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AbStrAct

This thesis is dedicated to the complex analysis of the thermophysical pro-
cesses taking place in buildings by applying the theoretical, experimental and nu-
merical modelling approaches. it reviews the heat exchange processes in building 
structures and rooms in the existing houses and buildings in the stage of design.

an essential part of the thesis is related to the experimental studies of the 
thermophysical properties of the residential building envelope and the heat/air 
exchange processes, and, as a result of it, the data on the characteristic values of 
the heat losses – the thermal transmittance U (W m-2 K-1) and the air change rate 
n (h-1) – are obtained. as a result of several hundreds of experimental measure-
ments a specialized informative database was developed, making it easier to ensure 
a more accurate analysis of heat transfer processes in buildings. subsequently, the 
causes of the most typical types of increased thermal transmittance of building 
constructions and/or those not corresponding with the engineering calculation 
were established and systematized. a measuring system with an original data pro-
cessing methodology allowing to take measurements under the non-stationary 
operational conditions, when the classical cumulative methods could not be used, 
was developed and approbated for carrying out the experimental researches. 
simultaneously, the duration of measurements decreased and their accuracy was 
improved. an original heat capacity c (J kg-1 K-1) determination method based on 
the developed measuring system for determination of the thermal conductivity of 
materials λ (W m-1 K-1) was developed and approbated in the thesis. 

The integral heat balance models of the entire building were developed and 
approbated successfully, where the experimental data from the implemented mea-
surements of quantities of thermophysical processes were used. it was demonstrated 
that the use of such mathematical models helps to estimate the role of some specific 
physical processes in the building’s total thermal balance and enables a more ac-
curate prognosis of the integral energy consumption parameters. The comparative 
analysis of different thermal balance models of building, demonstrating the limits 
of their use and accuracy in the context of the solved issues, was also conducted. 

furthermore, the consequential 2d and 3d numerical calculations of some 
separate room have been performed within the current thesis, allowing to analyse 
the impact of various physical and geometrical parameters on the thermophysical 
processes. such models enable obtaining the distribution of physical fields (tem-
perature, airflows) in a room and studying their changes depending on other fac-
tors, which help to reduce the required heating amount, at the same time having 
no significant effect or even improving the human thermal comfort conditions in 
the room. The numerical calculation performed by other authors usually includes 
only the studies of some particular parameter, and often does not address other 
important factors; therefore thee calculations are not mutually comparable. This 
thesis is the first research work to begin addressing the complex analysis of differ-
ent factors’ impact on thermophysical processes in buildings.
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1. DeScription

1.1. Actuality and novelty of the study
Buildings are among the largest energy consumers in the european Union 

and Latvia. This sector accounts for approximately 40% of the total energy con-
sumption (eU, 2010), of which the vast majority is used for central heating needs. 
Thanks to the use of modern construction materials and solutions, it is possible 
to achieve a situation where the thermal losses of newly erected buildings is, on 
average, 50% of the heat consumption of buildings built fifty years ago. 

during the last decades the necessity for a complete and objective evaluation 
of the quantity and quality of buildings’ heat losses has increased significantly. By 
optimizing the heat exchange processes and thus reducing the heat losses from 
buildings, it is possible to achieve savings in energy consumption (including the 
quantity of co2 emissions) and reduction of costs and furthermore also to pro-
vide or even improve the thermal comfort conditions in rooms. This is becoming 
more and more urgent as the concept of low energy consumption buildings 
spreads, and the comfort conditions therein can differ significantly and have not 
yet been studied much.

in order to analyse the possibilities for reducing buildings’ heat losses, a 
complex approach should be used, consisting of both the quality assessment and 
the quantitative measurements of parameters characterizing the heat exchange as 
well as the integral mathematical models of the building’s heat balance and the 
numerical models of the thermal comfort conditions in separate rooms. such a 
complex approach and the corresponding methodology were developed on the 
basis of numerous experimental measurements carried out and the data from 
numerical modelling. The use of the developed methodology and the results of 
the analysis performed are described in the doctorate thesis in detail.

it is appropriate to use the scheme provided in figure 1 (the coloured topics 
of the fields are included in the doctorate thesis) for analysis of the thermo-
physical processes in a building within the framework of the developed approach. 
according to this scheme, to assess the energy efficiency of the building, it is 
necessary to apply both the experimental and mathematical modelling methods. 
The first type, experimental methods, can be conditionally classified as qualitative 
and quantitative methods.

an expert can obtain initial information on the condition of a building dur-
ing a visual inspection, discovering significant heat insulation defects without any 
additional experiments. a more extensive amount of information on the condi-
tion of the building can be provided by distant surface temperature measure-
ments, that is, thermography (vollmer & möllmann, 2010), enabling any hidden 
defects, for example, thermal bridges, to be discovered. it can help to identify the 
construction components with different structures or to examine the moisture 
content in greater detail by using quantitative measuring techniques.
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Fig. 1. General scheme of the analysis of thermophysical processes and energy efficiency 
of a building

during the next step it is necessary to apply quantitative measures for the 
analysis of the building’s heat losses; that is, the experimental determination of 
the characteristic values of the heat conduction, convection, and radiation pro-
cesses. since the measurements in real life conditions have some special features 
and limits and they are complicated on the whole, standardized measurements in 
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stationary laboratory conditions are used (Lvs, 2001; Lvs, 2007; iso, 2006). it is 
possible to determine the characteristic parameters of the building components’ 
thermal transmittance and their compliance with both the normative documents 
(for example, LBn, 2001) and the calculated values, whereas there were practi-
cally no measurements of building components in real operational conditions 
(as they are usually of a non-stationary character) before this research, so their 
possibilities had not been sufficiently studied.

The quality evaluations and the quantitative parameters obtained from 
experimental measurements form the basis for the analysis of the structure of 
heat losses and for the modelling of heat consumption by buildings and rooms, 
as well as for the optimization of the thermal comfort conditions, which have 
not been studied previously in connection with the heat consumption aspect. 
The mathematical model of heat consumption by buildings was developed, 
taking into account all types of heat exchange, and it can be based on either 
the simplified annual (heating season) or monthly estimates or on the develop-
ment of non-stationary heat exchange models (e.g., Lvs, 2008; din, 2007; swiss 
standard, 2007).

The thermal comfort conditions are an important component of the analy-
sis of thermophysical processes: when a person is inside the room, a range of 
physical parameters should be within certain limits so that the individual does 
not experience any discomfort. such a set of factors, including the temperature, 
differences in temperature, air flow rate, humidity, and other values, are provided 
in the standards (Lvs, 2006; ashrae, 2004). The values listed above are usu-
ally monitored experimentally or determined using empirical equations, but 
their dependence on various physical and geometrical parameters is practically 
never studied as a complex task. Using mathematical modelling, it is possible to 
perform calculations for isolated rooms, obtaining the distributions of airflows 
and temperature inside the room, and to numerically determine other parameters 
(e.g., heat transfer from surfaces) that have an effect on the heat losses from the 
building. in this way it is possible to balance various thermophysical and geo-
metrical factors that have an effect on both the thermal comfort conditions in the 
room and the heat exchange properties.

so far similar studies have been carried out in a very narrow field, focusing 
on one particular problem or a specific case, and therefore one of the main novel-
ties of the current thesis is the complex analysis of various thermophysical pro-
cesses with the aim of providing the thermal comfort conditions in the premises 
and improving the energy efficiency of the building at the same time. Thus the 
complex analysis approach developed in the thesis involves both the well-known 
methods and the improved ones as well as some absolutely new experimental 
approaches and an objective use of mathematical models.

The method of determination of the thermal transmittance coefficient in 
non-stationary conditions and the determination of the heat capacity of materials 
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using controlled harmonic fluctuations of temperature in a guarded hot plate 
apparatus belong to the new experimental approaches. an essential novelty is 
the development of an extensive informative database containing varied infor-
mation on the thermophysical properties of building components characteristic 
of different types of buildings (i.e. the standard series buildings), with the vast 
majority of the information consisting of a structured summary of the experi-
mentally established parameters and the characteristic defects of the boundary 
components and materials and the causes of these defects. The availability of 
such data and the accumulated practical experience provide fast and accurate 
determination of the energy efficiency parameters of buildings and development 
of recommendations to improve the energy efficiency without the need to use 
any additional instrumental measurements or to minimize the number of them 
significantly. development of the heat balance models for the most common se-
rial buildings and their verification, using the actual heating data, are important 
from a practical point of view.

The numerical models of some separate rooms developed within the frame-
work of the thesis clearly demonstrate the impact of various important factors 
on the energy efficiency parameters. By analysing their impact on air flows and 
the distribution of temperatures in rooms in a complex way, the role of various 
factors in thermal losses through the building components and in the changes 
of thermal comfort conditions are established. The studies and results available 
in the literature are oriented towards research on special room configurations or 
provide variations of only one or two particular parameters. in the framework of 
this thesis an impact analysis of the selected set of important parameters under 
comparable conditions was performed, and therefore the set of results obtained is 
a significant novelty. The analysis of the tendencies in the influences characteristic 
of various parameters, taking into account the results of the numerical calcula-
tions, helps to model the provision of thermal comfort in a room with lower heat 
consumption, thus reducing costs. 

