground. This measure implies 

an energy saving too. 

 

However, the measure mentioned above does not implies the solution to the problem, a 

small amount of moisture in a sealed crawl space could cause serious damage to the 

building structure. In order to solve this problem a mechanical ventilation system must be 

implemented, but not in every cases it is possible. 

 

2.3 Natural ventilation and air infiltration 

Ventilation is that air used for providing acceptable indoor quality. It is the intentional 

movement of the air from outside coming to the inside [8]. 

 

The process of removing air of an indoor space without mechanical supply is called 

natural ventilation. Natural ventilation allows the extraction of air pollutants, particles in 

suspension and used air from buildings. Old buildings like churches use natural 

ventilation as the main air renewal system. This ventilation system permits a reduce in 

energy usage by means of reducing the need of mechanical ventilation and at the same 

time achieving good quality of indoor air. 
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The main difference between natural ventilation and air infiltration is that the first one is a 

desirable airflow through the building, while the second one is an uncontrolled flux of air. 

In natural ventilation different openings are performed in the building envelope in order 

to achieve the desirable ventilation rate, which collaborates to achieving good quality air 

and thermal comfort. 

 

2.3.1 Natural ventilation 

Natural ventilation is the movement of air through an indoor space, which enters through 

different openings positioned strategically in order to reach the quality of air and thermal 

comfort desired. As it can be appreciated in figure 2, the openings are designed to provide 

a good airflow and it has been taken into account different parameters such as wind, 

pressure difference and temperature difference.  

 

                       
Figure 2. Natural ventilation in a building [9]. 

 

The pressure difference between the exterior and the interior of a building is the main 

responsible of the movement of the air through the building. Thus, air infiltration and 

natural ventilation are driven by pressure difference throughout building envelope. The 

driving forces for both are the same; pressure difference due to wind and the buoyancy 

effect, the only difference between air infiltration and natural ventilation lies in the fact 
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that one of them is a desired ventilation measure and the other one is accidental and non 

desirable. 

 

Wind driven natural ventilation 

 

Natural ventilation must be a controlled way for refreshing indoor air, that is, in summer 

more outdoor air should enter the church in order to reduce the indoor temperature and 

during winter seasons less quantity should penetrate the church due to the low 

temperatures that predominates in the exterior. Hence, wind produces a pressure 

difference between the windward part of the building and the leeward, which cause the 

introduction of outdoor air into the church. On the windward side a positive gradient is 

generated whereas on the leeward side a negative one is found.   

 

The volume of airflow induced by the wind through a relatively large opening in the 

building envelope can be expressed as it follows [10]: 

   

                                                                       (Eq.3) 

Where: 

Qwind = volume of airflow [m3/h]  

A = area of the opening [m2] 

U = outdoor wind speed [m/h]  

K=coefficient effectiveness (assumed to be 0,5 to 0,6 for perpendicular winds and 0,25 to 

0,36 for diagonal winds). 

 

Buoyancy ventilation 

 

Buoyancy ventilation is the air exchange between outdoor and indoor air due to 

difference in temperatures and moisture content; the last effect is usually neglected.   

The stack effect, driven by buoyancy, is a really good option during winter seasons due to 

the big temperature difference that takes place between the indoor and outdoor air. 

However, during summer season stack effect ventilation is not the most desirable choice 

as long as indoor air should be warmer than the outdoor air and it is not the objective. 

 

The airflow induced by stack effect can be calculated as [10]: 
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                                     QStack = Cd·A·[2·g·h·(Ti-To)/Ti] 
1 ⁄ 2                    (Eq.4) 

Where: 

QStack = ventilation rate [m3/s]. 

Cd = 0.65, a discharge coefficient. 

A = free area of inlet opening [m2], here assumed equal to outlet opening. 

g = the acceleration due to gravity [9.8 m/s2]. 

h = vertical distance between inlet and outlet midpoints [m]. 

Ti= average temperature of indoor air [K]. 

To = average temperature of outdoor air [K]. 

 

2.3.2 Air infiltration 

Air infiltration is a non-desirable airflow that penetrates the church envelope through 

small cracks, doorway and windows. Air infiltrations that occur at Hamrånge church take 

place at the ceiling, floor and through the walls of the church. These infiltrations are the 

responsible of introducing into the church not only cold outdoor air during winter, but 

also dust, humidity, little insects and different pollutants that can be found outdoors. 

 

In order to minimize the energy usage and to guarantee thermal comfort in the interior of 

the church is necessary to control the air leakages. A clean indoor air and well-controlled 

temperature are two important factors when objective is the thermal comfort of the users 

and occupants of the church.  

 

Air infiltration takes place thanks to the pressure difference between the indoor and 

outdoor air, generating the air movement through the building. The air leakages 

determine the tightness of a building, that is, the amount of air infiltration  

 

Air leakage is produced by pressure differences across the building envelope. The 

mechanisms that create these differences in pressure are the combined effects of stack 

effect, external wind and mechanical ventilation systems (see figure 4). Therefore, the 

infiltrations of the Hamrånge church are produced by the two first mechanisms due to the 

lack of a mechanical ventilation system installed at the church. 
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Figure 4. Air leakages mechanisms. 

