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Abstract 

The present Master’s thesis seeks to develop a better understanding of indoor environment dynamics 

simulations for a special kind of buildings: historical, naturally ventilated stone churches. The 

simulation work was performed with IDA ICE, a popular commercial computational simulation 

software. This simulation program needs as input the physical construction details of the building, 

weather conditions and human indoor activities. The results obtained in the simulations are compared 

with empirical measurement data attained in the real church for validation of the model. Two 

ventilation regimes with different inputs and outputs are tested. Using a statistical method, static and 

dynamic simulation results were compared and the model was calibrated. The ventilation was 

validated through CO2 concentration decay methods by simulating human indoor activities. Finally, 

using this validated simulation model, several interesting analyses have been carried out, such as 

energy consumption analysis at different heating strategies, solar energy performance in winter and 

driving forces of natural ventilation.  

Due to the impossibility in IDA ICE to set a schedule for the radiators working time, the alternative 

way was to set an “equipment” schedule with an associated power value. The validation work as 

regards temperatures was simplified to one variable, the indoor temperature. Goodness of fit tests 

were employed to assess the performance of the simulations.  

The study shows that a different heating schedule can serve to reduce the energy consumption to some 

extent. But this seems not to be economical enough due to flexible electricity prices in Sweden. The 

study also indicates that solar irradiation through windows constitutes a substantial energy factor also 

in wintertime, despite illumination time is really short in winter at the studied location – mid Sweden. 

Further, the simulated air infiltration rate showed a linear positive relationship with wind speed. But 

the simulated air infiltration rate did not change much when increasing the temperature difference 

between indoor and outdoor in the simulations. This indicates that buoyancy forces needs more 

attention in future IDA ICE versions in able to handle large, naturally ventilated buildings like 

historical churches.  

 



iii 
 

 

 

 



iv 
 

Table of Contents 

Preface ..................................................................................................................................................................... i 

Abstract................................................................................................................................................................... ii 

1. Introduction ........................................................................................................................................................ 6 

1.1 Background .............................................................................................................................................. 6 

1.2 Aim and objectives ................................................................................................................................... 7 

1.3 Structure of the thesis ............................................................................................................................... 7 

2. Theory ................................................................................................................................................................. 9 

2.1 Mass transfer theories of natural ventilation ............................................................................................ 9 

2.1.1 Principle of ventilation ......................................................................................................................... 9 

2.1.2 The effect of wind on buildings ......................................................................................................... 10 

2.1.3 Buoyancy-driven ventilation .............................................................................................................. 11 

2.1.4 Ventilation rate and decay method ..................................................................................................... 12 

2.2 Basic heat transfer theory for ventilated buildings ................................................................................. 15 

2.2.1 Heat transmission ............................................................................................................................... 15 

2.2.2 Combined Heat transmission with mass ............................................................................................ 17 

2.3 Validation Method ................................................................................................................................. 18 

2.4 Building simulation software ................................................................................................................. 19 

2.4.1 Comparison of different software ....................................................................................................... 19 

2.3.2 The choice of IDA .............................................................................................................................. 23 

3. Modeling process .............................................................................................................................................. 25 

3.1 Modeling approach ................................................................................................................................ 25 

3.2 Description of the church ....................................................................................................................... 25 

3.2.1 Geometry of the building ................................................................................................................... 25 

3.2.2 Building structure ............................................................................................................................... 25 

3.2.3 Building characteristics ...................................................................................................................... 27 

3.2.4 Thermal bridges and leakages ............................................................................................................ 28 

3.2.5 Wind pressure coefficients ................................................................................................................. 29 

3.2.6 Equipment, lighting and occupants .................................................................................................... 29 

3.3 Data analysis .......................................................................................................................................... 30 

3.4 Validation ............................................................................................................................................... 30 

4. Results .............................................................................................................................................................. 33 



v 
 

4.1 Validation results on different model ..................................................................................................... 33 

4.1.1 ICE validation model A ...................................................................................................................... 33 

4.1.2 ICE Validation model B ..................................................................................................................... 35 

4.1.3 CO2 concentration validation ............................................................................................................. 38 

4.1 Influence of turning off heating strategy ................................................................................................ 40 

The ”turning off” heating strategy can reduce about 24% energy usage comparing with the reference 

group. , see Figure 28. .................................................................................................................................. 40 

4.2 Solar energy contribution in winter ........................................................................................................ 41 

4.3 Wind driven and Buoyancy-driven ventilation ...................................................................................... 42 

5. Discussion ......................................................................................................................................................... 45 

5.1 Influence on turning off heating strategy ............................................................................................... 45 

5.2 Solar energy in winter time .................................................................................................................... 47 

5.3 Wind driven and Buoyancy-driven ventilation ...................................................................................... 49 

6. Conclusions ...................................................................................................................................................... 51 

References ............................................................................................................................................................ 52 

Appendix 1 Wind coefficients .............................................................................................................................. 55 

Appendix 2 Heat balance of main zone ................................................................................................................ 56 

Appendix 3 Energy consumption and Temperature in 4.2 .................................................................................... 57 

Appendix 4 CO2 concentration at different wind speed ....................................................................................... 60 

Appendix 5 ACH at different wind speed ............................................................................................................. 62 

 



6 
 

1. Introduction 

1.1 Background 

Indoor environment refers to building environment quality, which makes people healthy and 

comfortable to stay in the buildings. Assessing indoor environment includes various aspects, such as 

building materials, heating ventilation air conditioning (HVAC) system, thermal comfort, indoor air 

quality (IAQ), lighting, and acoustics. One important purpose of indoor environment assessment is to 

improve energy-efficiency in these numerous areas, thereby analyzing energy flow and heat transfer 

features is quite important (Chen and Srebric, 2002). When it comes to indoor environment 

assessment method, computer simulation technology is widely used. Generally, computer simulation 

tools need detailed input information of constructions and HVAC equipment with control strategies to 

evaluate the impacts on energy demand and indoor environment performance (Nielsen, 2005). 

Comparing to other engineering methods, computer simulation is intuitive to reflect the reality. For 

this reason, computer simulation is common used in the indoor environment design, management, and 

maintenance.  

Historic buildings refer to buildings that survive to use for more than hundreds years, they symbolize 

an epoch in the history. Historical buildings often have historic, aesthetic, and even spiritual values 

(Feilden, 2012). In this respect, indoor environment of historical building needs to concern their 

conservations. This gives historic building’s indoor environment assessment specific requirements, 

such as evaluating the thermal properties of building materials, reducing air infiltration at leakage and 

opening, and using daylight (Weeks and Grimmer, 1995, Heritage, 2008, Jackson, 2005). To evaluate 

indoor environment of historical building, simulation technology works as a useful tool by many 

simulation researches (Barták et al., 2001, Groat and Wang, 2002).  

This study is a part of “Energy saving and preservation in historic monumental buildings—church 

project”, which is performed by the Academy of Technology and Environment of the University of 

Gävle, and supported by the Swedish Energy Agency. The purpose of the project is to combine 

historic building preservation with energy saving. The project focuses on six aspects:  

(a) finding measuring methods for ventilation rate and effective leakage area of the buildings; (b) 

identification methods for air leakage in building envelope; (c) particle deposition and soiling of 

surfaces — effects of air movements and air cleaning; (d) possibilities to use fan convectors and 

airborne heating; (e) long time variations in air and surface temperatures in churches and thence 

appearing air currents in particular downdraughts; and (f) possibilities to abate downdraughts 

(Source : by Swedish Energy Agency).  

As a part of this project, the study demonstrates the application of simulation approach to a historic 

stone church, Hamrånge church in Bergby, Gävleborg. Hamrånge Church is located on a wooded 

highland in Bergby, Gävleborg, which belongs to Hamrånge parish in Uppsala diocese. The stone 

church was built between 1847 and 1851, designed by county builder Carl Axel Setterberg and 

architect Johan Fredrik Åbom. The church is north-south orientation and composed of rectangular 

nave and steeple (see Figure 1). The nave expands to an apse at the southern side and steeple at the 

northern side. The exterior walls of church were plastered and painted in bright red. The nave has a 

gable roof covered with slate. The whole church is a hardwood floor. The last restoration of the 
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church was in 1934, and the interior was maintained from that time to the present. The church is 

naturally ventilated and it is provided with no intentional vents for supply or extract air. Windows are 

only used for day lighting and openings are closed most of the time. The ventilation mainly depends 

on infiltration and buoyancy force from joint, leakage area, and small opening from crawl space 

(Goicoechea and López, 2012). In addition, the church is heated by direct electricity radiators and 

bench heaters. The heating system improves thermal comfort in the church, while affecting the air 

movement. The convective air generate from heaters and downdraughts along walls and windows. 

The air movement improves the heat distribution but causes the particle deposition problem (Mateo 

and Aranaz, 2011). 

 

Figure 1 The appearance of Hamrånge church  

(Source: http://commons.wikimedia.org/wiki/File:Hamr%C3%A5ngers_kyrka.jpg) 

 

1.2 Aim and objectives 

The general aim of this study was to investigate the applicability of IDA ICE simulation software in 

modeling performances of the naturally ventilated church under the changes of indoor temperature 

and air quality. More specifically, the research objectives are: 

a) Validate IDA ICA modeling by comparing predictions with measurement data, and using different 

validation methods. 

b) Compare the energy consumption at different heating strategies in winter.  

c) Investigate solar energy and its influence on energy consumption in church. 

d) Analyze the relationships between the air change rate and two main driving forces. 

1.3 Structure of the thesis 

This study is divided into the following six sections.  

Section 1 Introduction 

http://commons.wikimedia.org/wiki/File:Hamr%C3%A5ngers_kyrka.jpg
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Section one introduced the background of this study, interprets aim and objectives of the research. 

Section 2 Theory 

This section reviews previous studies on historical building’s indoor environment simulation, analyzes 

the simulation theories, and compares relevant software.  

Section 3: Modeling process 

Section three analyzes the modeling approach and its process of the study. Firstly, it analyzes the 

modeling approach of IDA software. Then it gives a detailed description of input data from the 

church, including geographic data and thermal parameter of building materials. The third procedure is 

algorithms data. Finally, a comprehensive validation is applied.  