1.2. objectives, tasks, and thesis
The main objective of the doctorate thesis is to develop and validate a com-

plex approach (methodology) of experimental measurements and mathematical 
modelling which will allow the thermophysical state of a building and its energy 
efficiency to be estimated objectively and will make it possible to analyse the im-
pact of planned improvements on energy consumption and indicators of thermal 
comfort conditions. 

another objective, which is closely related to the first one, is to analyse the 
most important physical factors having an effect on the entire building’s energy 
efficiency and heat exchange (the integral heat balance models) and on separate 
rooms (mathematical model of the airflows and temperature field), at the same 
time ensuring the necessary thermal comfort conditions.
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The third task of the thesis is the development of an informative database 
based on the measurement series implemented, including as many thermophysi-
cal parameters characterizing Latvian standard buildings and building compo-
nents as possible.

The following tasks were formulated to achieve the objectives: 
•	 Development	of	the	measurement	methodology	and	of	the	corresponding	

measuring system for experimental determination of the thermal conduc-
tivity coefficient in the non-stationary conditions in situ and its validation, 
taking measurements in buildings of various types and conditions.

•	 Development	of	the	methodology	to	determine	the	heat	capacity	of	materi-
als on the basis of the guarded hot plate apparatus and its validation. 

•	 Experimental	 investigations	 of	 the	 solar	 energy	 transmittance	 of	 various	
coatings of transparent building components.

•	 Comparison	 of	 the	 thermo-technical	 properties	 of	 building	 components	
obtained from the experiments with the values determined by the engineer-
ing calculations; causal analysis of the possible differences.

•	 Creation	 of	 a	 specialized	 database	 containing	 the	 characteristic	 thermo-
physical parameters of buildings and their components, performing experi-
mental researches in various buildings.

•	 Development	 and	 improvement	 of	 the	 integral	 mathematical	 models	 of	
the building’s thermal balance; development and elaboration of the corre-
sponding software.

•	 Development	of	the	heat	balance	models	and	estimations	of	heating	con-
sumption for the serial buildings common in Latvia; evaluation of the im-
pact of various energy efficiency improvements on the overall energy con-
sumption. 

•	 Development	of	the	mathematical	models	of	heat	and	air	exchange	in	the	
rooms and their numerical implementation.

•	 Multivariate	calculations	with	various	physical	and	geometrical	parameters;	
impact analysis of the effect of changes in these parameters on heat loss and 
thermal comfort conditions in separate rooms. 

The thesis of the work is as follows:
•	 The	qualitative	analysis	of	thermophysical	processes	in	buildings	and	an	ac-

curate energy efficiency evaluation are possible only on the basis of a total 
energy balance and physical field modelling, which, in turn, are based on 
related experimental results obtained from laboratory and in situ measure-
ments. The previous experimental and numerical studies are insufficient 
and not interconnected; their improvement and mutual integration within 
the framework of a single approach are needed.
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1.3. Short description of the applied methods
Within the framework of the doctorate thesis the developed complex analy-

sis approach includes a number of thermophysical phenomena; experimental, 
analytical, and numerical methods are used. The main equations used in these 
methods are summarized below. 

The stefan-Boltzmann and Wien’s displacement laws are used in the experi-
mental measurements section for remote determination of thesurface tempera-
tures (incropera & deWitt, 2001):
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bE Tε σ= ⋅ ⋅ , (1)

 max T constλ ⋅ = , (2)

where Eb  is total emissive power,  ε  is emissivity, σ is the stefan-Boltzmann 
constant, T  is temperature, and λmax  is the wavelength corresponding to the 
maximum of spectral distribution. The registered spectral power distribution is 
analysed by the measuring equipment and the corresponding temperature is de-
termined. depending on the equipment used, the measurement takes place within 
the range of a short wave broadcast (sWB) or a long wave broadcast (LWB). 

The estimation principles of thermal conductivity λ (W m-1 K-1) are described 
by fourier’s Law (incropera & deWitt, 2001), which can be expressed in the fol-
lowing way for non-stationary cases without internal heat sources:

 

2 2 2

2 2 2

1T T T T
x y z a t
∂ ∂ ∂ ∂

+ + =
∂ ∂ ∂ ∂

, (3)

where a is thermal diffusivity. if the heating power changes according to 
the sine curve in time, the solution for the 1d case can be found in the form 

( ) ( ) i t
CT T x T x e ω= + , extracting a heat capacity c determination equation from 

the heat diffusion equation:

 

22

2 2
i t CTTi T a e a

x x
ωω

  ∂∂
− = ∂ ∂ 

. (4)

The methods for determining the heat transmittance under the non-stationary 
conditions developed in the frame of the thesis are based on equation (3) in the 
case of one dimension, with the experimentally registered temperature boundary 
conditions and further use of the Laplace transformation method to obtain the 
temperature distribution. 

The liquid/gas laminar flow in the Boussinesq approximation is described by 
the navier-stokes equation and the continuity equation:

 
ρ µ ρ  ( )0 grad grad , div 0v v v p v T g v

t
∂ + = − + ∆ + =
∂ 

� � � � � � . (5)
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here ρ0 is density,   is velocity, p is pressure, μ  is dynamic viscosity, and   is 
gravity acceleration. density variations depending on the temperature are ex-
pressed according to the linear dependency:

 ( ) ( )0 1T Tρ ρ β= − ∆ , (6)

where β is the volumetric thermal expansion coefficient.
heat transfer in a moving environment without sources is described by the 

equation:

 
ρ λ  ( )0 grad grad gradT v T T

t
∂ + =
∂ 

� , (7)

where the part  gradT  describes the temperature changes as a result of 
convection.

in order to calculate the heat amount transferred by the airflows through any 
cross-section, the following equation is used:

 0 vidQ c T v Sρ= ⋅ ⋅∆ ⋅ ⋅ , (8)

where vvid is average velocity in the cross-section S.
for the modelling of the heating amount Qh for the whole building during 

the heating season, a connection between the heat losses Ql and various kinds of 
heat sources Qs with the efficiency rate η is used (Lvs, 2008):

 
Qh = Ql − η ⋅ Qs. (9)

depending on the method applied and the specifics of the building’s use, the 
heat losses and sources can be determined according to different methods and 
can include a variable number of components; however, generally the calcula-
tions are based on the three main types of heat exchange (thermal conductivity, 
convection, and radiation).

for the numerical calculations of processes in a separate room the following 
approaches can be used: the equation of gas motion, which was already mentioned 
above, and the continuity (5) and energy conservation equations (7) together 
with the semi-empirical turbulent kinetic energy transfer and its dissipation rate 
equations k-ε/SST (chung, 2002; menter, 1994); the monte carlo model is used 
to model the radiation heat exchange (carlson & hassan, 1991). The numeri-
cal modelling is mainly performed using the ansys/cfX software. in order to 
evaluate the thermal comfort conditions in a residential room, fanger’s thermal 
comfort and draught models are used (charles, 2003).
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1.4. presentation of the thesis results; publications
The most significant scientific projects implemented in relation to the doctorate 
thesis are the following:
1. development of a constructive solution of composite external walls of build-

ings corresponding with the requirements of the eU energy efficiency and the 
optimum microclimate of premises, applying the multi physical modelling 
method. 2011.

2. development of modern measurement and modelling systems for the analysis 
of the thermophysical parameters of buildings. fundamental and applied 
research project. 2009-2011.

3. heat conductivity and heat capacity study for polyurethane. The research order 
in cooperation with the Latvian state institute of Wood chemistry. 2007-2008.

4. development and testing of the prototype measuring system for remote moni-
toring of the thermal transmittance and humidity dynamics with the peltier 
sensor. commercialization project of the LU. 2007-2008.

5. complex diagnostics of heat losses and more accurate estimations of heat 
consumption in buildings, using the automated measuring and hierarchy 
connected systems of mathematical models. The project was financed by the 
Latvian council of science. 2004-2008.

6. development of the measuring system and the corresponding software for 
measuring the heat exchange coefficient. The research project was conducted 
in cooperation with the Latvia University of agriculture. 2002-2003.

7. elaboration of constructions of packet windows for Latvian market according 
to the climate and economic conditions, conducting a standardized testing and 
tests in the real conditions of exploitation. The market research was ordered by 
the ministry of education and science of the republic of Latvia. 1999-2000.