 

Stack effect 

 

Stack effect is produced due to temperature differences between indoor and outdoor air, 

which generates a difference in the air density, being denser when the temperature is 

lower and less dense when the temperature is higher. It is stronger in cold weather, when 

temperature difference between both sides is bigger. Warmer indoor air tends to rise in 

the building because, as it has been said, that air is less dense than outside air. Therefore, 

indoor air is pushed out through openings and small cracks in the upper part of the 

building envelope, this is called exfiltration. Hence, there is a reverse air-pressure 

difference at the bottom of the building, which implies air inward. This is called 

infiltration. The plane where the pressures inside and outside the envelope are equal is 

called “Neutral Pressure Level” (NPL), and at this horizontal plane there is no pressure 

difference between the place and its surroundings, so there is no horizontal airflow at this 

plane (See figure 5).  

                                        
Figure 5. Stack effect. 

 

The pressure difference caused by stack effect can be calculated by the following 

equation [11]: 

                                       (Eq.5) 

Where: 
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ΔPs= pressure difference due to stack effect [Pa]  

ρi = density of indoor air [kg/m3] 

g = gravitational acceleration constant [9.81 m/s2]  

h = height of plane above (or below) npp, [ m]  

hnpp = height of neutral pressure plane [m] 

T = absolute temperature [K] 

i = indoor 

o = outdoor. 

 

Wind effect 

 

Wind is an important factor that should be taken into account when air infiltrations are 

being studied, Hamrånge church is located on the top of a hill and so it is extremely 

exposed to the wind speed and its variations. Thus, a deeper study of the wind effects on 

the air infiltrations must be performed. 

 

When wind impacts the surface of a building, an increment of pressure is originated as a 

result of the abrupt loss of speed. The stagnation point takes place where the velocity of 

the wind is equal to zero and at that point the pressure is maximum, this pressure is called 

the stagnation pressure (see figure 6). 

                                                       
Figure 6. Stagnation Point. 

 

The stagnation pressure, produced by the wind impact, generates an overpressure on the 

surface of impact and under pressure on the other side due to the increase in the wind 

velocity on the other surfaces, as it can be appreciated in figure 7, the difference in 

pressures through the building allows the air to penetrate it. 
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Figure 7. Wind effect on a building. 

 

Wind is pushed in through the surfaces that have overpressure and it is expulsed in those 

surfaces which posses under pressure. These air movements occur through openings in 

the windward side such as windows, doorways or small cracks in the façade. Wind 

pressures are generally positive on the windward side of a building and negative on the 

leeward side. The occurrence and change of wind pressures on building surfaces depend 

on [7]: 

 

- Wind speed and wind direction relative to the building 

- The location and surrounding environment of the building 

- Shape of the building. 

 

The pressure generated on the building façade can be calculated by: 

                                                               (Eq.6) 
 

Where: 

Pw = mean pressure on the building surface (N/m2 or Pa). 

Po = static pressure in undistributed wind (N/m2 or Pa). 

 vw = mean wind velocity (m/s). 

ρ= density of air (kg/m3). 

Cp = surface pressure coefficient. 

 

Combined effect of wind and temperature difference 

 

“In the majority of cases, the natural ventilation is caused by a combination of both wind 

and stack effects. Both pressures are summed up to result in the total pressure difference 
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across the building envelope. The influence of the wind and stack pressures depends on 

internal resistance to vertical airflow, building height, location and resistance 

characteristics of envelope openings, local ground and the adjacent shielding of the 

building structure”. [12]. 
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3 Process and results 

In this section of the thesis, the methods used to obtain the data needed for the 

calculations are explained. Hence, the methodology used and the results of those 

calculations are shown and explained in detail.  

 

3.1 Data collection 

Different data is needed in order to perform the calculations of this work. Therefore, more 

than one method has been used to collect the required data, from temperature to humidity 

to wind speed to Air Change Rate. In the following lines, the methods used for these 

purposes are explained. 

 

3.1.1 Method to measure the Air Change Rate 

In this project, two different tracer gas methods were used in order to quantify the Air 

Change Rate in the church of Hamrånge. These methods are the decay method and the 

passive tracer gas method.  

 

The measurement of the Air Change Rate in old and big buildings like the Hamrånge 

church could be in some cases extremely complex due to the huge amount of small air 

inlets and outlets which are found through the building envelope. Thus, the tracer gas 

techniques are used to fulfill the requirements of a reliable measurement. The main 

requisite for a reliable measurement using the tracer gas technique is to obtain a well-

mixed volume of air and the tracer gas. 

 

3.1.1.1 Tracer gas methods 

As it has been said, two different methods were used in the analysis of the Hamrånge 

church and these methods complement each other. 
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Decay Method 

 

The set up of the decay method was implemented in Hamrånge church as it can be 

appreciated in figure 8. This method was the first one in being applied. 