Section 4: Results  

This section is the results of modeling process.  

Results of simulation on energy consumption and temperature with different heating strategy, solar 

performance in winter and Change of air change rate on different wind speeds and temperature 

differences.  

Section 5: Discussion  

Discussion section gives reflections on the study results.  

Section 6: Conclusion 

This section concludes the whole study. 

  



9 
 

2. Theory 

Mass and heat transfer caused by natural ventilation are importantly affecting air quality and thermal 

performance of buildings(Crawley et al.,2001).Here mass transfer and heat transfer theories are 

summarized and related simulation software are compared.  

2.1 Mass transfer theories of natural ventilation 

Natural ventilation of buildings is the airflow exchange between the internal and external space with 

thermal, it is caused by temperature differences and wind (Linden, 1999). There are two types of 

natural ventilation: controlled natural ventilation and infiltration. Controlled natural ventilation is the 

intentional air movement through openings of building envelops such as windows, doors, and vents. It 

means air movement can be controlled by people. Infiltration is the unintentional air moves from 

outside to the building through cracks or joints of building envelops. Generally, negative 

pressurization that produce by wind and buoyancy force causes infiltration. On the contrary, air 

leakage, moving from inside to outside is exfiltration. The following section will introduce detailed 

theory of wind and its driven ventilation; buoyancy force and its driven ventilation; and how to 

measure the ventilation rate. 

 

2.1.1 Principle of ventilation  

In steady, incompressible and non-viscous flow, the Bernoulli’s equation integrates on air movement, 

the pressure gradient and gravity effect: 

 

𝟏 𝟐𝝆𝑽𝟐 + 𝑷 + 𝝆𝒈𝒛 = 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕⁄  

 

Where ρ is the air density in kg/𝑚3, V is the air volume in 𝑚3, P is static pressure in Pa, g is intensity 

of gravity in m/s2, z is altitude in m. 

Bernoulli’s equation is the basis for understanding how air flows in a nature ventilation building. As 

discussed in previous section, wind creates pressure distribution on the building. The pressure creates 

the pressure coefficients on the building, which drives the natural ventilation (Linden, 1999). The 

Bernoulli’s equation can deduce to the following equation. Pressure tapings are located over the 

surface of the building and the pressures P are measured on the surface of the building are related to 

the reference pressurePref, which is measured in the wind tunnel at a location well upstream of the 

model. Pressure coefficients Cp=P/Pref. 

P =
1

2
ρ Cpυ2 

Where ρ is the air density in kg/𝑚3, υ is the mean wind velocity in m/s. 

In advance, the wind induced airflow rate through an opening can be calculated by following 

equation(Linden, 1999):  
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Q=ACD[2
ΔP

ρ
]𝑛 

Where A is the area of the opening in m2, ΔP is the pressure drop across the opening in Pa, and CD is a 

discharge coefficient associated with the opening. And n the exponent of the power law which is currently 

considered as quadratic (n = 0.5).  

 

2.1.2 The effect of wind on buildings  

Nature ventilation is caused by wind. Wind gives surface pressures around buildings, and the 

changing of pressure distribution is the origin of nature ventilation (Allard and Santamouris, 1998). 

Figure 2 shows how wind influences on the building surface. The pressure differences depends on the 

shape of buildings, wind direction, wind speed, and the presence of nearby building (Evola and 

Popov, 2006). 

 

Figure 2 Wind induced pressure on a building surface (Hutcheon and Handegord, 1983) 

 

To calculate the relationship between wind velocity and its pressure on the buildings, Bernoulli’s 

equation can be used. Bernoulli’s equation is simplified as: 

𝑃𝑠𝑡𝑎𝑡𝑖𝑐 + 0.5𝜌𝜐2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Where Pstatic is static pressure in Pa, ρ is the air density in kg/𝑚3, υ is the mean wind velocity in 

m/s. 

Wind pressure distribution on buildings is not fairly distributed on the surface. The distribution is very 

complicate, which depends on wind direction and speed. Figure 3 shows that how different directions 

of winds influence on the pressure coefficients’ distribution. 



11 
 

 

Figure 3 Pressure coefficients on walls and roof of rectangular (ASHEAE，) 

 

 

 

2.1.3 Buoyancy-driven ventilation 

Buoyancy forces are another important part that influences the natural ventilation rate of buildings. 

Temperature differences between interior and exterior produce buoyancy forces (Linden, 1999). 

Buoyancy-driven ventilation relies on density differences to draw cool, outdoor air in at low 

ventilation openings and exhaust warm, indoor air at higher ventilation openings. A chimney or atrium 

is frequently used to generate sufficient buoyancy forces to achieve the needed flow (Davis, 2003). 

 

Figure 4 The stack effect (Allard and Santamouris, 1998) 

 



12 
 

Figure 4 shows leakage between two zones M and N. The reference pressures in both sides are 𝑃𝑀 

and 𝑃𝑁, the local pressure difference of two opening sides is𝑃𝑖 − 𝑃𝑗, 𝑆𝑜 the pressure balance equation 

can be presented as: 

𝑃𝑖 − 𝑃𝑗 = 𝑃𝑀 − 𝑃𝑁 + 𝑃𝑠𝑡 

Where Pst is the pressure that is created by stack effect in Pa.  

Or Pst can be defines as: 

𝑃𝑠𝑡 = 𝜌𝑀𝑔(𝑍𝑀 − 𝑍𝑖) − 𝜌𝑁𝑔(𝑍𝑛 − 𝑍𝑖) 

Where ZM − Zi and Zn − Zi are the relative height of leakage in m. ρM and ρN are air density in 

kg/𝑚3, g is gravity factor. 

The pressure drop of interior with height is slower than pressure drop of exterior. It makes cold air of 

exterior flow into inside in lower position, which is called infiltration; and flow out from interior to 

exterior in higher position, which is called exfiltration. The greater buoyancy force accompany with 

the increasing of temperature difference. The buoyancy forces drive natural ventilation. Figure 5 

shows how buoyancy forces produce in building. 

 
Figure 5 Stack effect (Lstiburek, 2006) 

 

Most of natural ventilation is driven by both wind and buoyancy forces. Wind and buoyancy forces 

produce pressure difference that distributed in the building envelope. Wind contributes more than 

buoyancy forces in most of modern house. However, in some historic buildings, vents in the crawl 

space are usually used as air inlet, which magnify buoyancy forces (Hensley and Aguilar, 2012). 

2.1.4 Ventilation rate and decay method 

Carbon dioxide (CO2) is a natural chemical compound. CO2 is one of components of Earth's 

atmosphere. It is a gas at normal temperature and pressure, with concentration of 0.039 per cent by 

volume. It is also a principle element of human metabolism (Wikipedia). Due to occupants’ activities, 

the concentration of CO2 of indoor may be higher than the outdoor. High carbon dioxide concentration 

(more than 5000 ppm） may cause people drowsy, sleepy, headache and even oxygen deprivation 

http://en.wikipedia.org/wiki/Chemical_compound
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(Services，). It seriously influence work and study efficiency. But already at about 1000 ppm the air 

quality starts to feel bad – the smell gets stale. So the National Institute for Occupational Safety and 

Health (NIOSH) suggests that CO2 concentration need to limit 1000 ppm for school and office, in 

contrast, the ratio is approximately 390 ppm by volume in the atmosphere (Crandall and Sieber, 

1996).  

Indoor CO2 concentration is determined by building envelope volume, occupants’ number, metabolic 

activity and air change rate. For mechanic ventilation, building it can keep CO2 concentration easily 

through adjust ventilation rate. However, for natural ventilation building, the air change rate is 

decided by location, wind conditions and temperature difference. 

Air change rate refers to how quickly the interior air replace by the outside air by ventilation and 

infiltration. It can be measured by blow door method, which increase interior pressure artificially and 

measure how long time it goes back to normal pressure difference. It can be calculate as: 

ACH=
q

V
 

Where q is fresh air supply from exterior in m3/h, ACH is air change rate in 1/h and V is the volume 

of the building in m3. 

According to this equation, air change rate is equal to how many air of indoor is entirely replaced by 

fresh air in one hour. But in fact, interior air could not be really entirely replaced. Because the fresh 

air is going to mix with the interior air rather than squeeze out the original interior air.  The US 

national ASHRAE standard for natural ventilation building recommends that air change rate should be 

between one and two per hour at least for residential buildings. However, for human health, the air 

change rate is better to be higher than three, especially small room (Brager and de Dear, 2000). 

Exponential decay method is a simple-to-use way to measure the air exchange rate. Exponential decay 

means a quantity for which the rate of decay is directly proportional to the amount present. This 

process can be described by the following differential equation, where N is the value and λ is a 

positive rate called the decay constant: 

dN dt⁄ =  −λN 

The result of this equation is: Exponential rate of change that is: 

 

N(t) = N0e−λt 

Where N(t) is the quantity at time t, and 𝑁0 is the initial quantity (Provencher, 1976). The typical 

decay curve is shown in Figure 6.  

http://www.mathwords.com/d/direct_variation.htm
http://en.wikipedia.org/wiki/Differential_equation
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Figure 6 Decay Curve(Strobel, 1998) 

 

CO2 is basically no toxic and easy to operate so that CO2 is commonly used as tracer gas in decay 

method for measuring air change rate in normal pressure difference (Moyls et al., 1992). The mass 

balance equation is: 

V ∗
dC

dτ
= S+ q ∗ Cs − q ∗ C 

V= [S+ q ∗  (Cs − C)]/
dC

dτ
 

Where V is volume of building in 𝑚3, C is CO2 concentration in the room, τ is time in s, q is fresh air 

supply from exterior in 𝑚3/s, S is CO2 emission rate 𝑚3/s, Cs is CO2 concentration in supply (fresh) 

air. If Cs is constant, air change rate n is equal to: 

ACH= 
q

V
 =

dC

dτ
 /[

S

q
+ (Cs − C)] 

 

Without regard to candles burning, the only emission sources are occupants. CO2 emission per person 

is from 0.0013 to 0.3 m3/h, it depends on human metabolism and their activities (Moyls et al., 1992). 