The main results of the thesis are presented in the following publications:
1. J. Grechenkovs, a. Jakovich and s. Gendelis. 3d numerical analysis of heat 

exchange in Building structures with cavities. Latvian Journal of Physics 
and Technical Sciences, volume 48, number 1 (2011), 3.-12. (doi: 10.2478/
v10047-011-0001-1)

2. s. Gendelis, a. Jakovičs. numerical modelling of airflow and temperature 
distribution in a Living room with different heat exchange conditions. Lat-
vian Journal of Physics and Technical Sciences, volume 47, number 4 (2010), 
27.-43. (doi: 10.2478/v10047-010-0016-z)

3. s. Gendelis, a. Jakovičs. mathematical modelling of a living-room with solar 
radiation source and different boundary conditions. Scientific Proceedings of 
RTU. heat&power and thermal physics – 2008, vol. 1, 57.-67.

4. s. Gendelis, a. Jakovičs. mathematical modelling of Living room with differ-
ent types of heating and pressure conditions. WSEAS Transactions on Heat 
and Mass Transfer. issue 3, vol. 1, march 2006, 229.-236.
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5. s. Gendelis, a. Jakovičs. applications of 3d mathematical models for im-
provement of Thermal comfort conditions in Living rooms. Latvian Journal 
of Physics and Technical Sciences, no. 4 (2005), 7.-18.

6. s. Gendelis, a. Jakovičs. numerical modelling of airflow and temperature 
distribution in heated rooms. Latvian journal of physics and technical sci-
ences, nr. 3 (2003), 3.-20.

7. Jakovičs, s. Gendelis, Z. Krievāns. Ēku siltuma zudumu un apkures vajadzības 
datormodelēšana [numerical modelling of building heat losses and heating 
amount]. Latvian Journal of Physics And Technical Sciences, no. 3 (2000), 3.-18.

The results of the thesis are also published in the proceedings of the following 
conferences and workshops:
1. Gendelis, s., Jakovics, a., Klavins, J. mathematical modelling of heat balance 

and comfort conditions in a living-room with radiation source. Grām.: Proceed-
ings of the 6th Baltic Heat Transfer Conference. august 24-26, 2011, tampere, 
finland. 6 p. (cd).

2. Grečenkovs, J., Jakovičs, a., Gendelis, s. 3d numerical analysis of heat 
exchange in Building structures with cavities. in: Proceedings of the 6th Inter-
national Scientific Colloquium “Modelling for Material Processing”, september 
16-17, 2010, riga. 163.-168.

3. Gendelis, s., Jakovičs, a. mathematical modelling of a living-room with a solar 
radiation source. in: Proceedings of the International forum-competition of young 
researchers “Topical Issues of Subsoil Usage”. Working group “Energy saving and 
renewable energy”, Volume II. april 21-23, 2010, st. petersburg, russia. 186.-188.

4. Gendelis, s., Jakovičs, a.. influence of solar radiation and ventilation condi-
tions on heat Balance and Thermal comfort conditions in Living-rooms. in: 
Advances in Heat Transfer. Proceeding of the 5th Baltic Heat Transfer Confer-
ence, vol. 2. september 19-21, 2007, saint-petersburg, russia. 634.-643.

5. Gendelis, s., Jakovičs, a. mathematical modelling of a Living room with solar 
radiation source and different Boundary conditions. in: Proceedings of the 
WSEAS International conference on Waste Management, Water Pollution, Air 
pollution, Indoor Climate. october 14-16, 2007, arcachon, france. 168.-173.

6. Gendelis, s., Jakovičs, a. mathematical modelling of Living room with different 
type of heating. in: Proceedings of the 4th WSEAS Int. Conf. on Heat Transfer, 
Thermal Engineering and Environment. elounda, Greece, august 21-23, 2006. 
248.-253.

7. timuhins, a., Gendelis, s., Jakovičs, a. experimental estimation of Ther-
mophysical properties of materials. in: Proceedings of the 4th International 
Scientific Colloquium “Modelling for Material Processing”. rīga, 2006. 227.-232.

8. Gendelis, s., Jakovičs, a., Javaitis, i., Ērglis, K., repsons, K. siltuma caur laidības, 
temperatūras un mitruma sadalījumu modelēšana būvkonstrukcijās [model-
ling of heat transmittance, temperature and humidity destribution in building 
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constructions]. in: International scientific conference “Civil Engineering ’05”. 
Section “Environment and Environmental Effects”. Jelgava, 2005. 156.-164.

9. Gendelis, s., Jakovičs, a. heat transfer measurements in non-stationary 
conditions for Building structures. in: proceedings of the 14th International 
Conference on Thermal Engineering and Thermogrammetry. 22-24 June, 2005, 
Budapest, hungary. 6 p. (cd).

10. Gendelis, s., Jakovičs, a. mathematical modelling of airflow and temperature 
distribution in Living rooms. in: 14th International Conference on Thermal 
Engineering and Thermogrammetry. 22-24 June, 2005, Budapest, hungary. 6 p. 
(cd).

11. Gendelis, s., Jakovičs, a. application oh mathematical models for the simula-
tion of the Thermal comfort conditions in a Living room. in: proceeding of 
the 5th International Scientific and Practical Conference “Environment. Tech-
nology. Resources”. rēzekne, 2005. 11.-18.

12. Gendelis, s., Jakovičs, a. complex analysis of heat Losses for Buildings. in: 
proceeding of the International Conference “Scientific Achievements for wellbe-
ing and development of society”. Section “Enabling environment for society 
wellbeing”. rēzekne, 2004. 76.-83.

13. Gendelis, s., Jakovičs, a. Ēku siltuma zudumu analīze, izmantojot matemātiskos 
modeļus [analysis of building heat losses by using mathematical models]. in: 
IV Starptautiskā zinātniski praktiskā konference “Vide. Tehnoloģija. Resursi” 
[International Scientific and Practical Conference “Environment. Technology. 
Resources “]. rēzekne, 2003. 247.-352.

14. Gendelis, s. telpas termiskā komforta apstākļu datormodelēšana [computer 
modelling of thermal comfort conditions]. in: IV Starptautiskā zinātniski praktiskā 
konference “Vide. Tehnoloģija. Resursi” [International Scientific and Practical Con-
ference “Environment. Technology. Resources “]. rēzekne, 2003. 241.-346.

15. Gendelis, s., Jakovičs, a. Ēku blīvējuma pakāpes mērījumi  – zemspiediena 
un pārspiediena testi [measurements of building airtightness]. in: Zinātniski-
praktiskais seminārs “Ēku norobežojošo konstrukciju siltumtehnika II” [Scien-
tific-practical seminar “Thermotechnics of Building Envelopes II”]. rīga, 2002. 
16.1.-16.4.

16. Jakovičs, a., Gendelis, s. Būvkonstrukciju siltuma caurlaidības noteikšana 
reālos ēku ekspluatācijas apstākļos [estimation of heat transmittance of build-
ing structures using in situ measurements]. in: Zinātniski-praktiskais seminārs 
“Ēku norobežojošo konstrukciju siltumtehnika II[Scientific-practical seminar 
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1.5. The structure and volume of the doctorate thesis
The doctorate thesis consists of the introduction and literature review, three 

chapters on studies describing the measurements of thermophysical character-
istic values of boundary structures, analytical calculations of the buildings’ heat 
balance, and numerical modelling of physical processes in a separate room, as 
well as the results, conclusions, references, publications, and a list of conference 
proceedings.

The total volume of the thesis is 288 pages, including 43 tables and 234 figures. 
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2. outlineS oF the DoctorAte theSiS

By now, a lot of technical and theoretical research has been performed in 
relation to heat transfer processes in buildings. however, activities in this sphere 
are usually dedicated to reviewing a particular process or problem and there is 
no standard methodology that would provide an answer to the question of how 
to increase the energy efficiency of a building or its separate spaces/rooms while 
at the same time ensuring or improving human thermal comfort conditions. That 
is possible, using a combined complex analysis and optimization approach that 
considers theoretical aspects and employs in situ or laboratory experimental data 
and mathematical models of the physical processes discussed. such an approach 
gives an opportunity to view this complicated process as a complex system and to 
analyse energy efficiency improvement opportunities in detail. 

The approach offered within the current doctorate thesis (fig. 1) includes 
parts of the experimental research and mathematical modelling, which, in its 
turn, consist of several parts where specific research has been performed or a new 
methodology has been created or an existing one improved, and the obtained 
results have been analysed in detail.

2.1. experimental methods
Qualitative estimation of the thermophysical state of buildings is made, using 

remote measurements of surface temperature difference with its subsequent after-
processing, classification, and critical analysis. The data obtained serve as a point 
of reference for further measurement. parameters that characterize thermophysi-
cal processes quantitatively can be divided into three groups according to the type 
of thermal change process:

•	 Thermal	conductivity.	This	is	the	loss	of	energy	through	the	building	enve-
lope – external walls, roof, and other elements – by means of thermal con-
ductivity. homogenous materials are also characterized by the thermal con-
ductivity λ (W m-1 K-1). Thermal transmittance U (W m-2 K-1) characterizes 
building components of a complicated or unexplored structure that can be 
defined under both real maintenance and laboratory conditions. it may also 
include the effect of other thermal exchange processes (e.g., convection and 
radiation in the window panes).