 

 
Figure 8. Example of set-up for decay measurements [13]. 

 

“The principle of the decay method is to mix an initial dose of tracer gas with the air of 

the ventilated space into a homogeneous concentration, and then determine the rate at 

which the air-tracer gas mixture is replaced with fresh air. The faster the replacement 

takes place, the higher is the air change rate. If the air change rate of a certain space is 

constant and the air in the space is well mixed, the concentration, C, of the tracer gas will 

be more or less the same in all parts of the space, and it will decay exponentially with 

time as”. [13]: 

                                C = C0 * e−ACH⋅t                                 (Eq.7)  

Where:                                                                                                                     

C0 = initial concentration directly after injection and mixing of the tracer gas. 

 ACH= air change rate [h-1]. 

 t = time [h]. 
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“A gas analyser (Brüel & Kjaer 1302) was used to measure the time variation in tracer 

gas concentration in, usually, six measuring points distributed both horizontally and 

vertically in the church space. The tracer gas used was SF6, which was distributed 

manually directly from a gas cylinder; the discharged gas jet was directed obliquely 

upwards in about 10-15 places in the church, taking about one minute in total”.[13]. 

 

Passive Method 

 

The Passive tracer gas method consist on the emission of small amounts of tracer gas, the 

gas is mixed through diffusion with the volume of study. The emission rate of the tracer 

gas is usually 5 to 20 µg/h and at Hamrånge church from 10 to 30 source tubes were used 

[13]. 

 

Once the gas is mixed with the air of the church, the concentration of the tracer gas is 

measured by small sampling tubes, which used activated carbon in order to absorb the 

tracer gas. The sampling time for the study of Hamrånge church using this method was 

three-four weeks [13]. In figure 9, tubes of passive source and sampler are depicted. 

                                             
Figure 9. Passive source (left) and Sampler (right) of tracer gas [13]. 

 

After the tracer gas is absorbed by the sampler tube, a chromatography analysis is 

performed in a laboratory, the average gas concentration for the sampling time can be 

calculated as [13]: 

                                                                                      (Eq.8) 

Where: 

maverage = the average gas content over all samplers [M].  

S= equivalent sampling rate [V/T]. 

t= sampling time [T]. 
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An estimation of the average Air Change Rate in the volume of the study, V, is [13]:  

                                              

                                                                           (Eq.9) 

Where: 

ACH = average air change rate [1/T].  

E= total emission rate [M/T]. 

V = the church volume [V]. 

 

The possibility of setting an active collection system, forcing the air through the sampler 

tubes (see figure 10), is called active collection and it could reduce the data collection 

time in almost 10 minutes. 

                                              
Figure 10. Active pumping through a sampler tube [13]. 

 

 

3.1.2 Method to measure the air infiltration 

The measurement of the air infiltration can be performed by different techniques. In big 

leaky buildings like Hamrånge church, where a huge quantity of air inlets and outlets are 

found through the building envelope, it is more difficult to obtain accurate results. 
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Blower door technique 

 

The blower door technique is used for determining the airtightness of a building or as a 

helpful tool in order to locate the air leakages through building envelope. 

 

 The blower door technique consist of a variable speed fan, installed in a window or door, 

but usually it is installed in the main door, a manometer, which indicates the difference in 

pressure according to the airflow produced by the fan and finally, a fastening system 

which allows the fan to be correctly mounted on the opening. The blower door technique 

was installed in the vestry as it can be appreciated in figure 11. 

       
Figure 10. Blower door system at Hamrånge church [14]. 

 

The blower door test consist on lowering the air pressure in the interior of the building by 

using the fan installed, so that the higher pressure that posses the outdoor air force the 

outdoor air inside the church through small cracks found in the building envelope. Thus, 

and as it can be seen in figure 11, airtightness of the building can be determined. 
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Figure 11. Blower door technique. 

 

The duration of this test is approximately 30 minutes for normal buildings, for bigger 

ones it could take longer and multiple fans may be used in the blower door. Some 

preventive measures must be considered before the blower door technique is run such as: 

turn off the boilers, seal all the exterior exits and fasten delicate components that are 

found inside the building. 

 

Pressure pulse technique 

 

Pressure pulse technique seems to be more precise for large and leaky buildings; this 

method is still under evaluation process in cooperation with the university of Nottingham 

[14]. 

 

3.1.3 Method to measure temperature 

Infrared Thermography 

 

Infrared testing is a non-invasive process, which allows the obtaining of temperature 

measurements of the objects that are found in a room by thermography cameras. These 

cameras detect the radiation that is emitted by the objects and visualize the infrared 

energy of the objects displaying images of temperature measurement or temperature 

distribution. The equipment convers the energy emitted into temperature and displays an 

image called thermogram. Figure 12 shows the thermogram of the Hamrånge hall. It can 
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be appreciated how cold air is infiltrated from the crawl space, (dark areas represent cold 

air). 