Decay method is used for simplifying the equation. It means all the emission sources would be 

removed after the concentration achieve a given value. When S=0, the equation is simplified as: 



15 
 

ACH=
q

V
 = 

dC

dτ
/（ Cs − C） 

2.2 Basic heat transfer theory for ventilated buildings 

The process of energy transport within and between building envelope is called heat transfer. 

According to Zeroth law of thermodynamics, heat flow always transfers from higher temperature 

body to lower one. The heat transfer can be defined by two parts: heat transmission and heat transfer 

with mass such as ventilation and infiltration. So the overall heat loss of natural ventilation (not 

consider about ventilation) is equal to: 

H = Ht + Hi 

Where H is overall heat loss, Ht is heat loss due to transmission through walls, windows, doors, 

floors, roof and etc. Hi is heat loss from infiltration.  

2.2.1 Heat transmission 

Three modes of heat transfer can be identified: Conduction, Radiation and Convection. Internal 

vibrations of molecules cause conduction. Radiation is not dependent on any material medium with 

the temperature different body. Convection is caused by air movement that take (or provide) heat from 

building surface (Hagentoft, 2001). 

The thermal resistance has been introduced to help to think of each path. Figure 7 shows how thermal 

resistance work. 

 

Figure 7 Heat transmission(Hagentoft, 2001) 

 

The balance equation of those three modes is such that: 

𝑃𝑟𝑎𝑑.𝐼𝑛 + 𝑃𝑐𝑜𝑛𝑣.𝐼𝑛 = 𝑃𝑐𝑜𝑛𝑑 = 𝑃𝑟𝑎𝑑.𝑂𝑢𝑡 + 𝑃𝑐𝑜𝑛𝑣.𝑂𝑢𝑡 

Heat conduction is one most important heat transfer mechanisms inside building structure. For one 

dimensional case, heat flow rate Q (W/𝑚2) is expressed as: 

Q = Qx = −λ
∂T

∂x
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Where λ is thermal conductivity in (W/mK) that is specific for each material depended on moisture 

condition. And multilayer structures can be handled with network analysis. The network conductance 

K(W/K) is used in the network analysis.  

The heat flow is through all the layers can be defined as: 

Q =
λ1A(Tin − T1)

d1
=

λ2A(T1 − T2)

d2
=

λ1A(T2 − Tout)

d3
 

Where A is the transmission surface in 𝑚2, d is the thickness of layer in m. 

Using conductance to replace 
λA

𝑑
 ，the equation can be simplified to: 

Q = K1(Tin − T1) = K2(T1 − T2) = K3(T2 − Tout) 

Radiation is usually performed as ducts and cylinder. Assume that the thickness of cylinder is r2-r1, 

the length is H, the heat flow of radiation is equal to: 

𝑄 =
2𝜋𝜆𝐻

𝐼𝑛(𝑟2/𝑟1)
(T2 − T1) 

The network conductance K(W/K) is defined as : 

𝐾 =
2𝜋𝜆𝐻

𝐼𝑛(𝑟2/𝑟1)
 

Heat transfer between fluids and surface can be defined as convection, which fluid can carry heat. The 

convection heat flow is expressed as: 

𝑄 = 𝛼𝑐(𝑇𝑠 − 𝑇𝑎) 

Where 𝑇𝑠 − 𝑇𝑎is the temperature difference between surface and ambient air. And 𝛼𝑐 is the 

convective heat transfer coefficient in (W/𝑚2).The convective heat transfer coefficient is influenced 

by wind speed in exterior and by temperature difference in interior. 

Windward side of the exterior(Hagentoft, 2001): 

𝛼𝑐 = 5 + 4.5𝜐 + 𝜐2  when 𝜐 ≤ 10m/s 

Leeside: 

𝛼𝑐 = 5 + 1.5𝜐  when 𝜐 ≤ 8m/s 

Interior surface: 

𝛼𝑐 = 2 ∗ (𝑇𝑎 − 𝑇𝑠)0.25   

Where 𝜐 is the speed of wind in m/s. 𝑇𝑎 − 𝑇𝑠 is the temperature difference between ambient air and 

surface. 
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The wall or window with several layers and the corresponding network of coupled resistances. The 

overall heat flow can be written as: 

Ht =AU (Tin − Tout) 

𝑈 =
1

𝑅𝑠𝑒 + ∑ 𝑅𝑖 +𝑁
𝑖=1 𝑅𝑠𝑖

 

 

 

Where A is area of transmission surface m2, U is overall heat transmission coefficient (W/m2K), Tin 

is indoor temperature, and Tout is outdoor temperature.  

U value is a measure of heat loss in unit area of a building element such as a wall, floor or roof. The 

higher the U value the worse the thermal performance of the building envelope. 

2.2.2 Combined Heat transmission with mass 

Normally heat transfer is caused by several mechanisms simultaneously. Ventilation is also an 

important factor of heat loss since the warm air of interior is replaced by cool air of exterior 

accompanying with heat loss. 

The air change rate (ACH) with a natural ventilation room with well-mixed air is defined as: 

ACH= 
q

V
 

The heat loss due to ventilation without heat recovery can be expressed as: 

Hv= Cp *ρ*qv (Tin − Tout) 

Where Cp is specific heat capacity of air (J/kgK), ρ is density of air (kg/s), qv = air volume flow 

(m3/s).  Specific heat is decided by humidity of air. For dry air, the specific heat is about 1 KJ/ kgK. 

And heat loss from infiltration is quite the same with ventilation equation, which is: 

Hi= Cp *ρ*n ∗ V (Tin − Tout) 

Where n is air change rate and V is volume of building.  

 

In natural ventilation building H= Ht + Hi, it means heat only lose from transmission of building 

envelop and infiltration.  And the heat supply is coming from heat radiator, other electrical devices, 

sun radiation and heat emission from occupants. Using a network conductance Kv, we get: 

𝐻𝑖=Kv*(Tin − Tout)  Kv= nV ∗ρCp 

Temperature decay method is another way to calculate network conductance of heat loss. We assume 

that there is a natural ventilation room in given temperature. Heaters are shut off after achieving the 

given temperature. The room temperature at time zero is Ti(0) and the external temperature is 
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constant Te. The indoor temperature is not only interested on the first period state but also the more 

long time behavior. The total volume of the inner space is V in 𝑚3, its heat capacity is ρc in J/𝑚3K.  

The energy balance can be expressed as: 

−ρcV
𝑑Ti

𝑑𝑡
= 𝐾(Ti(𝑡) − Te)  K=Kv+AU 

The solution of the differential equation is: 

Ti = Te + (Ti(0) − Te) ∗ 𝑒
−𝑡
𝑡𝑐  

The temperature declination time is 𝑡𝑐   

𝑡𝑐 =
ρcV

𝐾
 

 

2.3 Validation Method 

Simulation results provide vital information for decisions and actions. Validation is the most 

important processes, which helps to ensure that models and simulations are correct and reliable. 

Validation that decides whether the simulation is able to adequately support its intended use has also 

two aspects: conceptual validation and results validation. (Pace, 2004) The methodology of validation 

consists of several processes. This process includes classic design of experiments (DOE) and fitting 

through standard measures such as R-square and cross-validation statistics.(Kleijnen and Sargent, 

2000) 

Design of Experiments (DoE) has a long history when applied as part of validation. The essential 

requirements for DoE method to validation are that quantitative factors such as temperature or flow 

rate are tested. Through DoE process, it reveals the magnitude of the effect of each factor. The effect 

of factors can be used as validation for improving research quality(Sargent, 2005). 

Fitting is a method through mathematical tools substituting existing data to a logarithmic 

representation. Research work, such as sampling by experimental methods can obtain certain discrete 

data. Based on these data, researchers tend to want to get a continuous function or more intensive 

discrete equations coincide with the known data, this process is called fitting. By fitted the simulation 

results and measurement data, it can assess model quality. In statistics, the coefficient of 

determination denoted R-square could indicate how well simulation result fit measure data or 

statistical model. The validity of observations depends on how small P-value is. P-value represents 

how much R-square result happens by chance. 

 

 

http://en.wikipedia.org/wiki/Statistics
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2.4 Building simulation software 

2.4.1 Comparison of different software 

Simulation is widely used in evaluating the impact of energy demand and indoor environment in 

building design and management section. Several simulation softwares have been developed to energy 

use and indoor environment simulation for researching and commercial usage. They are from 

simplified calculation procedures by hand to complicated dynamic simulation models that utilize 

detailed numerical calculations of the heat, air and moisture transport. 

Table 1 Comparison of software  

Functions TRANSYS EnergyPlus ESP-r IDA ICE 

Internal thermal mass 
    

User-specified steady-state, steady-periodic 

or fully dynamic design conditions 
    

User-selected outside surface   convection 

algorithm 
   

Single zone infiltration 
    

Buoyancy driven ventilation     

Displacement ventilation     

User-defined pressure coefficients     

User-specified temperature control strategy     

 (Source: (Crawley et al., 2008))) 

 

Esp-r, TRNSYS, Energyplus and IDA ICE are currently the most popular multi-zone building 

simulation software. Multi-zone means they can divide building area to zones with different size. 

They can analyze the energy consumption and indoor environment in each zone level. They provide 

powerful simulation function in temperature and air movement work with nice visual interface. But 

they also have their own characteristics and advantages.  

1.TRNSYS 

TRNSYS (http://sel.me.wisc.edu/trnsys/) is an extremely flexible software tool used to simulate the 

performance of transient systems. Each physical component in the system, such as a heat pump or 

solar collector, is represented by a different FORTRAN subprogram. Those subprograms combine 

controlled strategies with input descriptions how physical components are connected.  
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TRNSYS has been used as solar thermal systems simulation program as well as more general HVAC 

systems. TRNSYS was developed by the Solar Energy Laboratory, University of Wisconsin in 1975. 

The latest version, TRNSYS 14.2 was available in 1996.  

TRNSYS implements a component-based approach. TRNSYS components are from as simple as a 

pump or pipeline to as complex as a multi-zone building model. Those components are assembled in 

the integrated visual interface that you can mange the whole model with data inputting. In building 

thermal simulation level, all HAVC system components can work simultaneously in adjustable time 

step. To facilitate establishment of the model， the TRNSYS library includes components for solar 

thermal and photovoltaic systems, low energy buildings, HVAC systems, renewable energy systems, 

cogeneration, fuel cells and etc. 