•	 Convective	heat	transfer.	The	thermal	losses	are	defined	as	a	result	of	the	
air masses moving between interior and exterior, which is characterized by 
the air change rate n (h-1) at a specific pressure difference. convective heat 
transfer inside the room is defined by the air flow rate. 

•	 Thermal	radiation.	This	is	the	amount	of	energy	transferred	by	electromag-
netic waves, which depends on the surface emission and may have both 
positive and negative effects in the thermal balance of a building. solar 
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(short wave) energy supplied from outside through transparent elements 
is characterized by the solar heat gain coefficient g (–), but radiation from 
indoors is included in the heat transmittance U. 

part of these parameters (e.g., heat transmittance) can be calculated if the 
necessary input data are available, but in practice, a lack of data or questions 
about accuracy are often confronted. Therefore, the information about the pa-
rameters of a building and its components is obtained by making measurement in 
situ (field measurements). to perform such experiments, it is necessary to ensure 
that various specific conditions are fulfilled; for example, a big temperature differ-
ence must be ensured for heat transmittance measurements to increase accuracy. 
measurements can also be made in laboratory (stationary) conditions, which can 
significantly improve their accuracy, reduce the time necessary for experiments, 
and make it possible to perform a comparative analysis of the obtained results 
and in situ measurements.

2.1.1. Thermographic diagnostics
for a period of more than 10 years the thermographic measurements for 

several hundreds of residential, office, and industrial buildings have been made, 
and as a result a significant database containing the most frequently encountered 
construction defects that affect thermal losses has been created; furthermore, a 
classification of defect causes has also been established.

The first group of defects includes the effects related to increased thermal 
conductivity. figure 2 demonstrates exterior walls with a high heat transmit-
tance  – the higher surface temperature is near to the wall where the heating 
system heater is located, which reduces heating efficiency and increases thermal 
consumption. This figure also shows a single-glazed window with a higher sur-
face temperature in comparison with a double-glazed window (the registering 
thermocamera is used in a range of short waves from 2 to 5 μm, and therefore it is 
possible to determine the glass surface temperature, which could not be achieved 
by means of a long-wave thermocamera due to the reflection).

The next frequently encountered group of defects includes different types of 
thermal bridges or places where thermal conduction is essentially increased lo-
cally. The dew point can be reached in such places at low indoor air temperature 
and high air humidity, thus causing condensation and promoting the growth 
of mould. Thermal conductivity losses are also essentially higher here. figure 3 
demonstrates such defects where the surface temperature is decreased to 5–6 °c 
in places where metal components with a high thermal conductivity exist behind 
the plasterboard.
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Fig. 2. high thermal transmittance of components. increased temperature of an exterior 
wall opposite the location of heating system radiators and on the single-glazed window 

(LU fmf laboratory block before reconstruction)

   
Fig. 3. Thermal bridge. invisible framework construction under plasterboard determines 

the reduced surface temperature.

The most frequently met thermal loss discovered as a result of thermographic 
diagnostics is related to a convective heat transfer. Usually it is the insufficient 
sealing of windows or doors or the air intake through non-airtight joint places in 
buildings with lightweight building components. figure 4 shows a window with 
an essential temperature fall of up to 4 °c at an opening frame part. condensate 
and high thermal losses originate in such places. The outflow of warm indoor 
air through unsealed roof and exterior wall joints is shown in figure 5. if a 
thermographic survey does not take place in windy weather, then the defects in 
the construction envelope, which are due to non-sealing, cannot be technically 
prevented and often are not discovered at all; therefore the pressure difference be-
tween inside and outside air is created artificially, thus ensuring a higher intensity 
of air outflows/intakes.
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Fig. 4. air infiltration. cold outdoor air infiltrates through non-tight places in a window 

component.

   
Fig. 5. air infiltration. Warm air outflow through insufficiently sealed joints of 

components in the case of overpressure in the premises.

during the implemented experiments a number of factors have been 
identified which are essential for correct interpretation of the results of surface 
temperature measurement, for example, dynamic effects, solar radiation effect, 
evaporation from a surface, different types of reflections that cannot be detected 
in visible light, and so on.

The measurements performed during several years demonstrate that the most 
frequent defects are directly related to air movement; this is especially characteris-
tic for lightweight components, but thermal losses are caused by thermal bridges. 
Thermographic diagnostics are fast and effective and thus are one of the most 
significant quality assessment methods used for determining the thermophysical 
condition of a building; they have also been used more often in practice. 

2.1.2. Thermal conductivity
in order to perform experimental measurements of thermal conductivity 

λ (W m-1 K-1) for homogenous material in the laboratory, an original device 
was made, verified, and improved (figs. 6 and 7), and relevant software was 
developed. The measurements made with this so-called guarded hot plate 
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apparatus are in accordance with the standard Lvs (2001). The apparatus has 
also been used for an absolutely new thermal capacity research using periodical 
heating mode.
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Fig. 6. cross-section scheme of a thermal conductivity device, including characteristic 
parameters.
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Fig. 7. Uncovered upper part of the thermal conductivity measurement device.

if a sample material is homogenous, the value of the thermal conductivity 
rate is stated by the equation: 

 ( )1 22
N d

A T T t
λ =

−
, (10) 

where N is the heat amount supplied to a central heater (J), d is the thickness of 
samples (m),  and  are the average temperatures of heated and cooled surfaces, 
respectively (°c), A is the surface area (m2), and t is the measurement duration (s). 
during measurement by means of several thermo-couples, temperatures  and  
are controlled and the thermal amount supplied, N, is regulated accordingly. to 
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ensure that the heat flux is one-directional, the controllable compensating perim-
eter heater is used to provide the same temperature. 

to verify the operation of the device, several experiments were carried out 
on samples of extruded polystyrene of various thicknesses at different tempera-
ture levels. The obtained results are summarized in table 1 and they are in good 
agreement with the thermal conductivity value λd  =  0.032 W m-1 K-1 declared 
by a manufacturer, and therefore the device created ensures a high accuracy of 
measurement. 

after the verification of the device, new experimental studies were carried 
out. The main parameter characterizing thermal conductivity processes in sta-
tionary conditions is the above-mentioned thermal conductivity, but the mate-
rial’s thermal capacity c (J kg-1 K-1) and temperature conductivity a (m2 s-1) are 
essential in non-stationary heat transfer conditions. These parameters are related 
by the equation a = λ/cρ.

table 1. measurement results of extruded polystyrene sample.

sample 
thickness  

d, mm

temperature 
difference 

∆T, °c

average sample 
temperature 

T, °c

measured heat 
conductivity  
λ, W m-1 K-1

manufacturer’s 
data  

λd, W m-1 K-1

26.2 ± 0.1 30.1 ± 0.24 19.9 ± 0.24 0.034 ± 0.006 0.0032
26.2 ± 0.1 35.0 ± 0.24 22.5 ± 0.24 0.034 ± 0.005 0.0032
26.2 ± 0.1 40.2 ± 0.24 25.2 ± 0.24 0.031 ± 0.005 0.0032
18.3 ± 0.1 22.3 ± 0.24 21.8 ± 0.24 0.034 ± 0.006 0.0032
10.4 ± 0.1 23.2 ± 0.24 23.4 ± 0.24 0.034 ± 0.003 0.0032

2.1.3. Heat capacity 
a methodology was developed in the course of the thesis in which the 

harmonic temperature fluctuations on the surface of a sample provided by the 
periodical heater operation mode allowed the temperature diffusivity a to be de-
termined. in the case of a heater working in a sinusoidal mode, a 1d solution for 
temperature may be found in the form of ( ) ( ) i t

CT T x T x e ω= + , where 1i = −  
and ω is the cyclic frequency. subsequently, one can obtain the following from 
the heat diffusion equation (3):
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2 2
i t CTTi T a e a

x x
ωω

  ∂∂
− =

∂ ∂ 
, (11)

which may be further divided into two independent equations:
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∂
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By introducing the notation 2 /a i aω=� , the heat diffusion equation may be 
rewritten in the following form:

 

2
2

2 0T a T
x
∂

− =
∂

� , (13)

whose solution is the following function

 
( ) 1 2

ax axT x C e C e−= +� � . (14)

in the case of a single material three equations are required to calculate the 
unknown parameters C1, C2  and ; that is, it is necessary to define three bound-
ary conditions.

figure 8 illustrates the experimental configuration for the identification of 
parameter  consisting of two layers of the studied material placed between the 
heater and the cooler, with the temperatures being measured on the surface of the 
sample and between them in a periodical heating process. The described method 
is chosen for the purposes of the study due to the fact that it allows estimation of 
temperature conductivity based only on temperature measurements.

T0 T1 T3T2

T(1) 

T(2) 

x 

d1 

d2 
q 

Fig. 8. a schematic illustration of the temperature distribution in two samples with an 
intermediate layer.