 
Figure 12. Floor visualized by thermography technology [15]. 

 

Thermography technology has some interesting points that can be remarked: 

- Temperature measurement in real time 

- Temperature measurements are performed without contact 

- Temperature measurements of small objects is possible 

- Temperature measurements of moving or dangerous objects 

- Temperature measurements of food or sanitary equipment 

 

Thermistors 

 

Thermistor are temperature sensitive resistors, usually thermistors are composed of 

sintered semiconductor material. There are two types of thermistors, the Positive 

Temperature Coefficients (PTC) and the Negative Temperature Coefficients (NTC).The 

resistance of the NTC thermistors decreases with increasing temperature due to its 

Negative Temperature Coefficients while PTC thermistors exhibit an increase in the 

resistance when subjected to an increase in temperature. 

 

Thermistors are used to measure and control temperature, they are small enough to be 

placed exactly where needed and the accuracy they posses gives as a result really exact 

temperatures. On the other hand, the thermistors cannot be used for measuring high 

temperatures [16]. 
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3.2 Data analysis 

In this section of the thesis, all data collected is going to be analyzed and subsequently 

discussed.   

3.2.1 Methods and theories used in analysis 

3.2.1.1 Multiple linear regression 

The Multiple Linear Regression (MLR), is a mathematical method, which express the 

relation between a dependent variable, Y, and the independent variables, Xi, and a 

constant β. 

                                           (Eq.10) 

Where:  

Yt = Dependent variable. 

X1,X2,X3…Xp = Independent variables. 

β0 = Constant. 

β1, β2, β3… βp = Parameters that define the importance of the independent variables over 

the independent one. 

 

In this thesis, the program used for performing the MLR was Microsoft Office Excel, 

which is a really useful tool in order to develop the calculation required by this project. 

 

The main purpose of the MLR was to develop a mathematical function, which permits to 

predict the Air Change Rate. For this purpose and with the data provided, a function was 

developed as follows: 

 

                                                   ACH = m1 ΔT + m2 W + b                     (Eq.11) 

Where: 

ACH = Air Change Rate predicted. (Dependent variable). 

ΔT = The indoor-outdoor temperature difference. (Independent variable). 

W = Wind speed. (Independent variable). 

b = Constant. 

m1, m2 = Parameters. 

 



Heat	  balance	  of	  a	  historical	  church	  –	  Air	  infiltration	  losses	  
Jesús	  Jaime	  Arístegui	  

 

28 

3.2.1.2 Infiltration losses 

Infiltration or ventilation losses are the heat loss associated to an unintended airflow 

through the building envelope. This airflow penetrates the building through small cracks 

or openings found in the exterior of the building. 

 

Ventilation losses depend on the wind speed and direction as well as on the Air Change 

Rate. The formula, which expresses the ventilation losses: 

         

                                                

! = !!×!3600 !×!!!×!!"!×!!"!                                
                                                                                                                  (Eq.12) 

Where: 

N = Air Change Rate [1/h]. 

V = Volume [m3]. 

Cp = Specific heat capacity [J/KgK]. 

ρ = Density [Kg/m3]. 

ΔT = Air temperature difference [K]. 

 

3.2.1.3 Considerations of the analysis 

Limitations 

 

During the developing of this thesis numerous data files were used. These files contained 

huge quantity of data such as: Indoor and outdoor temperature, relative humidity, wind 

speed and Air Change Rate.  

 

Regarding temperature data, it should be pointed out that not all the data used was exactly 

precise. That is, sometimes the weather station while recording the data values every hour 

for the outdoor temperature, suffered minor errors, which did not allow collecting the 

data in specific moments. Therefore, there are some data missing. Punctual outdoor data, 

which were not recorded, appear as a “-999” on the data sheet. In order to palliate this 

circumstance in the data, the missing value is replaced by the previous one so that the 

error is minimum. 
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When more than one value is missing, outdoor parameters were taken from another 

source available. For instance, in the data provided for performing this project, three 

different periods were missing. The first period comprises from 07/11/12 at 10:00 to 

05/12/12 at 13:00, the second one from 12/07/13 at 19:00 to 14/08/13 to 12:00, and the 

last one from 29/08/13 at 17:00 until the last date of study. 

 

These data were taken from the weather forecast web page wunderground [17], which 

permits to obtain the values of wind speed and temperature in the town of Gävle, looking 

through its archives. 

 

Estimations 

 

In order to perform the calculations, some estimates were made to facilitate the 

calculation process. 

 

A constant volume of 7623 m3 was fixed for performing the calculations. This volume 

represents the volume of the main hall of the church. 

 

The indoor temperature was collected from different sensors, located at different heights, 

so a height-weighted average was performed in order to obtain a good approximation. 

Indoor temperature data was collected every two minutes, and from the database provided 

an hourly average was performed during the period of study, which comprises from 

01/10/2012 to 30/09/2013. 