The TRNSYS facilitates the addition of new mathematical models from the third-party programs. 

New components can be developed in any programming language or modules implemented by other 

software (e.g. Matlab/Simulink, Excel/VBA, and EES). They can be embedded directly. For general 

users, TRNSYS provides online courses show how to start your simulation work. Figure 8 shows the 

visual interface of TRNSYS and how components network work. 

 

 

Figure 8 The visual interface of TRANSYS(TRNSYS, Features of TRNSYS) 

 

2.Energy plus 

Energy plus (http://apps1.eere.energy.gov/buildings/energyplus/) is a synthesized energy analysis and 

thermal load simulation program, which is developed on the basis of two successful simulation 
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programs, DOE-2 and BLAST. It is fully integrated with the heat balance engine and various HVAC 

modules, such as coils, boilers, chillers, pumps and fans. Based on user's description of building, 

Energy plus can analyze heat and cold load in specified set point. It includes many innovative 

simulation capabilities, such as modular systems and plant integrated with heat balance-based zone 

simulation, thermal comfort, and even photovoltaic systems.  

EnergyPlus provides user interfaces and new modules written in Fortran 90. Loads calculated (by a 

heat balance engine) at a user specified time step (15-min default) are passed to the building systems 

simulation module at the same time step. Feedback that comes from the building systems simulation 

module automatically continues to the next time step of the load calculations in adjusted space 

temperatures. Figure 9 shows the interface of data inputting and outputting, and the modeling and 

debugging mode in EnergyPlus . 

 

Figure 9 The interface of Energy Plus(Energy，) 

 

EnergyPlus is open source program and its codes are very understandable. User can develop new 

modules with specified algorithms. Those new module developments can keep pace with new 

building technologies, maximizing public impact of latest buildings research(Crawley et al., 2001). 

 

3.ESP-r 
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ESP-r (http://www.esru.strath.ac.uk/Programs/ESP-r.htm) is a general-purpose simulation program 

that can be used in building thermal, inter-zone airflow, intra-zone air movement, HVAC systems and 

electrical power flow simulation field. It has been under development for more than 25 years. In ESP-

r users can control detailed modules from the geometric to algorithms of system operations in order to 

match the requirements of particular project. It supports energy balance simulation in each zone and 

each surface. ESP-r is an open source software and free for all users. It is also easy learning for users 

and developers. Its web site provides example models, source code, tutorials and other resources for 

developers. Figure 10 shows the interface of ESP-r.  

 

Figure 10 The interface of ESP-r(Engineering，) 

4.IDA ICE 

IDA Indoor Climate and Energy (IDA ICE) (http://www.equa-solutions.co.uk) is a relatively new 

software for thermal comfort, indoor air quality and air consumption in building. But now, it is the 

global leader of building simulation program. IDA ICE is known for its expertise, high quality 

standards and leading edge technology development. The first version was released on May 1998, and 

it is version 4.6 at the time of this writing. IDA ICE is a new generation of building energy simulation. 

Physical systems from several domains are in IDA ICE described using symbolic equations, stated in 

http://www.esru.strath.ac.uk/Programs/ESP-r.htm
http://www.fsfeurope.org/
http://www.equa-solutions.co.uk/


23 
 

either or both of the simulation languages Neutral Model Format (NMF). It means new algorithms 

and components can be added more rapidly.  

The interface of IDA ICE is user-friendly which means users can be easy access to common 

simulation task through using its wizards. The standard interface provides users to formulate a 

simulation model using domain specific concepts and objects, such as zones, radiators and windows. 

In the Advanced interface, expert users are able to edit the mathematical model that system provides. 

 So it becomes the most successful commercial building simulation program. Figure 11 shows the 

standard level interface, building parameters are defined graphically or numerically according to user 

preference.  

 

 
Figure 11 The interface of IDA ICE (Björsell et al., 1999) 

2.3.2 The choice of IDA 

There are three vital factors to consider from the user's side for selecting a simulation program. The 

first factor is needs and purposes. Selecting an overpowered simulation program is not only 

unnecessary and expensive, but it might bring more mistakes due to the increasing of complexity. 

Simulation always needs a lot of time waiting for the calculation process. User must consider about 

the balance between cost, speed and accuracy. The second factor relates to availability. A nice 

simulation program should make user easily understand. Users have more choice to select different 

components and algorithms. It must have a good mechanism to import or export data with an external 

databases. The third factor is usability. The simulation software must be easy learning and user-

friendly in order for reducing the time that spent on for new users(Hong et al., 2000). 
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There are several reasons for choosing IDA ICE as simulation program for this case. IDA ICE 

provides comprehensive function for building simulation such as thermal balance, energy usage and 

indoor air quality simulation on user specified time step. IDA ICE was developed in Sweden. It means 

relative parameters was presetting according to Swedish standard. There are a lot of cases that show 

IDA ICE works very nice in Swedish building simulation(Sahlin et al., 2004, Hamdy et al., 

2009).Finally IDA ICE have better interface for users that other software. That can effectively reduce 

the learning and operating time.  

But IDA ICE has also a lot of deficiencies in this research. The biggest problem is IDA ICE cannot 

support using power as input, it causes some trouble on this work.    
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3. Modeling process 

3.1 Modeling approach 

In this case, building energy usage and indoor environment simulation has been performed in IDA 

ICE software. The simulation model for object building, Hamrånge Church was built in IDA ICE. The 

simulation model is based on detailed construction parameters, construction materials, control 

strategies of heating equipment and schedule of occupants. The relative meteorological data for 

simulation were imported to the model. 

After modeling process, validation is performed. The result of validation determines whether the 

model is adopted. In order to comprehensive inspect the quality of the model, steady validation with 

temperature and energy consumption and dynamic validation in specified step change is performed.  

Through constantly comparing and adjusting, the model will pass statistical tests to make sure the 

model can accurately simulate the real situation at last. Because of the limitation of the software and 

data acquisition, there are some unavoidable biases. Those biases were discussed later on the 

conclusion section.  

3.2 Description of the church 

3.2.1 Geometry of the building 

Hamrånge kyrka is located in Bergby, Gävleborg. The latitude is North 60° 55.627', and the longitude 

is East 17° 2.340'. Hamrånge church is placed on small hill near the village, Bergby. The surrounding 

environment is similar to open country. The orientation of church tower is 340 degrees, that is NNW 

direction. 

3.2.2 Building structure 

Hamrånge church is a fairly standard church building with a rectangle church nave that length is 

40.18m and width is 16.64m. The church roof is vault that means the middle roof is higher than two 

sides. The height of the middle of the nave is 13.7m and two sides’ heights are 12.9m. The 0.7-meter 

height crawl space is placed under floor level, which includes several ventilation vents that are 30∙30 

cm2. Those vents are opening the whole year round even in winter for ventilation. There are two 

small rooms that were separated by concrete walls in the main space, one is vestry and the other is 

storage. Bench heater and electrical radiator are in the church nave. There are some furniture on this 

church such as bench, benison table and others. The main sources for indoor lighting are lamps and 

candles. Figure 12 and Figure 13 show the side view and floor plan of the church.  
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Figure 12 Size of the church relative to reference height (H) of the roof(Sandberg et al., 2011) 

 
Figure 13 Size of the church floor plan relative to reference height (H) of the roof(Sandberg et al., 2011) 

 

IDA ICE cannot support to add components such as bench heater. The alternative way was that 

defined three layers to this model, which include crawl space layer, main space layer and a virtual 

layer for installing bench heater. The button layer is crawl space, and the middle layer is virtual layer, 

there is 50 cm that is the height of bench heaters. Floor heaters were installed in this layer for instead 

of bench heaters. The upper layer starts from bench height to the roof. Every layer includes three 



27 
 

zones, entrance, attic, and main space that combine the nave with priest room and storage. Finally, 

there are nine zones in this model. Detailed construction parameters of these nine zones are shown in 

Table 2, and schematic diagram of the model is shown in Figure 12. 

Table 1 Building structure parameters 

Zone Function Length (m) Width (m) Height(m) Volume(𝐦𝟑) 

1 Entrance, Crawlspace 5.42 1.95 0.7 7.4 

2 Main zone, Crawlspace 40.18 16.64 0.7 468 

3 Altar, Crawlspace 4.5 6.8 0.7 21.4 

4 Entrance, Middle 5.42 1.95 0.5 5.2 

5 Main zone, Middle 40.18 16.64 0.5 334.3 

6 Altar, Middle   0.5 15.3 

7 Entrance 5.42 1.95 12.4 131 

8 Main zone 40.18 16.64 12.4 6100 

9 Altar   12.4 312.1 

Total     7400 

  

 

Figure 14 Building Model 

3.2.3 Building characteristics  

In building heat transmission analysis, thermal characteristics and thickness of materials are an 

important part. They decide how much heat transmitting loss is. In this case, the research object is a 

historic stone church whose materials have good conductivity. The church is low energy efficiency. 

Table 3 shows the detailed building envelope characteristics. 

 

 

 

 

 

 

Entrance 

 

Main Space 

 

Altar 
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Table 2 Building envelop characteristics 

Layer Description Conductivity (W/m 

K) 

Density (Kg/𝐦𝟑) Specific heat (J/kg K) 

External wall  0.919m stone 2.7 2700 880 

0.1m concrete 1.7 2300 880 

Internal wall 0.21m brick 0.58 1500 840 

Internal floor 0.05m wood 0.14 500 2300 

External floor 0.1m sand 0.33 1500 800 

0.05m 

wood+0.02m air 

gap  

0.036 20 750 

Roof 0.1m concrete 1.7 2300 880 

0.4m light 

insulation 

0.036 20 750 

Window  Net glazing area of  

each window (m2) 

U-value( W/m2K) Solar transmittance 

Windows on 

both sides(big) 

12.75 1.2 0.7 

Windows on 

both sides(small) 

6.25 1.2 0.7 

Windows on 

altar 

7.75 1.2 0.7 

*Windows are preset to standard single glazing and clear. 