The heater temperature will be marked as T(1)(x) in the first sample and as 
T(2)(x) in the second. if the start of the coordinate system is selected between the 
material layers, the temperatures on the boundaries are known, the temperature 
distribution is sought in the form of (14), and then the process can be described 
by the following equation system:
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evaluations show that contact resistance between concrete surfaces is  
R ≈ 0.04 m2 K W-1 and its effect within the periodical heating mode is in-
significant. Lienhardt & Lienhardt (2003) indicate an even smaller value of 
contact resistance between similar surfaces depending on the roughness:  
R = 3·10-4 … 2·10-3 m2 K W-1, which effectively does not cause a temperature 
shift and may thus be neglected. assuming that the average temperature in the 
intermediate layer is equal to the experimentally identified T2, in the case of 
equal material in both layers we obtain the following equation to identify :

 ( )2 0 32 coshT ad T T= +� . (16)

in this way the identification of parameter  requires only temperature measure-
ments on material surfaces and between layers.
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Fig. 9. heating power and temperatures on various sample surfaces (left); no temperature 
fluctuations were recorded at the cool side (right).

for the purpose of verification of the developed method a series of ex-
perimental studies were carried out which showed its functionality and the 
repeatability of the obtained results. figure 9 shows the typical temperature 
fluctuations during measurements – the temperature fluctuations on the surface 
closest to the heater could exceed 10 °c; however, on the opposite surface (close 
to the cooler) the fluctuation range decreased by a few degrees, and fluctuations 
were not observed at all in some measurements using thick samples or samples 
with high thermal conductivity during the defined fluctuation period. table 2 
summarizes the obtained research results for two concrete samples with differ-
ent admixtures; one of them has a temperature conductivity almost 50% smaller 
and a mass rated heat capacity 50% larger. This means that the structures of 
such materials may retain the heat for a longer period of time and temperature 
fluctuations indoors or outdoors have a smaller effect on the temperature regime 
on the other side of the wall.
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table 2. parameters for heat capacity determination and results for two types of concrete.

parameter dimension sample 1 sample 2
temperature oscillation period s 8124 8028

time shift between hot/cold surfaces s 564 528
hot surface temperature amplitude °c ±4.8 ±5.4
hot surface temperature amplitude °c ±1.7 ±1.9

density ρ kg m-3 2340 2712
Thermal conductivity λ W m-1 K-1 0.72 0.67

Thermal diffusivity α m2 s-1 7.1×10-7 3.7×10-7

specific heat capacity c´ J m-3 K-1 1.0×10-6 1.8×10-6

specific heat capacity c J kg-1 K-1 433 668

2.1.4. Thermal transmittance: Laboratory conditions
a specialized measurement device  – a guarded hot box   – was developed 

for measurements of thermal transmittance U (W m-2 K-1) for heterogeneous 
building structures in accordance with the general guidelines of the Lvs (2007) 
standard, with many significant improvements (fig. 10); it is possible to perform 
experiments for large size ready-made composite structures (e.g. windows, doors). 
heating and compensation chambers allow the temperature to be maintained 
within a range of 25 to 45 °c, whereas in a cooling chamber a temperature range 
of –10 to 15 °c can be maintained.

The thermal transmittance of the tested structure is defined as the division 
of thermal flow density q (W/m2) by the temperature difference ΔT (K). The 
temperatures on the surfaces are recorded with the thermocouples, whereas the 
average heat flux is defined as follows:

 
mask             compN t Q Q

q
S

− −
= , (17)

where N (J) is the total heat amount supplied to the heating chamber, t (s) is 
the length of the measured period, and S (m2) is the area of the sample, but the 
values Qcomp and Qmask are heat fluxes through the compensation part of a box 
and through the mask, which are calculated using the known thermal conduc-
tivity of materials, thickness, and area, as well as the difference in the recorded 
temperature.

in addition to the described integral method, the local values of heat flux 
density through some quasi-homogeneous parts of the construction are also 
measured to control and increase the accuracy using specifically prepared heat 
flux sensors, whose operation is based on a temperature measurement with 
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nicr-ni type thermocouples on both sides of a thin layer of the material. al-
most all of the results obtained with both methods during the measurements are 
in correspondence with one another within the error limits, thus confirming the 
required precision of the device and the method.

Heating chamber 
situated in the 

compensating chamber

Air temperature 
measurements

Cooling chamber

Compensating 
chamberMeasuring and 

control units

Compensating chamber

Heating chamber

Evaporator

Cooling chamber

�ermocouples

Heaters
Sample

2.
5 

m

q

Fig. 10. hot box and its schematic illustration in a vertical cross-section.
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several dozens of thermal transmittance measurements for heterogeneous 
structures (mostly windows and window panes) have been conducted using the 
developed experimental device. The research study shows the effectiveness of the 
device and the method itself by measuring the heat losses through heterogeneous 
building structures, where any other measurements and engineering calculations 
are impossible. figure 11 illustrates the door and ceramics blocks that have been 
mounted in a mask and prepared for measurements. in both cases the samples 
were equipped with control thermal flux sensors as well. 

Fig. 11. Glazed door (left) and ceramic block wall (right) prepared for measurements in 
the hot box device.

The large number of experimental window and window pane thermal trans-
mittance measurements allowed a voluminous database to be created, part of 
which is shown in table 3. as can be seen, the U value depending on the number 
of panes, selective covering, and filling gas is subject to change within a wide 
range, reaching values of up to 0.65 W m-2 K-1, which is even less than that of a 
non-insulated external wall of a building.
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table 3. measured U values of various glass packets within the hot box.

Glass 
layers

special surface 
coating

Glass plane 
distance filling U (W m-2 K-1)

2 – 12 – 2.8
2 – 15 krypton 2.3
3 – 10/12 air 1.9
2 Planitherm 12 air 1.7
2 Planitherm 12 argon 1.4
2 Planitherm 12 krypton 1.2
3 Planitherm 12/150 krypton/air 0.9
3 Optiterm×2 12/12 argon 0.65

a series of thermal transmittance measurements for different materials and 
building components were made in this experimental device, and the dependen-
cies of various factors were determined as well; thus correct interpretation and 
forecasting of the changes of thermophysical properties were possible. The way 
in which the thermal insulation properties change over a period of several weeks 
after building the construction while mortar and porous ceramics are drying has 
been determined. The value of the thermal transmittance for a built ceramic wall 
over a period of three weeks decreased by 20% from 2.0 W m-2 K-1 directly after 
completion down to 1.6 W m-2 K-1. 

2.1.5. Thermal transmittance: in situ measurements
in the course of the experimental studies it was effectively verified (Jakov-

ics et al., 1997) that the measured thermal transmittance values of the building 
structures may differ significantly from the analytically calculated ones. often the 
building structure and its materials are completely unknown. in order to evaluate 
the heat transfer parameters in such a situation, the only possibility is to carry out 
thermal transmittance measurements for the boundary structures in actual usage 
conditions (in situ measurements).

The simple data averaging methodology (iso, 1994) can give imprecise results 
in the case of significant temperature fluctuations resulting in rapid changes of the 
heat flux (fig. 12). Therefore, the new data processing methodology of the measured 
temperature data was developed in the vtpmm laboratory in the framework of the 
current thesis; it was validated in different non-stationary conditions for various 
types of building structures. it allows for the estimation of the thermal transmit-
tance U by minimizing the difference between the experimentally measured heat 
flux and the numerically calculated one, which is based on the mathematical 
modelling approach. The originally developed pc-based data measuring, control-
ling, and storing system (vtpmmL, 2007) or autonomous data logger (fig. 13) was 
used for carrying out the experimental temperature and heat flux measurements.
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Fig. 12. schematic illustration of the non-stationary heat exchange process following a 
temperature increase on the exterior side of the structure.
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Fig. 13. heat flux and temperature measurement system scheme.

The basis of the newly developed method is the solution of the heat diffusion 
for the 1d case, where the experimentally measured heat flux density through the 
structure on its warmest surface and air temperatures on both sides are used as the 
input data. The solution of the problem is the heat flux as a function of the tempera-
ture difference change over time, thermal transmittance U, and time constant τ1. By 
minimizing the difference between the numerically calculated and experimentally 
obtained heat fluxes, the actual values of variable parameters U and τ1 are found.