 

Once the hourly average was done for every sensor, a height-weighted average, taken into 

account the height at which each sensor is located, was performed. By doing this, final 

values of indoor temperature were obtained.  
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3.2.2 Results 

3.2.2.1 Air Change Rate Prediction 

In order to predict the Air Change Rate (ACH), a multiple linear regression has been 

performed using the Excel software. Thus, and as it has been explained before, the 

following equation is obtained. This equation expresses the relation between the 

dependent variable ACH and the independent variables: Wind speed (W) and temperature 

difference (ΔT). 

 

                          ACH = 0,01214424 ΔT + 0,01216694 W + 0,03412387                 (Eq.13)      

 

Measured ACH data and temperature difference from 05/05/2012 at 17:40:05 to 

15/10/2010 at 06:11:07 was provided as data. By using this data of temperature, wind 

speed and ACH the multiple linear regression gave as a result the equation 13. 

 

A comparison between the measured ACH and the predicted ACH shows how the 

regression is a good predictor of the ACH. In figure 13 a comparison between both ACH 

in a 2-day period is depicted.  

 

 
Figure 13. Comparison between measured ACH and Predicted ACH. 
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Figure 14 shows how the trend line of the predicted ACH has a positive slope as it was 

expected. 

 

 
Figure 14. Trend line of the ACH. 

 

3.2.2.2 Infiltration losses 

Once the regression model is performed, the next step is to calculate the infiltration losses 

during the study period, which comprises from the 1th of October 2012 to the 30th of 

September 2013. Therefore, and with the data provided the following steps have been 

performed in order to reach the final result. 

 

- Applying the equation obtained from the multiple linear regression (Eq.13), and with 

the wind speed and temperature difference calculated in the data sheet, a predicted Air 

Change Rate for every hour was calculated. 

 

- Once the predicted ACH has been calculated, the ventilation losses formula (Eq.12), has 

been calculated to every value, hour per hour, in order to obtain the time-history of the 

ventilation losses. 
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These are shown in figure 15. 

 

 
Figure 15. Time history of air infiltration heat losses during a year. 

 

 

The monthly average losses: 

 

Once a general analysis of the hourly losses has been done, figure 16 summarize the 

losses, representing the monthly average losses. The curve starts in October with a value 

of 5800 kWh for the ventilation losses, they increase slightly until 7000 kWh in 

November and in December the infiltration losses reach a peak point with a maximum 

value of 17600 kWh, from that moment losses decrease moderately until February, 

reaching values of 12900 kWh for January and 6100 kWh in February. After that 

decrease, infiltration losses raise again to a value of 12000 kWh in March. From March to 

august, infiltration losses decrease gradually obtaining values of 4700 kWh in April, 2600 

kWh in May, 1150 kWh in June and 1100 in July. During August and September losses 

increase a bit reaching values of 1300 and 2200 kWh respectively. The total ventilation 

losses, in one-year period, are 74800 kWh. Figure 16 shows the variation of the 

ventilation losses through the period of study. 
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Figure 16. Ventilation losses per month. 

 

In order to understand better the variation of the ventilation losses with the outdoor 

temperature, wind speed and the ACH, figure 17 shows the curve depicted on a graph, of 

a five-day period always starting from the 1th of each month at 00:00, of the months: 

December 2012, February 2013 and April 2013. 

 

 
Figure 17. Comparison of three periods. 

 

During the period of study the ventilation losses in the first 5 days of February are really 

close to the losses of the first 5 days of April, as it can be appreciated in figure 16, the 

losses in February suffer a decrease. However, Figure 18 shows that even when 

ventilation losses seem to be really close between February and April, during the whole 

month a substantial change can be appreciated. 
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Figure 18. Comparison between the 5-day period and months. 

 

3.2.2.3 Heat balance  

Once the study of the ventilation losses has been performed, in this section of the thesis, a 

comparison between the results of the other two theses, which complete this project is 

going to be developed. The heat balance of the church is represented by the following 

equation: 

 

Theoretical heating power = Solar heat gain – transmission losses – ventilation losses                                                                                                                                                                                                                                                                                                                                                              

(Eq.14) 

 

Following the strategy followed in the previous sections, a 5-day study period has been 

selected in order to execute the analysis. In this case, there are two study periods. The 

first one comprises a period during cold weather (February) and the second one when it is 

warmer (April). Figure 19 shows the heat balance of the church, the curve of the heating 

power versus the curve given by equation 14. 
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Figure 19. First period balance. 

In figure 20, heating power demand, ventilation and infiltration losses as well as solar 

heat gain are represented. 

 

 
Figure 20. First period representation. 

 

During the non-heating period, that is, April, the following results can be obtained 

following the same strategy of the heating period. Figure 21 shows the curve of the 

heating power versus the Theoretical heating power needed. 
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Figure 21. Second period balance. 

 

Figure 22, as in the heating period, heating power demand, ventilation and infiltration 

losses as well as solar heat gain are represented. 