3.2.4 Thermal bridges and leakages 

Thermal bridge is a phenomenon of heat transfer, which means a penetration of the insulation layer by 

a highly conductive takes place in the separation between the interior and exterior environments of a 

building assembly. Thermal bridging is created when materials contact with a poor thermal 

insulators(Allen and Iano, 2011). But thermal bridges of the objective church cannot be measured on a 

reasonable way. Considering about the synthesized thermal performance of old church building, 

thermal bridge was assumed at poor condition in this model, which the value are the joint of two 

external walls is 0.0792 W/K m, external wall and roof is 0.09 W/K m, external slab and external wall 

is 0.14 W/K m.  

Infiltration is an important part for natural ventilation building such as the objective church. 

Infiltration of the whole building was measured by pressure pulse technical and decay method on Feb 

8th 2012. The total infiltration of whole building is 7280 liters/s at 50 Pa pressure difference. [23]. 

http://en.wikipedia.org/wiki/Heat_transfer
http://en.wikipedia.org/wiki/Thermal_insulation
http://en.wikipedia.org/wiki/Thermal_insulation
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The infiltration data were used in the whole building level. The value was converted to the ACH (air 

change rate) at 50pa pressure difference as input. The ACH of the whole buildings are equal to 3.54 at 

50 Pa pressure difference, which is shown in Figure 15. 

 

Figure 15 Infiltration input 

 

3.2.5 Wind pressure coefficients 

Wind pressure coefficients for external surface represent relatively pressures on different facades 

caused by wind. It is a significant supplement for the simulation work. Those data were measured in a 

wind tunnel experiment. Researchers measured every facade’s pressure at eight different wind 

directions. Figure 16 shows how wind pressure coefficients are used in IDA ICE. 

 

Figure 16 wind pressure coefficients 

3.2.6 Equipment, lighting and occupants 

In this model, floor heating in virtual layer was used instead of bench heaters. The rated power is high 

enough because those heaters are controlled by air temperature sensors. There is also several 

electricity radiators were below every window, which rated power is 8000w for every single one. 
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Furniture is treated as an important heat source; the main zone has 42 benches. In this model, it was 

placed on main space area.  

Lamps provide illumination for the objective church. Most of them are energy-saving lamps that is 

50W each. There are twenty-one lamps in the main space, four lamps in the altar and one lamp in the 

entrance.  Those were set on the list of electricity equipment in the model. 

It is a complicated work to setting occupants and their schedule in the church. Those were estimated 

on the validation part and adjusted constantly. Occupants are extra thermal sources and CO2 emission 

sources. Through the change of indoor temperature and CO2 concentration, number of occupants and 

their schedule can be estimated.  

3.3 Data analysis 

IDA ICE has a standardizing input and output interfaces. Data must be analyzed and organized in 

order to adapt input interface of IDA ICE. 

Some necessary measurement data have been collected before. Measurement data on objective 

building came from reports of researchers in the project. These data were obtained through a variety 

of technologies that include wind tunnel test for wind pressure over the facades and tracer gas 

technique for quantifying air change rate. The air leakage data was provided by pressure pulse 

experiment. Pressure coefficients of all facades were measured by wind tunnel in the lab. Another 

relevant data came from meteorological station, Google earth and industry technical standards. Data 

of temperature, humidity, wind speed and wind direction were obtained from Bergby meteorological 

station that is located on only 1km towards Hamrånge church. Data of global irradiance and direct 

irradiance were referenced from SMHI STRÅNG that provides detailed irradiance data in selected 

longitude and latitude. Diffuse irradiance data was calculated on global irradiance minus direct 

irradiance.   

Indoor temperature data in objective building were measured from several heights, which also include 

air temperature, wall temperature, floor temperature, ceiling temperature, crawl space temperature and 

relative humidity. The air temperature was measured on the mast what distance to the wall is 0.88m, 

and measurement interval is one minute. Those data apparently show temperature gradient 

phenomenon on the height dimension. But it only needs one temperature data as target temperature for 

validation. The air temperature and wall temperature of 1.6m was selected as target data because of 

well mixed. 

The total heating power in the whole building level was measured at one-minute intervals. 

3.4 Validation 

Validation determines whether the model can meet the requirements of correctness and accuracy. 

Through constant validation, the model can better simulate the real system. But no matter how many 

time spends on the model validating, it is impossible to replace the real system(Giannasi et al., 2001). 

When a model passes various tests, reliability in the model is enhanced. Otherwise, it would be 

rejected because it fails to predict the real system(Martis, 2006). 

Validation needs deal with the assessment between ‘sufficiently accurate’ computational results from 

the simulation and the actual data from the real system. Validation does not specifically define how 
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the simulation model can be improved the reliability. The strategy does not assume that the actual data 

are more accurate than the computational results. The strategy only asserts that simulation results are 

the most faithful reflections of reality for the purposes of validation(Oberkampf and Trucano, 2002). 

As a building simulation program, its fundamental function is thermal balance simulation. Heating 

system has a specified control strategy. It means indoor temperature was controlled within a small 

fluctuation range. Through adjusting control strategy of model, validation model A makes the 

simulation temperature close to the relatively constant indoor air temperature. Thus, by means of 

comparing the difference of heating output, model can be verified. Figure 17 shows a sketch diagram 

of model A. According to the measurement data is relatively fixed in selected height, a setpoint 

(19.5℃) was used in model A. 

 

 

 

 

 

There is another validation method that can be worked through IDA ICE. The studied building is a 

totally natural ventilated building. The main heating power is provided by electricity heating 

system .The model B was modified slightly in model A, which use heating power as input. Because 

IDA ICE can provide the function of adjusting equipment power with specified schedule. In statistics 

sense, one variable is easier to be statistical analysis. This sketch diagram of model B is shown in 

Figure 18. 

 

 

 

      

 

 

The Meteorological data mainly came from a meteorological station that is located in Bergby near 

Hamrånge church.  

Model 
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Climate 

Heating power 

Indoor climate 
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Meteorological data 

 

Heating Power 

Indoor climate 

Figure 17 Validation model A 

Figure 18 Validation model B 
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In validation model A, indoor air temperature was controlled by temperature setpoint in IDA ICE. It 

means heating system keeps indoor temperature steady on the setpoint comparatively. In model A, a 

weekly simulation was executed, and time step of simulation output was set to one hour. The mean air 

temperature of main zone (church nave) and energy consumption was simulated by IDA ICE. The 

simulation period was from 00:0014th December to 24:00 21st December 2010.    

In validating model B, heating power was placed as input through setting heating schedule. The only 

one output is mean air temperature of main zone (church nave). A daily simulation was executed in 

this case. Time step of simulation output was also reduced to ten minutes. The simulation period is 

from 0:00 to 24:00 at 8th December, 2010. Researchers made a step change experiment on selected 

day, they shut down all the heating devices from 13:50 8th Dec to 8:50 9thDec. The measured 

temperature shows a decline curve from 19℃ to 12℃.  This validation model focuses on simulating 

how the model follows temperature step-change on dynamic condition. 

Besides ”step down”, also ”step up” simulation was performed. The simulation period is from 6:00 to 

24:00 at 9th December, 2010. Researchers made a step change experiment on selected day, they shut 

up all the heating devices from 8:50 9thDec to make the indoor temperature back to setpoint. The 

validation shows whether the model and the software can reflect reality on heating devices part.   

Air change rate is another item for validation. Through using decay method of CO2 concentration, the 

air change rate of the building level was validated. The simulation period is form 14th December to 

21st December 2010. Because a big Saint Lucia activity was held in 13th Dec, that provides a good 

condition to simulate CO2 concentration decay curve.  
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4. Results 

4.1 Validation results on different model 

4.1.1 ICE validation model A 

Indoor air temperature validation 

Temperature was measured at different heights of the nave every minute in simulation period. But 

those data cannot be used in validation entirely. Through comparing air temperatures from different 

measurement height, it was found that temperature is rather homogeneous. This indicates that warm 

air and cold air is fully mixed in the objective building, especially above the 1.6 meters height. So the 

temperature from measuring point at 1.6 meters over floor was selected as reference for validation. In 

order for testing how the model works, a weekly simulation was executed, which includes day and 

night, weekday and weekend. The time step of simulation output was set at one hour for balancing on 

simulation speed and accuracy.  

The comparison diagram is shown in Figure 19. It shows that majority of simulation temperature 

points are fitting the empirical measurement. Statistics analysis can confirm the conclusion also. 

Multiple R that close to 0.5 shows that linear fitting is basically significant, see Table 4. Moreover, the 

uncertainty of simulation is 0.188 for 95% confidence interval. It shows that the temperature 

validation can be acceptable. However, due to the relatively large time step of simulation, the 

temperature seems discontinuously. Some unexplainable step change actually caused by technique 

reason. 

 

Figure 19 Comparison of indoor air temperatures, model A. 
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Table 3 Goodness fit of air Temperatures, model A. 

Multiple R 0.49 

R Square 0.24 

Standard error 0.0942 

Observation 193 

P-Value 2.78E-15 

 

 

Heating power Validation 

The heating consumption came from bench heaters and electrical radiators, which is used in keeping 

indoor temperature in setpoint. As comparison, the real power usage in every minute was measured 

before, which was integrated by hourly. The comparison diagram is shown in Figure 20. 

 

 
Figure 20 Comparison of heating power 

 

In the regression analysis, the Multiple R is 0.64. It confirms that the result of linear fit was 

significant. The definition of the linear regression equation y=ax+b, when a →1 b →0, (a=1.017 

b=0.084) means those data fit well, see Table 5. However, it also have some unexplainable step 
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change. Through comparing with measured temperature data, it was found that step change is 

synchronized. This shows the limitation of this simulation.  

 

 

Table 4 Goodness fit of heating power 

Multiple R 0.72 

R Square 0.52 

Standard error 3.92 

Observation 193 

P-Value 0.0013 

 

Although temperature test and heating power test of validation model A shows the IDA model can 

sufficiently simulate the objective building performance in acceptable accuracy. The test still needs be 

improved, such as in temperature test, the multiple R is not more than 0.5 that shows those are not 

good correlation. And the P-value is very small that means the result is significant. So the model 

needs introduce validation model B to go further validation. 

 

 

4.1.2 ICE Validation model B 

In validation model B, a dynamic heating power was used as system input in model B. IDA ICE is 

lack of an effective method inputting heat power. So there are some equipment that was set in IDA 

model. The time schedule of equipment power was used in replacing heating system in this model.  