Let us look at the heat diffusion equation (3) in the 1d case together with 
the boundary conditions T (0, t) = T1 (t), T (l, t) = T2 (t) and initial conditions in 
a general manner: T (x, 0) = f  (x), where [ )0,t∈ +∞  is the time, [ ]0,x l∈  is the 
coordinate, and T = T (x, t) is the temperature within the area. in order to solve 
this problem, Laplace’s transform method (riekstiņš, 1964) is used. By denoting 
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the Laplace transform of the temperature with ( ),T x p , the transformed thermal 
conductivity equation with the initial temperature condition may be written in 
the following form:

 

( ) ( ) ( )
2

2
2

,
,

d T x t
a pT x t f x

dx
− = − . (18)

its general solution is:

 ( ) ( ) ( )*
h, , ,T x p T x p T x p= + , (19)

where ( ),hT x p  is the general solution of the homogeneous differential equation, but 
( )* ,T x p  is the particular solution of the non-homogenous equation. after algebraic 

transformations, the following expression for the temperature image is obtained:
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The initial temperature distribution between measured temperatures on the 
surfaces T1 (0) and T2 (0) may be selected as linear:
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Upon performance of an inverse Laplace transform, we find
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where ( )2
k l a kτ π= . The obtained integral (22) links the temperature values 

on the area boundaries over the time interval until the present time with the 
heat flux density at the starting point. expressions (22) and (23) contain only 
another two linearly independent values – the first characteristic time constant 

( )2
1 l aτ π= and the thermal transmittance U = λ / l. Thus the integral equation 

(22) together with the additional expressions (23) forms a closed system for the 
determination of the time constant and thermal transmittance values.
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for the purposes of further thermal transmittance calculation we shall use 
the numerical data processing method for minimizing the difference between 
the calculated heat flux density qnum obtained from the temperature measure-
ment data as described above and the measured one qexp by creating a functional:

 
( ) [ ] [ ]( )2

1 num 1 exp
1

, , ,
N

i
F U q U i q iτ τ

=

= −∑ . (24)

summation is completed over the time with measured temperature and heat flux data.
numerical minimization of the functional (24) is performed in two steps. 

first of all, the minimum value of the functional is sought on a fixed discrete 
mesh with a defined step on each U and τ1  axis (Gutschker et al., 1995). in the 
second step, to improve the precision of the results, a further minimization of the 
expression is implemented near the minimum value found with the use of the 
gradient reduction method along with a gradual reduction of the step (Bahvalov 
et al., 2003). This operation is repeated until the step or the error is less than 
the set minimum value. The illustration of functional minimization during both 
stages is presented in figure 14, but a comparison of the numerical heat flux 
density and the one determined experimentally for a real measurement is shown 
in figure 15, where an excellent accordance between the values is observed.

Fig. 14. values of functional F in the discrete points of (U, τ1) and the gradient 
minimization process.
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Fig. 15. illustration of numeric and experimental thermal flow.
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in the analysis of the results of more than a hundred measurements taken, 
it was found that that the developed methodology is able to correctly estimate 
the thermal transmittance in extremely non-stationary environments as well as 
in situations where the heat flux is very small and even changing in direction. 
With the application of this approach, it is possible to significantly reduce (up 
to a factor of two) the time needed for the measurements compared to the basic 
averaging method and most importantly to provide the same level of accuracy of 
results.

a large number of thermal transmittance measurements (more than 200) 
were taken in serial multi-storey buildings, thus forming an extensive database 
of U values for building boundary structures. The main part of this database 
contains values for external walls; measurements for horizontal surfaces (ceiling, 
floors) were also carried out where possible (fig. 16). most of them revealed that 
the calculated (Lvs, 2009) thermal transmittance values and the values indicated 
in the building documentation may differ significantly from the ones obtained 
during the experiments. The values from the experiments were almost always 
higher than the estimates, which correlate well with the results of similar studies 
(King, 2000). some of the most characteristic experimentally obtained thermal 
transmittances are summarized in table 4; the range of measured values is very 
wide and their U values may differ by as much as several times. 

Fig. 16. heat flux density and temperature sensor location in measurements of various 
structure types (wall, ceiling).
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table 4. characteristic experimentally estimated and the maximum allowed Urm values 
for residential buildings (LBn, 2001).

Building construction
U (W m-2 K-1)

measured Urm

double window with wooden frame 3.0 2.7
concrete/ceramsite wall panel (30 cm) 2.0 0.4
silicate brick wall (45 cm) 1.8 0.4
panel near window (464 series building) 1.6 0.4
reinforced concrete wall (464 series building) 1.4 0.4
Basement ceiling (467 series building) 1.4 0.3
Basement ceiling (104 series building) 1.3 0.3
White silicate brick wall (104 series building) 1.3 0.4
Brick wall (318 series building) 1.3 0.4
Brick wall in panel building (103 series building) 1.2 0.4
Wall panel (104 series building) 1.2 0.4
plastered brick wall (316 series building) 1.1 0.4
Wall panel (467 series building) 1.1 0.4
attic ceiling (464 series building) 1.1 0.25
attic ceiling (103/104 series building) 1.1 0.25
Basement ceiling (103/104 series building) 1.1 0.3
panel near window (104 series building) 1.0 0.4
red silicate brick wall (104 series building) 0.9 0.4
attic ceiling (316/318 series building) 0.8 0.25
reinforced concrete panel (103 series building) 0.8 0.4
attic ceiling (467 series building) 0.6 0.25
improved wall panel with internal insulation layer  
(119 series building) 0.6 0.4

2.1.6. Convection heat loss
a very important factor characterizing the thermophysical processes of the 

building is the convection heat losses, which are determined by the movement of air 
between rooms and the exterior due to the pressure difference (hagentoft, 2003). air 
flows through the building’s boundary structures mean that it is necessary to supply 
additional heat to increase the temperature of the coldest inflowing air masses:

 Q c T Vρ= ⋅ ⋅∆ ⋅ , (25)

where DT (°c) is the temperature difference and V (m3 s-1) is the air mass volume. 
at the same time, the air change is necessary because humans consume oxygen 
within the building and exhale carbonic gas and water vapour. Therefore the air 
change rate n (h-1) is optimal for various types of buildings depending on the type 
of use (mcmullan, 2002).
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in the course of this work several tens of standard air tightness measurements 
(iso, 2006) for entire buildings and separate rooms (figs. 17 and 18) were per-
formed with the use of special airtightness measurement equipment, the Blower 
door (The energy conservatory, 2012), thus summarizing and systematizing 
information about actual buildings and the characteristic convection heat losses. 
for example, the measurements in the staircases of non-renovated multi-storey 
buildings show huge convection heat losses as a result of the slots in the old 
wooden frames of doors and windows; in some cases the measured air tightness 
values exceed the normative values by a factor of 10 or more.

Figure 17. overview of the placement of the air tightness measurement tool Blower door 
in the window frame and door during measurement.
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Fig. 18. an example of the linear dependence of the air flow on the pressure differences 
in buildings with different values of air-tightness.
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comparing the estimated convective heat losses (25) and the heat conduction 
losses via boundary structures, it was found that the first type of energy losses is 
much higher, and thus the most effective way of achieving a significant reduction 
in energy consumption through heating is to reduce the convective loss of heat. 
however, the measurements performed in the buildings after renovation reveal a 
big difference in results depending on the quality of the work and the construc-
tion solution used, which do not always offer the expected effect. Quite a common 
mistake is the creation of a building envelope that is too tight for buildings without 
a mechanical ventilation system, so that the minimum air change required for a 
human being is not provided. a significantly smaller number of defects were ob-
served in measurements related to newly built houses, for which well-considered 
projects are prepared and qualitative construction works have been carried out.

from the implemented measurements and the big difference between the best 
and worst results it can be concluded that air-tightness research on the buildings 
is crucial for creating quantitative heat exchange estimations and for analysing 
the possibilities regarding the total reduction in heating amount.

2.1.7. Solar heat gain coefficient
The thermal transmittance of transparent objects is characterized by a coeffi-

cient U, which also includes long wave radiation heat transfer. solar radiation energy 
transmittance within a wavelength range from 300 to 2500 nm is also characterized 
by a solar heat gain coefficient shGc (%) or g-factor (–), which describes the part 
of solar radiation energy which penetrates the room through a transparent building 
structure (figure 19). The majority of modern glazed components have a reduced 
g-factor, which decreases the energy consumption for conditioning and provides 
better thermal comfort conditions in rooms during the summer while at the same 
time also decreasing the efficiency of solar energy usage in the heating season. 

 

exterior interior  

energy passing
through

window pane 

window 
pane 

re�ection
 absorption

 

solar
radiation

Fig. 19. reflected, absorbed, and transferred solar irradiance energy in the case of a 
double-glazed window pane.
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solar radiation does not usually cause problems in the climatic conditions of 
Latvia; however, it can be critical for buildings with a large area of glazed facades. 
measurements of solar radiation heat gain properties were made in one multi-
storey building with fully glazed facades in the year 2006. in order to perform 
a detailed research on the suitability of special window coating (film) usage for 
decreasing solar heat irradiation intensity through glazed components, in situ 
experimental measurements of the solar radiation properties of several types of 
films stuck on the outside glass surface were carried out during summer.

all measurements were performed inside rooms with similar orientations 
using a calibrated solar irradiance sensor hukseflux Lp02 (hukseflux Thermal 
sensors, 2012) (figure 20). solar irradiance was also registered without interrup-
tion with another stationary sensor on the roof of the building. The data of one 
measurement series obtained from both sensors are shown in figure 21, where 
it can be observed that the irradiance intensities registered outside by the two 
sensors match and the data from one sensor can be used as a reference level.