 

 
Figure 22. Second period representation. 
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4 Discussion 

In this section of the thesis, the results are going to be explained and analyzed. Therefore, 

and taken into account the results obtained, the method used for fulfilling the project is 

going to be analyzed too. Moreover, the strengths and weaknesses of the thesis are 

described in this chapter. 

 

The first part of this thesis work was to use measurement data from a limited period to 

develop an equation capable to predict the Air Change Rate from the wind speed and the 

outdoor and indoor temperature difference. This has been done by using Microsoft Office 

Excel. Equation 13 was the result of the multiple linear regression performed by 

Microsoft Excel, and as it can be appreciated in figure 13, the approximation of the 

predicted ACH to the measured ACH is quite good. Hence, extrapolation to the whole 

study period has been done in order to predict the ACH from 1st of October 2012 to 30th 

of September 2013 hourly. 

 

The data provided for both the regression to the calculations of the infiltration losses has 

been affected by some simplifications such as different averages that have been supposed 

and minor uncertainties that have been neglected. However, the results obtained in what 

ventilation losses and predicted ACH refers, are estimated to be good enough to be 

considered.  

 

Figure 14 shows how good the estimation of the ACH is. As it can be seen, the slope of 

the trend line is positive which means that there is a fairly significant correlation between 

measured and predicted ACH. Moreover, the R2 term has a value of 0,74, which  is 

relatively high and indicates the level of correlation. If the R2 is 1, the predicted ACH is 

equal to the measured one, and so, the estimation of the ACH would be perfect. Thus, the 

closer this term is to 1, the better the approximation is. 

 

The obtained values of the predicted ACH during the whole study period, where there are 

no measured ACH values to compare with, seems to fit between the expected values, any 

peak or extreme value can be appreciated during the study period. 

 

In the second part of the thesis work, which is the main part of the thesis, infiltration 

losses have been calculated during the study period. Figure 15 shows the curve of the 
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ventilation losses in kW, hour per hour, from 1st of October 2012 to 30th of September 

2013. It can be seen how the ventilation losses increase with time until reaching a 

maximum in December of almost 70 kW. As depicted in figure 16, which represents the 

monthly average losses, in February there is a decrease in ventilation losses, this is due to 

a small increase in the outdoor temperature but mainly because the church usage during 

the Christmas is higher than in February. Thus, the heaters of the church are working 

during most of December and January, with an average indoor temperature around 19 °C 

for December and 17 °C during February as it has been checked in the data provided.  

 

In February, the temperature difference is substantially smaller than during December and 

January, and by applying the equation 12, which gives infiltration losses as result, it can 

be appreciated the reason of that decrease. Additionally, this effect is more likely to be 

observed during the heating season, where outdoor temperatures are lower and indoor 

temperature depends on the usage of the heaters located in the church. 

 

In March the curve undergoes an upturn for similar reasons to those discussed above. 

After that month, infiltration losses seem to decrease slightly and remain at low levels. 

Therefore, it is noteworthy that the largest losses occur during the winter months, when 

the outdoor temperature is significantly low and air infiltrations have a notorious effect 

on the indoor climate. 

 

The indoor temperature of the church is not affected abruptly by the outdoor temperature, 

which suffers a more abrupt variation than the indoor temperature. Air infiltrations and 

transmission losses, especially in the first cold months, October and November, lead to a 

gradual decrease of the indoor temperature, which still remains in high values due to the 

temperature that acquired during the previous months. In the same way, during the first 

months of warm weather, April and May, indoor temperature remains colder than the 

outdoor temperature, because the change of temperature inside the church is a slow 

process. 

 

This effect described previously, has impact also on indoor relative humidity. During 

winter months, air infiltrations introduce cold and dry air into the church, whereas during 

the first months of warm weather the air which is infiltrated is hotter and with a higher 

level of moisture. Thus, this humidity can damage different elements housed inside the 
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church and cause condensation due to the temperature difference between the indoor and 

the outdoor temperature. 

 

In figure 15, it can be seen how after the month of March, infiltration losses decrease 

moderately. In some points of the graph, it can be appreciated that negative infiltration 

losses take place; this means that heat is entering the church. In that moment the outdoor 

temperature was higher than the indoor temperature and this results in a negative 

temperature difference. This fact occurs at occasions during the warm season. 

 

The total infiltration losses during the study period reach a value of 74800 kWh. This 

amount, will influence the need of heating power in order to heat up the church during the 

services and when it is not being used for maintaining a minimum temperature inside. 

 

For a better understanding, three different periods have been extracted from the whole 

year calculations; these periods represent the infiltration losses, hour per hour, in different 

situations and for a 5-day term. The first period comprises the first 5 days of December 

2012, where a total of 4600 kWh are the correspondent to infiltration losses. The second 

period is referred to February 2013 and the last one to April 2013, their correspondent 

total infiltration losses are 1103,18 kWh and 1102,97 kWh respectively. These periods 

are depicted together in figure 17, and as it can be appreciated both in the graph and in the 

numerical total losses, infiltration losses for February and April are quite similar for the 

5-day period selected. 