Heating power that was measured by researched before were used as input data. The power of 

equipment is converted to percentage of the maximum power in IDA system. In the simulation period 

the maximum power value is 88.1kW, power data were divided by this maximum power value first. 

The result was recognized as input value. (For example, the current power is 72kW, the input value is 

72kW/88.1kW=0.82.) Before 1 p.m. in the simulation period, the input data were averaged by half 

hour. Because the power output value is almost steady. When step-change experiment starts, power 

value were averaged by 5 minutes. The curve of power input is shown in Figure 21. 

 

app:lj:%E5%90%8C%E6%AD%A5%E7%9A%84?ljtype=blng&ljblngcont=0&ljtran=synchronized
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Figure 21 Heating power fluctuate in IDA system 

 

Figure 22 shows that the simulation results fit well with measurement data. The temperature is nearly 

constant 19℃ to 20℃ before 13:45. Then the temperature is continuously descending until 12℃. The 

goodness fit of temperature shows that the simulation fit very well with measurement result. The 

result is significant, see Table 6. 

 

Figure 22 Temperature step change test A 
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Table 5 Goodness fit of temperature 

Multiple R 0.996 

R Square 0.992 

Standard error 1,53 

Observation 720 

P-Value 0.0001 

 

“Step down” validation shows whether the model is good performance on thermal in building 

envelop.  But it still has some differences should be noticed. In the beginning of temperature 

decreasing, the deceasing slop of measurement data is obviously larger than simulation data. The 

simulation also shows that the simulation temperature change is a little bit slower than the real 

measurement.  

The step-up change test was performed which shows whether the model is good performance on 

electrical heating. In the simulation period the maximum power value is 139.1kW, all power data were 

divided by this maximum power value. The input data were averaged by every ten minutes. Because 

the power output value is almost steady. The curve of power input is shown in Figure 23. 

 

Figure 23 Heating power fluctuate in IDA system 
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Figure 24 Temperature step change test B 

 

Figure 24 shows that simulation temperature increases smoothly and gradually. When heat system 

restarted again, the indoor temperature of measuring data increased sharply than simulation opposite. 

One likely reason is in the objective church, warm air mixed better than such mixed in simulation 

model.   

.  

 

4.1.3 CO2 concentration validation 

CO2 concentration is highly depending on human activities. In order for testing simulation of air 

change rate better, a special day was selected. The comparison measurement of CO2 concentration 

from researchers shows that a big activity was held in 13th December 2010 that is St. Lucia's Day. 

After that, there was no activity until the end of the simulation period. It is a perfect time for CO2 

concentration validation test.   

The measurement decay curve shows obviously logarithmic dependences. Because the CO2 decay 

slop is continuously decreased. The decay rate β can be expressed as y(t)= βt +In(C0),  β=
In(C)−In(C0)

dt
 . 

At first, all concentration data should subtract the background CO2 concentration 400 ppm. Then it 

needs logarithmic process then it can get the decay rate from linear fit. Figure 25 shows the decay rate 

of measurement CO2 concentration data is 0.102. In decay method, the ACH is equal to the decay rate 

of CO2 concentration. So the ACH of nature pressure different in this building is 0.102h−1. 

Comparing of the ACH at 50pa pressure difference, which is 3.54h−1. It is about 35 times to nature 

pressure difference. 
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Figure 25 Logarithmic of CO2 concentration 

In simulation model about 70 occupants was set in. This activity is held from 8:00 at morning to 23:00 

at night. The CO2 concentration is measured from 14th 0:00. Two curve of CO2 concentration decay 

are too close. It means the simulation model is approximately the same decay rate or ACH with the 

measurement data, see Figure 26. 

 

 

Figure 26 CO2 concentration comparison 

 

IDA Model of Hamrånge church was well validated in the previous section. It indicates that this 

model can simulate the indoor environment and energy performance with acceptable accuracy. 
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Through changing some input data, some virtual experiments were performed for studying how to 

improve indoor environment quality and energy performance in objective building.  

4.2 Influence of turning off heating strategy 

Energy conservation is the first part that we need to focus on. The usual way is trying a new heating 

strategy such as turning off heating system at night, because almost no one stay at church at night. It 

seems an environment-friendly and economical solution. But it needs more power for starting up in the 

morning, because of the lower starting temperature. We need to verify whether this strategy can really 

save energy and how much energy can be saved in this experiment. A three days simulation is performed 

in this experiment. Heating system is turned off from 22:00p.m to 6:00 a.m. Because the heating system 

needs time preheat at morning for serving people. As a reference group, a full day heating simulation is 

performed in the same simulation time period. Figure 27 shows the power difference of two systems. 

 

Figure 27 Comparison of power change 

 

The ”turning off” heating strategy can reduce about 24% energy usage comparing with the 

reference group. , see Figure 28. 
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Figure 28 Comparison of energy consumption 

 

Figure 29 temperature comparison between indoor and outdoor that shows that temperature decay 

curve when the heating is shut down according to schedule.  

 

Figure 29 Comparison of temperatures 

  

 

4.3 Solar energy contribution in winter  

A church is a special building that has a gigantic single space, often with large windows for decoration 

and illumination(Dungworth, 2012). Solar energy influence that occurs on indoor temperature and 

energy consumption is an interesting subject. A selected normal clear sky winter day according to 

meteorological data, 12th of Dec 2010 was used as input in this simulation work. Figure 30 shows 

energy consumption of heating system at noon and night.  
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Figure 30 Simulated Solar radiation and heating consumption 

Figure 31 shows the maximum power of solar radiation in every hour. The time span in every hour is 

from 30 to 30. For example, the power of 10:00 is the maximum power from 9:30 to 10:30.  

 

Figure 31 Solar radiation in Simulation 

 

 

4.4 Wind driven and Buoyancy-driven ventilation  

CO2 is used as trace gas for measuring air change rate. In this simulation, 70 occupants were set in 

simulation model with a full day activities for producing enough CO2. 

In order to understand the relation between the wind speed and air exchange rate. Wind speed data 

was separately set from 0m/s to 10m/s with the same direction as meteorology input in simulation 
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10℃ in simulation period (12th Dec).  The CO2 concentration decay curve in different wind speeds is 

shown in figure 32. 

 

Figure 32 CO2 concentration decay curve 

 

Another ventilation driven force is buoyancy force that relates on temperature difference. In the 

experiment, the exterior temperature was separately set to -20℃, -10℃ and 0℃as meteorology input 

in simulation period. The indoor temperature keeps steady by using heating control strategy. To 

exclude the interference of the results by buoyancy force, wind speed was set 0m/s in simulation 

period (12th Dec. to 14th Dec.). The CO2 concentration decay curve in different exterior temperature is 

shown in figure 33. The curve shows that the decay rate is almost the same in the different condition 

of temperature difference between interior and exterior.     
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Figure 33 CO2 concentration decay curve 

 

According to decay method, ACH=
q

V
 = 

dC

dτ
/（ Cs − C）, the air change rate of objective building on 

the different wind speed is shown in Figure 34. The diagram shows that the air change rate of different 

wind speeds fit linear equation, which air change rate increasing accompany with the wind speed 

rising. It is not possible to get the predicted ACH directly from IDA ICE so all of ACH data were 

convert from decay method.  

. 

 

Figure 34 ACH at different wind speed 
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5. Discussion 

5.1 Influence on turning off heating strategy 

Heating strategy experiment shows that temperature decreases sharply in first 3-4 hours. Four hours 

later, the simulation temperature is close to 12℃. Then the decreasing tendency goes slowly to the 

minimum temperature that is about 9℃. As a reference, exterior temperature is about -10 ℃± 2.5℃ in 

simulation period. The similar experiment has been performed by another researches in measurement 

method that was mentioned in validation part. In this experiment, researches try to keep the lowest 

heating power supply (12kW) at night instead of all turning off. It makes the temperature decrease 

slower. And the minimum temperature (12.5℃) is higher than the simulation result. The indoor 

temperature is 12℃ that is acceptable for church preservation. It seems too cold for thermal comfort 

but acceptable at night( Evola, G & Popov, 2006) . The lowest heating strategy can make a good 

balance between preservation and energy efficiency.   

In totally ”turn-off ” heating strategy, heating system is totally turned off from 22:00p.m to 6:00 a.m. 

every day. The partly heating of strategy is a little different of totally ”turn-off ”, it keep a relatively 

lower heating output from 22:00p.m to 6:00 a.m. every day keep in at least 12℃ heating during those 

period. The steady heating strategy should keep indoor temperature always be equal to 19.5℃ the 

whole day. 

Using total ”turn-off ” heating strategy can reduce about 8.9% energy usage comparing with normal 

heating strategy. But it seems too adventure for church preservation and heating system maintenance.  

Partly ”turn-off ” heating strategy means keep a relatively low heating power. The strategy has more 

advantages than totally ”turn-off ” heating strategy, such as slow decreasing and higher minimum 

temperature. Using this strategy, about 4% energy usage is reduced. Figure 35 shows the comparison 

of energy consumption in three different heating strategies at one simulation day.  
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Figure 35 Comparison of energy consumption in 24-h-period 

 

In addition energy conservation needs consider its cost and profit. In Sweden electricity market, the 

electricity price is variable depending on demand. Under normal circumstances morning is rush hour 

because electricity is high demand on working time, on the contrary there is lower price at night. 

Figure 36 shows hourly electricity price in Nordpool electricity exchange market at 15th,Jan 2014 and 

power consumption from a turn off simulation day. It shows that the electricity spot prices in peak 

hours are almost twice than the idle hours. So the turn off strategy would indeed cost more than 

normal heating strategy. As a rough calculation is turn off strategy is saving about 8% of total energy 

usage per day and the average cost is 40 euro per Mwh hours. If the objective building uses 1 Mwh 

per day in normal way, it might save 3.2 euro per dag. But assuming the energy consumption is 

equally split to 12 parts in turn off heating strategy and the energy price is higher at least 20% and its 

energy consumption is 10% more than normal heating way in those 16 hours. The cost might be 

higher 9% than normal heating way.   