Fig. 20. system used for solar heat gain coefficient measurements.

to evaluate the role of coating film used for reduction of solar radiation, 
which is placed on the glass, a reduction coefficient of solar irradiance RC (%) 
will be used:

 

window             window+film

window

SF SF
RC

SF
−

=  (26)

data about tested films, their locations in the building, the information about 
their declared solar heat gain coefficients, and data acquired during measurements 
are summarized in table 5. it can be observed that for four of five membranes the 
experimentally determined RC value is within 5% of the declared one, but in one 
case it differs significantly.
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Fig. 21. irradiance intensities outside the building (siemens curve) and intensities 
measured on the roof of the building (1), inside on the 17th floor (2), 12th floor (3), 3rd 

floor (4), and 15th floor (5), and for the window without any coating (6) (almemo curve).

table 5. summary of solar transmittance measurements of glass panes with special 
coating films and films themselves.

film name (type) floor where film 
was used

SHGC (%) for 
window pane 

with film

estimated reduction 
coefficient (manufacturer’s 

data) rc (%)
SS 20 12 9 79 (74)
SS 35 15 20 53 (58)

RLW150S35 17 17 60 (65)
M 50 (R silver 50) 3 27 37 (74)

RE20SIARL 21 9 79 (77)
Without film 43 –

The completed studies show that usage of special films or reflective coatings 
helps to significantly decrease the penetration of solar radiation energy into the 
building through the windows, which is important for buildings with a large 
proportion of glazed components. during the summer, these films or coatings 
help to decrease the power required for air-conditioning, but in the heating sea-
son they slightly increase the amount of heating required. By knowing the value 
of the g-factor and the area of glazing as well as the orientation of the building, it 
is possible to evaluate the amount of heat which enters through solar irradiance.

2.2. numerical modelling: integral models
The experimental research methods and approaches described above are used 

for determination of the thermophysical properties of various building structures. 
The building and processes related to it are viewed as a joint complex object by 
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analysing the total heat balance and distribution of heat losses and sources as well 
as the influence of separate structural elements on the entire balance. Thus an 
objective evaluation of the energy efficiency condition of an existing or projected 
building can be estimated and critical elements in the aspect of the energy loss 
identified. When it is not possible to create a model of the entire building for any 
reason, such a model can be developed for any separate block (part) of the building.

many different approaches for modelling the heat balance of a building are 
used in practice, from the simplest, for example LBn (2001), to transient calcula-
tions with a large number of details and parameters (solar energy Laboratory, 
2000). Within this thesis, the modelling software heatmod (procesu analīzes un 
izpētes centrs, 2006) based on the standards din (2003) and Lvs (2008) was de-
veloped; it has been used for more than 10 years and is also used as a commercial 
software product. it is validated by performing many calculations for different 
apartment houses and public and industrial buildings. 

in order to compare the results of heat balance calculations for different 
buildings and to evaluate their practical use for the analysis of thermophysical 
processes in a building, models of one building (fig. 22) have been developed ac-
cording to a simplified method (LBn, 2001) and a more detailed one (Lvs, 2008). 
each of the methods was applied in two variants, which differ only in terms of the 
thermal transmittance U values; the input data are summarized in table 6.

6 m
4 m

10 m
10 m

20 m

21 °C

18 °C

5 °C

Main building

Depot

Fig. 22. sketch of modelled building with characteristic dimensions.

table 6. parameters of the blocks of the modelled building (figure 21).

element
area (m2) U (W m-2 K-1)

Three-storey 
main building

one-floor 
depot building variant i variant ii

Walls 508 96 0.4 0.3
roof 200 200 0.3 0.2
floor 200 200 0.3 0.2

doors/windows 218 24 2.7 1.3
Wall to unheated room – 40 0.4 0.3
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Using a detailed calculation based on monthly heat balance, the total amount 
of heating used by the building is denoted as QH (kWh). in the case of applying 
the calculation according to the simplified method, heat losses of the building are 
characterized by the so-called heat loss coefficient Ht (W/K) and it is necessary to 
carry out some transformations to get a result of the same dimension.

By analysing the results of both calculations for the building in two variants 
(table 7), it can be observed that heat losses in the second variant obtained by the 
simplified model decreased by 42%, but those obtained by the detailed calcula-
tion method decreased by only 31%. This difference can be explained by taking 
into account many factors characterizing thermophysical processes (convection, 
radiation, internal sources, etc.) in the detailed approach. These factors have an 
essential influence on the heat balance, in contradiction to the simplified calcula-
tion model, where the result depends only on heat transmittance coefficients. 

table 7. changes in heating amount for different calculation variants acquired by 
simplified and detailed methods.

calculation variant calculation method heating amount 
Qh, mW h %

i simplified 110.2 100
ii simplified 64.0 58
i detailed 170.5 100
ii detailed 118.3 69

The models of the building’s heat balance have an essential role in complex 
analysis of the thermophysical processes, because they allow us to consider the 
building as one integral object joining many mutually related elements and pro-
cess characteristics in a logical structure. on the other hand, with the help of 
such models it is possible to evaluate the influence of some unknown elements on 
the entire heat balance (e.g., the air change rate, which is often very complicated 
to measure or estimate) if the total heat consumption data of the building are 
available from the central heat meter.

approaches for building the energy efficiency research developed and 
checked in the thesis formed the basis for the development of the respective 
software applications EfA and EfA2 upon the request of the ministry of econom-
ics (2009–2011), which are validated, publicly available, and currently extensively 
used for calculations of building energy certification.

2.3. numerical modelling: Differential models
heat loss from the building is determined by the physical processes described 

before: heat conduction, convection, and radiation, but their intensity and contribu-
tion to the overall heat balance of separate rooms can be significantly influenced by 
several other factors, for example the dislocation of different constructive elements 
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or heaters can change the airflow and therefore the temperature distribution in 
the room, as well as the character of heat transfer from the surfaces. Therefore, in 
order to perform a more detailed analysis of heat transfer processes in a separate 
room and their influence on heat losses, numerical models of the separate room 
were developed with parameters in accordance with the real situation (fig. 23).

2.8 m 

6 m 

4 m  

Fig. 23. General draft of modelled building with its characteristic dimensions

 The first numeric calculations were performed in 2d approximation 
using the software ansys/fLotran. Later calculations were performed 
with ansys/cfX for 3d models too, which made it possible to model non-
symmetrical cases and to consider the influence of side walls. The heat losses 
from the investigated room through boundary structures by heat conduction, 
convection, and irradiation (depending on the reviewed variant), as well as the 
total heat consumption of the room, were estimated. By comparing the influ-
ence of many factors on the physical fields in the room and on its heat balance, 
it is possible to search for an optimal set of the factors enumerated before.

Thus, in parallel with the problem of improving the room’s energy efficiency, 
the possibility of providing and improving the thermal comfort conditions is ana-
lysed. This analysis is not usually performed in the context of energy efficiency 
improvement, due to the considerable computer resources required. from several 
parameters which characterize thermal comfort (charles, 2003; Lvs, 2006), the 
vertical temperature gradient, the average room temperature, and the airflow 
intensity are analysed in the work.

The reviewed modelling calculations do not include human presence, thus 
simplifying the development of geometry and boundary conditions, as well as 
making it possible to investigate solely the influence of geometrical and physical 
parameters on the energy efficiency and comfort conditions without dealing with a 
highly complicated model of a human. 
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The Navier–Stokes continuity and energy conservation equations (Bejan & 
Kraus, 2003), with the according boundary conditions, are solved for the flow 
of incompressible air; as a result the speed, pressure, and temperature field are 
obtained. The air flow regime at the expected reynolds number Re > 8000 is tur-
bulent, and therefore the turbulence models are also used: the k-ε model (chung, 
2002) in the case of 2d ansys/fLotran calculations and the k-ω SST model 
(menter, 1994) for 3d ansys/cfX modelling. radiation heat transfer is also 
considered in some calculations involving the monte carlo model (carlson & 
hassan, 1991) integrated in ansys/cfX. 

2.3.1. Numerical modelling: Differential models, 2D calculations
first of all, several 2d models of the room were created with different heater 

surface temperatures and external boundary structure thermal transmittance 
values as well as various windowsill geometries and openings/inlets in opposite 
walls (to include the convective heat change). The temperature and airflow 
distributions were analysed for all variants. The influence of each individual 
parameter on the room’s total heat losses and on the thermal comfort conditions 
was estimated. a sample of the velocity vector field at the top side of the heater 
for variants with different heater surface temperatures is shown in figure 24, 
and the field of velocity modules for variants with variable heat transmittances 
of the outer wall is shown in figure 25. The temperature distribution in the zone 
between the heater and the outer wall with different windowsills is shown in 
figure 26, while figure 27 illustrates the air circulation in the room under vari-
ous modelled air change conditions.