 

Infiltration losses generally increase during the night hours due to the lower outdoors 

temperature; this fact takes place equally during the three periods studied. In the same 

way, during the central hours of the day, between 12:00 and 15:00, infiltration losses fall 

to its lowest value. This fact depends on the increase of the outdoor temperature during 

those hours and also because of other factors more difficult to verify such as solar heat 

gains.  

 

Finally, in this last part of the thesis, a comparison between the transmission and 

infiltration losses and solar heat gain have been performed. In order to fulfill this purpose, 

and following the strategy of other chapters, two different periods have been selected. 

The first one comprises a period during the heating season, whereas the second one has 

been chosen during the non-heating season. By doing this, the entire spectrum is covered. 
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In figure 19, the curves of the theoretical heating power and the heating power during the 

first period are represented and as it can be seen in the graph, the first period corresponds 

to the month of February. 

 

It can be appreciated that there is quite good co-variation between curves, dips and peaks 

follow each other smoothly. This suggests that the buffering effect of the church materials 

is not large, but figure 20 indicates that it may be explained by the free heating power of 

sunlight. Thus, the magnitude of the buffering effect seems difficult to discern from the 

present data. The buffering effect is affected by several factors such as ventilation rate, 

vapor content, surface temperature of the materials, surface moisture transfer coefficients 

of the surfaces as well as by the indoor-outdoor temperatures. 

 

The theoretical heating power represents the theoretical amount of heat needed to 

maintain a previously chosen temperature in the interior of the church. This heat is the 

one needed to counteract the effects of the transmission and ventilation losses, but as it 

can be observed in equation 14, solar heat gain favors reaching that goal.  

 

One of the conclusions that can be significant after observing figure 19, is that during this 

cold period, the heating power installed in the church, only by using electric radiators, is 

not enough in order to fulfill the heating needs. During the night hours, when there is no 

light and the outdoor temperature is usually lower, the heating power needed to heat up 

the church increases due to the increase of the infiltration and ventilation losses. 

However, during the central hours of the day, infiltration and transmission losses decrease 

due to the increase of the outdoor temperature and the effect of the solar heat gains. Thus, 

the theoretical heating power needed is lower now, and so, the heating power installed in 

those hours of the day is reduced. Therefore, and if the results obtained for this heating 

period in February are extrapolated to the rest of the heating season, the heating power 

installed on the church of Hamrånge is not enough for keeping the temperature desired 

and some modifications should be implemented. 

 

On the other hand, the study of the period in April, when it is supposed not to be much of 

heating season, figure 21 shows the curves of the theoretical heating power and the 

heating power installed. As it can be appreciated during the central hours of the day the 

heating power has higher values than the theoretical heating power needed, so in those 
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hours there is an excess of heating in the church, at least during this 5-day period. If the 

electric heaters are working when there is no need, more energy and money will be spent. 

 

The lack of co-variation between the two curves depicted in figure 21 is due to a previous 

heat up of the church, probably because a service was performed. Figure 23 shows the 

indoor temperature of the church during those 5 days, and as it can be seen, the 

temperature of the church is higher than 11°C, which is the temperature that the church 

heating systems maintain as a minimum, when there are no services or visits. Therefore, 

temperature regulation induces no, or just little, heating power. 

 

 
Figure 23. Indoor temperature during the 5-day period (April). 

 

 

The sudden step up that appears in the last day of the figure 22 in the heating power 

curve, may be produced due to the need of heating up the church. As it can be seen in 

figure 23, the temperature was raised until 21°C, which means that a service is going to 

take place. Thus, the heaters were turned on. 

 

In figures 20 and 22, it is possible to observe the air infiltration and transmission losses 

generated and to what extent. In the same way, solar heat gain is represented in those 

graphs, and as it can be seen it is during the central hours of the day when the highest 

solar values are reached. Moreover, it can be checked the variation suffered in these three 

terms between the heating period and the non-heating period. Solar heat gain, for instance 

reaches higher values during the non-heating season, where there is more hours of 

sunlight. On the other hand, the infiltration and ventilation losses decrease in that period 

due to the higher outdoor temperatures.  
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Regarding the method used, it has been proven that the performed multiple linear 

regression has given a really good approximation of the ACH. Moreover, the techniques 

used for measuring the indoor temperature, setting sensors at different heights, has 

demonstrated providing good results. Thus, the calculations of the infiltration losses have 

been performed with quality data.  

 

To conclude, it can be said that the strengths of this thesis are the greater understanding 

of the special needs that historical buildings require, as well as some indications have 

been set in order to set the path to follow in future restorations, whereas the weaknesses 

are the lack of adequate technology in order to fulfill the needs of old historical buildings 

in what indoor climate refers.  
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5 Conclusion 

In this project, the heat balance of historical stone church has been analyzed. The project 

was divided into three theses: transmission losses, solar heat gain and air infiltration 

losses; the latter, has been discussed in this work. After having performed the study, the 

following conclusions can drawn. 