 

Figure 36 Electricity prices and energy consumption in ”turn off ” strategy(Nordpool，, 2014) 
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5.2 Solar energy in winter time 

Winter in Sweden is long and cold. It also means long darkness and little sunshine. Solar path refers to 

the apparent significant seasonal-and-hourly positional changes of the sun (and length of daylight) as 

the Earth rotates, and orbits around the sun. In solar path diagram in Stockholm, it shows solar 

altitude and solar angle in different time of a year in Stockholm. It shows that the sunrise time is after 

9am and the sunset is before 3pm in 21st December. The solar altitude is about 10 degree. It means 

the sun is so close to the horizon line, see Figure 37.  

 

Figure 37 Sun path Diagram in Stockholm(Tools，) 

 

The solar attitude is 10 degree that means the zenith angle is 80 degree. Figure 38 and 39 shows how 

much solar radiation comes from beam radiation and global radiation in specified zenith. 

 

http://en.wikipedia.org/wiki/Sun
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Figure 38 Beam radiation(Wong and Chow, 2001) 

 

Figure 39 Global radiation(Wong and Chow, 2001) 
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Diagrams show that beam irradiance and global irradiance in winter is higher than those in summer on 

the same Zenith angle. The snow cover produces diffuse reflection to global radiation that make the 

radiation strengthen(Dozier, 1980). Excluding the contribution of solar radiation on the exterior 

temperature, the solar energy provides about 20% energy consumption on a winter noon.  

The direction is another important feature on solar heating. Due to Hamrånge church is nearly north-

south direction, the highest solar radiation does not occur at 12 o’clock.  

 

5.3 Wind driven and Buoyancy-driven ventilation 

 

For buoyancy force driven ventilation, the simulation result Figure 33 shows It is relatively fixed, it 

cannot changes intensively with the increasing of temperature difference. According to the 

logarithmic method, the air change rate on different temperature is approximately 0.084 when wind 

speed is 0 m/s. Researches in this project have performed the same experiment in real weather 

condition. Their results show the air change rate seems apparently influenced by the temperature 

difference. Figure 40 shows temperature difference matches with the air change rate in some parts.  

 

Figure 40 Time history of the air change rate in a church together with weather data.(Mattsson et al., 

2011) 

 

It shows that when wind speed is relatively high, the air change rate is also possible to dropping 

down. It means buoyancy force is the main influence of air change rate in this study. Although the 

algorithm of buoyancy driving ventilation is not presented in IDA ICE manual, another article shows 

IDA ICE have ability to calculate pressure and buoyancy driven ventilation.(Crawley et al., 2008).     
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6. Conclusions 

Simulation research on buildings and energy is useful to some studies that are difficult to implement 

in reality. But simulation is still just simulation. Despite spending a lot of time on modelling and 

validation, simulations cannot be equivalent to measurements in complex buildings like old stone 

churches. Most simulation software are like black boxes where algorithms are embedded, and for 

users it is hard to find small bugs and inappropriate algorithms.  

Validation strategies are worth for exploring. Validation often contains multiple variables that need to 

adjust. Those variables may also influence each other. This makes validation a complicated work. It is 

the author opinion thatthe validation is a black box that includes too many interactional parameters. 

Varying one parameter can make simulation go better or worse. Another difficulty is there are lots of 

statistics methods to validating simulation model. However, many of those statistic results is 

conflicting. Model designers might be confused by validation result.  

Optimized heating strategies seems an effective way for saving energy in the studied object. In 

addition to above strategies, new heating strategy should be refined regarding human activities, and 

also it should consider float electricity price in Sweden, which is determined by supply and demand. 

The current turn off strategy meets the peak price at morning, which means turn off strategy is a 

excellent method for saving energy technically, but it is not the best way for saving money for users.  

Another surprising study result is solar energy in winter. Solar energy provides more energy for 

church heating than was thought, and could be used better in winter than at present. Windows is the 

main medium to get solar energy on church. Windows with high SHGC (solar heat gain coefficients) 

and low U value seems good for obtaining more solar energy in winter for churches similar to the 

studied one. But in summer, this design might cause overheating problem.  

For natural ventilated buildings, wind and buoyancy forces determine the ventilation rate together. It 

is difficult to distinguish how much air change is caused by wind and how many caused by buoyancy. 

Elaborate simulation software seems to be needed to observe these forces separately. The results of 

the IDA CIE simulations indicate that ventilation rate and wind speed appear in linear relationship. 

However, measurements in the studied church indicate that the buoyancy force is the main ventilation 

driven when the wind speed is not quite high, but IDA ICE does not seem to be able to predict this. So 

the buoyancy force part in IDA ICE seems to require further development. Another explanation is 

when a measured building is such huge as a church, the temperature gap differences wouldn’t 

significantly influence buoyancy force. The relation between building structure or building volume 

and main driving force of natural ventilation needs attention by following research.   
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Appendix 1 Wind coefficients 

 

 

 
 

Figure 23 Wind coefficients 
 

 

Wind pressure on the building envelope is usually expressed by pressure coefficients (Cp), 

Cp =
Px − P0

Pd
 

where Px is the static pressure at a given point on the building facade (Pa), P0 is the static reference 

pressure (Pa),Pd is the dynamic pressure (Pa)(Cóstola et al., 2010). 
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Appendix 2 Heat balance of main zone 
Table 6 Heat Balance of main zone during 24 hours of 12th Dec.2010 

 

Hour  
Heat 

from air 

flows  

Heat from 

occupants 

(incl. latent), 

W  

Heat from 

equipment, 

W  

Heat from 

walls and 

floors 

(structure), W  

Heat 

from 

lighting, 

W  

Heat from 

daylight 

(direct 

solar), W  

Heat from 

heating 

and/or 

cooling 

room units, 

W  

Heat from 

windows 

(including 

absorbed 

solar) and 

openings, W  

Heat 

from 

thermal 

bridges  

1  -10642.9  0.0  0.0  -29296.8  0.0  0.0  53252.5  -12076.6  -1326.5  

2  -10079.2  0.0  0.0  -28995.4  0.0  0.0  52391.8  -12070.6  -1336.0  

3  -9913.1  0.0  0.0  -28897.5  0.0  0.0  52204.3  -12136.3  -1347.7  

4  -9771.3  0.0  0.0  -28835.0  0.0  0.0  52082.0  -12196.0  -1360.3  

5  -9338.2  0.0  0.0  -28678.8  4.5  0.0  51416.7  -12172.1  -1375.3  

6  -8933.8  0.0  0.0  -28511.6  154.3  0.3  50877.9  -12266.1  -1402.8  

7  -8282.9  0.0  0.0  -28255.7  426.9  0.7  49907.6  -12419.3  -1450.1  

8  -7972.6  0.0  0.0  -27964.3  499.6  -1.5  49908.7  -12977.5  -1516.5  

9  -8031.7  0.0  0.0  -28006.8  500.0  140.6  50285.2  -13362.1  -1588.9  

10  -7875.4  0.0  0.0  -29116.8  500.0  2643.5  48597.0  -13223.4  -1628.8  

11  -7377.4  0.0  0.0  -28531.5  500.0  5654.7  43910.0  -12464.8  -1636.2  

12  -7035.6  0.0  0.0  -29462.7  500.0  7997.9  41708.2  -12056.7  -1642.9  

13  -7663.2  0.0  0.0  -31744.2  500.0  9505.1  43265.5  -12288.0  -1652.7  

14  -7802.2  0.0  0.0  -32626.1  500.0  7707.2  47418.6  -13823.1  -1675.6  

15  -8758.8  0.0  0.0  -30823.7  500.0  246.4  56968.5  -16466.8  -1724.8  

16  -9571.0  0.0  0.0  -30262.3  500.0  0.8  57359.4  -16401.4  -1767.0  

17  -9543.6  0.0  0.0  -28786.5  500.0  0.8  55015.3  -15450.9  -1748.1  

18  -11033.6  0.0  0.0  -27876.4  446.1  -0.6  55432.2  -14988.2  -1729.9  

19  -12622.8  0.0  0.0  -28346.7  224.7  -1.3  57348.9  -15247.7  -1758.1  

20  -10012.1  0.0  0.0  -28139.4  16.1  -0.2  55076.1  -15255.7  -1810.0  

21  -8836.4  0.0  0.0  -26841.7  0.0  0.0  52693.6  -15219.0  -1864.2  

22  -8874.1  0.0  0.0  -26864.2  0.0  0.0  52916.9  -15380.3  -1902.6  

23  -8873.4  0.0  0.0  -26930.7  0.0  0.0  52963.5  -15368.4  -1905.3  

24  -8842.1  0.0  0.0  -26985.4  0.0  0.0  52949.0  -15346.6  -1889.4  

mean  -9070.5  0.0  0.0  -28783.7  261.5  1413.2  51496.9  -13776.3  -1626.5  

min  -12622.8  0.0  0.0  -32626.1  0.0  -1.5  41708.2  -16466.8  -1905.3  

max  -7035.6  0.0  0.0  -26841.7  500.0  9505.1  57359.4  -12056.7  -1326.5  
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Appendix 3 Energy consumption and Temperature in 4.2 

 
Table 7 Energy consumption and temperature in normal heating system and day and night system 

 

Hour  

Heating power normal 

W 

Heating power day and 

night W 

Temprature 

normal  ℃ 

Temperature day and 

night ℃ 

8280 75816 0 19.655 11.285 

8281 76759 0 19.643 10.832 

8282 75913 0 19.654 10.413 

8283 76387 0 19.648 10.021 

8284 76734 0 19.643 9.6639 

8285 77512 0 19.634 9.3289 

8286 77553 123800 19.633 9.0389 

8287 77527 123800 19.634 12.715 

8288 79442 123800 19.61 14.572 

8289 77962 123800 19.628 15.909 

8290 76496 123800 19.646 16.935 

8291 69771 123800 19.722 17.942 

8292 52531 118838 19.858 18.963 

8293 42770 99452 19.861 19.354 

8294 55664 99373 19.706 19.355 

8295 73684 104799 19.566 19.274 

8296 77976 102006 19.597 19.317 

8297 77723 100562 19.631 19.338 

8298 76608 0 19.645 19.352 

8299 76351 0 19.648 16.311 

8300 81015 0 19.59 14.524 

8301 81668 0 19.582 13.333 

8302 82651 0 19.57 12.406 

8303 82843 0 19.567 11.708 

8304 82269 0 19.574 11.101 

8305 81314 0 19.586 10.602 

8306 81360 0 19.586 10.157 

8307 81404 0 19.585 9.7712 

8308 81578 0 19.583 9.4125 

8309 82398 0 19.573 9.091 

8310 82095 123800 19.577 8.7867 

8311 81974 123800 19.578 12.402 
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Hour  

Heating power normal 

W 

Heating power day and 

night W 

Temprature 

normal  ℃ 

Temperature day and 

night ℃ 

8312 81369 123800 19.586 14.224 

8313 80399 123800 19.598 15.529 

8314 78818 123800 19.618 16.566 

8315 78192 123800 19.625 17.389 

8316 75186 123800 19.663 18.117 

8317 75586 123581 19.658 18.717 

8318 76417 116682 19.647 19.044 

8319 79127 112765 19.614 19.131 

8320 79059 108990 19.615 19.203 

8321 78276 105479 19.624 19.262 

8322 78209 0 19.625 19.314 

8323 78668 0 19.619 16.18 

8324 79101 0 19.614 14.499 

8325 78616 0 19.62 13.369 

8326 78620 0 19.62 12.497 

8327 78588 0 19.62 11.798 

8328 78945 0 19.616 11.17 

8329 77166 0 19.638 10.687 

8330 76901 0 19.641 10.255 

8331 76738 0 19.643 9.8919 

8332 76465 0 19.647 9.5748 

8333 75329 0 19.661 9.277 

8334 74662 123800 19.669 8.9983 

8335 73580 123800 19.682 12.71 

8336 73917 123800 19.678 14.602 

8337 73843 123800 19.679 15.892 

8338 70290 123800 19.718 16.951 

8339 59699 123800 19.795 17.972 

8340 52723 121586 19.803 18.89 

8341 52098 107162 19.759 19.234 

8342 60645 104416 19.651 19.28 

8343 78677 108516 19.534 19.211 

8344 82899 107192 19.567 19.234 

8345 79624 104994 19.608 19.27 

8346 81900 0 19.579 19.238 

8347 84564 0 19.545 15.936 
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Hour  

Heating power normal 

W 

Heating power day and 

night W 

Temprature 

normal  ℃ 

Temperature day and 

night ℃ 

8348 77279 0 19.637 14.294 

8349 77281 0 19.637 13.089 

8350 77829 0 19.63 12.174 

8351 77657 0 19.632 11.457 

8352 77469 0 19.634 10.803 

8353 77092 0 19.639 10.285 

8354 77065 0 19.639 9.8513 

8355 77017 0 19.64 9.4518 

8356 78967 0 19.616 9.0825 

8357 81468 0 19.585 8.7281 

8358 77454 123800 19.635 8.4988 

8359 74537 123800 19.671 12.237 

8360 74897 123800 19.666 14.136 

8361 74990 123800 19.665 15.461 

8362 73392 123800 19.685 16.461 

8363 69870 123800 19.721 17.385 

8364 64551 123800 19.75 18.231 

8365 58080 118232 19.775 19 

8366 63953 111533 19.687 19.156 

8367 75159 111084 19.611 19.164 

8368 78651 108682 19.62 19.208 

8369 77980 106837 19.628 19.24 

8370 80024 0 19.603 19.234 

8371 82738 0 19.569 15.957 

8372 84266 0 19.549 14.117 

8373 84779 0 19.543 12.882 

8374 84663 0 19.544 11.945 

8375 84381 0 19.548 11.202 

8376 83977 0 19.553 10.58 

Total 5423.60kWh 4942.36kWh   
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Appendix 4 CO2 concentration at different wind speed 

 
Table 8 CO2 concentration at different wind speed 

Time 

CO2, 

ppm 

(vol) 

0m/s 

CO2, 

ppm 

(vol) 

1m/s 

CO2, 

ppm 

(vol) 

2m/s 

CO2, 

ppm 

(vol)3m/s 

CO2, 

ppm 

(vol) 

4/s 

CO2, 

ppm 

(vol)5m/s 

CO2, 

ppm 

(vol)6m/s 

CO2, 

ppm 

(vol)7m/s 

CO2, 

ppm 

(vol)8m/s 

CO2, 

ppm 

(vol)9m/s 

CO2, 

ppm 

(vol) 

10m/s 

8280 1071.6 1067.1 1059.8 1049.8 1040.5 1024.5 1015.5 1010.6 1003.2 999.1 989.14 

8281 1055.4 1050.7 1029.8 1008.4 982.95 945.48 924.44 901.54 890.35 859.31 845.16 

8282 1038.6 1040.3 1002.6 944.66 911.76 861.06 832.95 779.36 757.7 735.78 717.17 

8283 1019.7 1026.9 972.15 904.17 845.43 774.64 745.53 709.85 668.08 638.3 619.3 

8284 1019.7 1008.2 948.81 865.69 799.74 737.83 688.85 650.37 610.46 581.58 560.21 

8285 1001.3 990.12 935.78 847.73 776.16 711.98 661.16 619.75 581.37 552.27 529.35 

8286 983.43 990.12 928.03 831.41 740.21 678.56 628.16 584.06 547.38 520.86 504.79 

8287 983.43 972.57 914.3 817.97 740.21 665.47 607.52 565.04 537.34 505.09 488.41 

8288 966.16 955.68 884.97 804.01 720.7 651.28 596.26 551.26 516.63 488.85 470.93 

8289 955.94 955.68 880.95 776.26 690.54 613.93 565.34 525.17 493.99 467.51 450.2 

8290 947.92 942.62 851.81 727.45 647.74 583.2 528.7 496.22 468.81 445.9 438.03 

8291 936.58 934.12 830.35 705.89 613.44 541.21 503.91 472.96 444.53 437.69 426.84 

8292 921.26 915.01 813.26 684.12 594.06 527.54 486.26 457.62 440.29 425.67 418.76 

8293 916.66 910.51 799.46 664.42 574.64 513.53 474.63 447.89 431.65 421.3 414.17 

8294 905.1 901.18 783.36 642.76 556.05 495.99 460.44 438.75 423.54 415.81 410.08 

8295 890.85 889.45 761.93 618.91 533.86 480.55 449.03 427.31 417.43 410.19 406.25 

8296 886.87 878.81 750.67 603.91 523.14 470.87 442.49 425.17 414.8 409.22 405.24 

8297 877.47 871.89 732.94 596.38 514.62 465.08 437.13 421.64 412.08 407.02 404.39 

8298 864.59 857.78 720.07 576.87 500.05 453.29 430.19 416.71 409.27 405.37 403.19 

8299 856.23 847.29 713.5 569.46 492.65 449.51 426.05 413.85 407.56 404.39 402.44 

8300 849.64 833.59 701.58 554.69 485.11 443.43 421.58 410.61 405.75 403.51 401.82 

8301 840.36 833.59 675.25 541.23 475.81 438.58 417.6 408.32 404.41 402.79 401.39 

8302 831.56 824.61 675.25 541.23 465.05 433.07 413.98 408.32 404.41 401.88 400.97 

8303 818.65 814.15 660.26 524 458.71 427.31 413.98 406.45 403.27 401.88 400.97 

8304 807.9 803.16 657.28 521.48 455.95 426.31 412.56 405.93 402.84 401.44 400.76 

8305 799.64 789.19 637.62 505.73 448.59 422.81 409.32 404.67 402.16 401.12 400.55 

8306 787.9 776.45 623.59 495.15 443.95 419.16 407.45 403.61 401.62 400.84 400.38 

8307 787.9 776.45 623.59 495.15 438.68 416.17 407.45 403.41 401.52 400.61 400.27 

8308 776.51 763.64 609.16 488.91 434.95 413.18 406.41 402.43 401.03 400.43 400.27 

8309 765.46 751.31 595.74 480.86 430.51 413.18 405.27 402.43 401.03 400.43 400.18 

8310 765.46 751.31 595.74 472.42 426.01 411.15 404.17 401.85 400.76 400.31 400.13 

8311 754.74 739.73 583.91 464.88 426.01 409.11 403.31 401.42 400.57 400.22 400.13 

8312 744.33 728.39 572.5 464.88 422.14 407.46 403.31 401.42 400.57 400.22 400.09 

8313 744.33 728.39 572.5 458.24 418.87 407.46 402.63 401.09 400.42 400.16 400.06 
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Time 

CO2, 

ppm 

(vol) 

0m/s 

CO2, 

ppm 

(vol) 

1m/s 

CO2, 

ppm 

(vol) 

2m/s 

CO2, 

ppm 

(vol)3m/s 

CO2, 

ppm 

(vol) 

4/s 

CO2, 

ppm 

(vol)5m/s 

CO2, 

ppm 

(vol)6m/s 

CO2, 

ppm 

(vol)7m/s 

CO2, 

ppm 

(vol)8m/s 

CO2, 

ppm 

(vol)9m/s 

CO2, 

ppm 

(vol) 

10m/s 

8314 734.24 717.41 561.72 452.07 418.87 406.58 402.08 400.84 400.31 400.11 400.06 

8315 724.43 707.58 553.24 452.07 416.18 405.57 402.08 400.84 400.31 400.11 400.04 

8316 724.43 707.58 553.24 447.56 414.19 404.95 401.82 400.69 400.24 400.09 400.03 

8317 714.91 698.18 545.67 443.53 414.19 404.41 401.55 400.56 400.2 400.08 400.03 

8318 705.68 688.75 537.64 443.53 413.14 403.71 401.25 400.44 400.16 400.07 400.03 

8319 705.68 688.75 537.64 439.67 411.22 403.11 401.25 400.35 400.12 400.05 400.02 

8320 696.72 679.47 529.79 436.17 409.73 403.11 400.8 400.35 400.12 400.04 400.02 
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Appendix 5 ACH at different wind speed 

 

Table 9 ACH at different wind speed 

Wind speed m/s ACH 

0 0.0237 

1 0.0252 

2 0.041 

3 0.0722 

4 0.104 

5 0.116 

6 0.1649 

7 0.1953 

8 0.2271 

9 0.2562 

10 0.285 

 

 