 

The church of hamrånge is located in the top of a hill. Thus, it is exposed to the wind and 

different weather conditions, which can provoke a major difficulty in controlling the 

indoor climate of the church. Therefore, in this thesis some of those effects have been 

measured and calculated in order to be able to prevent the discomfort of the occupants 

and for decreasing the energy usage. 

 

Energy cost is an important issue nowadays, energy usage must be reduced in order to 

reduce costs, especially when electric heaters are used due to the great variation in the 

price of the electricity. The average electrical energy cost for Spain in 2014 is 0,2228 

€/kWh, whereas, in Sweden it is 0,2101€/kWh. The importance of the energy 

consumption is high, and having into account these values, in Spain the heating of the 

church would on average cost 17000 €/month and in Sweden the cost would be around 

15700 €/month. These values are high enough to keep in mind the importance of the 

energy savings and to investigate different ways of decreasing the energy losses that take 

place in the church [18].   

 

The church, as it has been explained, suffers from air ventilation losses due to the 

antiquity of its walls, which with the years have suffered several damages, and in 

particular a leaky floor. Hence, the indoor climate varies as a consequence of these air 

infiltrations. Being an historical building, not all energy saving measures can be followed; 

the solutions implemented for maintaining an indoor climate should obey different rules 

in order to keep intact the original design.  

 

As has been discussed already, the variation of the indoor climate inside the church 

depends mainly on solar radiation through the windows (solar heat gain), the tightness of 

the building and the buffering capacity of the building.  
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When a historic building is going to be improved thermally, there are several limitations 

that should be taken into account. In old churches, for instance, usually cannot be done 

much more than to reduce the moisture and outdoor air that penetrates the building 

envelope. Another possibility for the improvement is to regulate the Air Change Rate or 

in some cases, the reduction of thermal radiation.  

 

If a heating system is going to be installed in the church it should not have a negative 

impact on the interior form an aesthetic point of view. However, there are other ways to 

improve the energy usage and costs, for instance, lowering the indoor temperature when 

the church is not used and also when it is used, decreasing few degrees the indoor 

temperature results in energy savings. Moreover, the possibility of flexible heating must 

be analyzed by making different heating zones. Also, preventing cold air entering through 

the entrances and windows would promote thermal comfort to the occupants. 

 

Hamrånge church is a historical building, for that reason and as a protected building, it is 

permitted to lower the thermal comfort of the occupants in order to get a more favorable 

climate for the materials. It should be keep in mind that visitors and users stay for a brief 

period inside the church, and if they are properly clothed the conditions could be good 

enough for them as well as the conditions needed for the conservation of the materials. 

Hence, this would derive into energy savings. 

 

Humidity, as has been commented in previous chapters, is probably the most harmful 

parameter in what materials conservation refers. The simplest way to control humidity is 

by controlling temperature; if the indoor temperature is controlled, humidity and its 

consequences in the materials will be controlled. 

 

The total energy usage during the study period is around 74800 kWh regarding 

infiltration losses. The major part of the air infiltration losses take place during the 

heating season, when the outdoor air temperature reaches it lowest values. Thus, in 

December the infiltration losses reach a maximum of 70 kW, which corresponds to the 

peak value of the whole period. 

 

The losses seem to have maximum values during the night hours and minimum values 

during the sunlight hours. This is due to the temperature difference existing between this 
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two periods. The higher outdoor temperature during the midday hours as well as the solar 

heat gains favors the reduction of the losses. 

 

Regarding the heat balance, a study of two periods was performed. In the first period, 

February, a good co-variation was perceived, this indicates that the building materials 

buffering is quite low. Whereas, in the second period studied in April, the curve of the 

theoretical heating power was not even close to the heating power curve. Thus, the 

influence of a previous heating of the church can be appreciated as shown in figure 23. 

 

This thesis can be the first part of a further analysis of Hamrånge church, in order to 

apply the result obtained in this work and manage to reduce the energy losses through the 

building envelope. By doing this, the energy usage will decrease considerably and energy 

savings will be reached. Once the infiltration and transmission losses are known, different 

measures should be considered for achieving better conditions of indoor climate without 

wasting too much energy. 

 

The analysis performed in this thesis can be performed also on other historical buildings 

of similar construction. There are a lot of historical buildings, which depend from an 

economical point of view directly from the state. Thus, if the implementations of different 

measures reach the objective of reaching energy savings, this will have repercussions in 

the welfare of all the citizens.  
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Appendix A 

Table 1 shows the monthly average infiltration losses.  

 

 

 
                                                Table1. Monthly average losses. 

                                  

 Qventilation [kWh] 

October 2012 5818,97 

November 2012 7187,43 

December 2012 17625,31 

January 2013 12928,85 

February 2013 6118,85 

March 2013 11946,02 

April 2013 4717,33 

May 2013 2604,86 

June 2013 1154,78 

July 2013 1131,08 

August 2013 1326,49 

September 2013 2206,11 

 

 