Fig. 24. velocity vectors (m s-1) at the top part of the heater with surface temperatures of 
60 °c (a) and 40 °c (b).
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(a)

(b)

Fig. 25. velocity module field (m s-1) in a room with high (a) and low (b) external wall 
thermal transmittance values.

Fig. 26. temperature (°c) field in a room with a narrower (a) and a wider (b) windowsill.
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Fig. 27. air circulation in a room without a windowsill, with a windowsill, and in an 
open room with 2 pa underpressure.

The analysis of results of the modelled variants showed the possibilities for 
affecting the heat exchange processes in the room by changing only the geometri-
cal parameters, for example, choosing a slightly wider windowsill will not affect 
the mean air temperature in the room, but at the same time this solution reduces 
the amount of heating and slightly increases the airflow velocities (not exceeding 
critical values). however, a negative effect of this change is a lower temperature 
on the window, which, in turn, leads to a higher condensation risk on the inner 
surface. as can be expected, the most disadvantageous variants in terms of heat 
losses are the ones with high external wall heat transmittance values and intensive 
air exchange. The vertical temperature gradient analysis in different places of the 
room (see figure 28) showed that the temperature difference does not exceed 
1–2 °c, which is a very good indicator.
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Fig. 28. vertical temperature distribution at different locations. 

The results of the numerical modelling revealed that at different air convec-
tion conditions near the walls the heat transfer intensity from the inner surfaces 
is subject to a change. The more intense the air flow over the surface, the thinner 
the boundary layer that is formed, leading to a more intensive heat exchange 
between the wall and the air. samples of the temperature distribution near the 
wall surface with a low airflow intensity and with an increased one are shown 
in figure 29. it is observed that the thickness of the thermal boundary layer 
decreases as a result of increased air movement.

The presented 2d models were the first approximation for the heat exchange 
process modelling in a living room which allows a qualitative estimation of the 
influence of various geometrical and physical parameters on the temperature and 
airflow fields.
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Fig. 29. temperature profile in the proximity of the wall: (a) in the case of a minimum 
airflow; (b) in the case of a more intensive airflow.
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2.3.2. Numerical modelling: Differential models, 3D calculations
Three-dimensional mathematical models of the room were created using 

ansys/cfX software. The time necessary to complete the calculations for one 
variant is up to three days. in order to carry out a comparative analysis, the 
first versions of the 3d model were created based on the previously reviewed 
2d  models. continuing the calculation series, other geometrical and physical 
factors were applied in a further study; the influence of such factors on the heat 
balance and comfort conditions was also analysed. a detailed analysis of the 
influence of solar radiation influence was also performed to include real factors 
as far as possible. in total, the calculations for 20 different model variants were 
completed (see fig. 30), and the following parameters were varied: 

•	 the	pressure	difference	between	openings	in	the	opposite	walls;
•	 the	geometry	of	the	windowsill;
•	 the	temperature	of	the	heater	and	its	placement	within	the	room;
•	 the	use	of	floor	heating;
•	 the	inclusion	of	the	radiation	heat	transfer	model;
•	 the	solar	radiation	via	windows	with	a	varying	incidence	angle.

Fig. 30. a few examples of various geometrical sketches of 3d models.

The obtained calculation data from all modelled variants1 of heat consump-
tion, transmittance and convection heat losses, characteristic velocities, and 

1  descriptions of all variants are summarized in the full thesis document.
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temperatures along with their gradients were then summarized and analysed in 
a detailed manner from the viewpoint of both energy efficiency and maintaining 
acceptable human thermal comfort conditions.

some results are illustrated in the next pages and include:
•	 the	temperature	field	in	the	symmetrical	plane	for	variants	with	a	varying	

pressure difference (fig. 31);
•	 the	isosurface	of	8 °C	showing	the	influx	of	external	air	for	a	variant	with	a	

heater placed next to the internal wall (fig. 32);
•	 isosurfaces	of	18 °C	and	20 °C	for	a	variant	with	a	heater	placed	next	to	the	

side wall (fig. 33);
•	 velocity	vectors	 in	the	symmetrical	plane	for	a	variant	with	floor	heating	

(fig. 34);
•	 the	temperature	field	and	isosurfaces	for	three	variants,	including	the	solar	

radiation with a changing angle of attack (fig. 35).

(a) 

(b) 

(c) 

Tem
perature, °C 

Fig. 31. temperature field in the symmetrical plane for variants with pressure differences 
of 0 pa (a), +1 pa (b), and –1 pa (c) between inlets in opposite walls.
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Fig. 32. isosurface of 8 °c and temperature contours in the middle cross-section for a 
variant with a heater placed next to the internal wall.

  
Fig. 33. isosurfaces of 18 °c (left) and 20 °c (right) for variants with a heater placed next 

to the side wall.

Fig. 34. characteristic velocity (m s-1) field in the symmetrical plane for a variant with 
floor heating.
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(a) 

 

(b) (c) 

Fig. 35. temperature field and 30 °c (a), 32 °c (b), and 33 °c(c) isosurfaces for variants 
including solar radiation with a changing angle of attack.

When performing the analysis of the calculation results it is useful to 
merge the graphical representations of mean room temperature and heating 
power as well as the vertical temperature gradient and mean velocity values 
on one graph (figs. 36 and 37). summarizing the obtained results from the 
point of view of energy consumption and thermal comfort conditions, the most 
beneficial option was found to be the one with a switched-off heating system 
(named 3d-G6-56), in which only the solar heat source compensated for the 
heat losses; the minimum temperature gradient and airflow intensities were 
observed in this variant as well. in contrast, in a room with air gaps in bound-
ary structures one may observe significant convective heat losses, resulting in a 
significant decrease of the room’s mean temperature, and the air velocities are 
also very high.

mathematical modelling of a room in the framework of the complex build-
ing energy efficiency analysis approach developed demonstrates the important 
role of various physical and geometrical factors in optimizing the heat con-
sumption of rooms and entire buildings and in improving the thermal comfort 
conditions. notwithstanding the fact that the models have a more qualitative 
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significance, they nevertheless clearly show the effect of certain parameters on 
the airflows in the room and temperature distribution, which has an effect on 
the total heat losses of the room and the whole building. By comparing the 
parameters that characterize energy efficiency and thermal comfort, it may be 
concluded that they are closely related and a simultaneous improvement of 
both is a very complex task that requires more detailed calculations and analy-
sis of many variants of the developed mathematical model, which is currently 
restricted by the computer resources that are required to make the series of 
numerical calculations.
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Fig. 36. power of the heater, solar radiation source, convection heat losses, and mean 
temperature in different variants of the room.
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as the completed numerical modelling testifies, significant changes in terms 
of energy losses from the room are associated with convective heat exchange via 
leaks in boundary structures. a crucial role is also played by the change of heat 
transmittance value of structures and solar heating sources. various geometrical 
factors, such as the placement of the heating body and the window-sill, are of 
less importance. The contribution of the radiation heat transfer is extremely 
important in the total heat balance and the distribution of the physical fields; this 
type of heat transfer must definitely be taken into consideration when modelling 
rooms with a large proportion of transparent surfaces (glazing). The obtained 
temperature distribution on the internal surfaces allows the potential risks of 
condensation to be evaluated.

however, the factors affecting thermal comfort conditions are highly depen-
dent on the placement of the structural elements, on the thermal resistance of 
the boundary structures, on the air filtration rate, and on the power and angle of 
attack of the solar radiation source, due to the fact that all of the aforementioned 
factors do affect the character of the airflow as well as the associated temperature 
field. The thermal comfort requirements were successfully met in most of the 
observed cases, except for the variants with an intense air flow, which resulted in 
a subsequent drop of the mean temperature in the room and increases in air ve-
locities. The following principal conditions in terms of providing thermal comfort 
may be drawn from the results of the calculation:

•	 it	must	be	possible	to	regulate	the	heater	power	depending	on	the	air	tem-
perature (especially in the case with solar sources);

•	 there	must	 be	provision	of	 a	 slight	 overpressure	 in	 the	 room	which	 re-
stricts the cold air from directly entering the inlets in the external building 
envelope;

•	 the	temperature	difference	between	adjacent	rooms	must	be	as	low	as	pos-
sible to minimize the thermal exchange between such rooms;

•	 placement	of	the	heating	body	(convector)	must	be	optimized.
such modelling and numerical calculations make it possible to effectively 

choose the best thermophysical parameters of the building structures and the 
placement of the structural elements and to analyse the distribution of heat losses 
in a maximum approximation to the real conditions, taking into consideration 
the air circulation, ventilation, and effect of solar exposure, that is, to solve an 
optimization problem and find the best solutions for the thermal comfort condi-
tions and heat consumption of a room.
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3. SummAry AnD concluSionS

a complex and joint approach for the analysis of thermophysical processes 
in buildings was developed and approved in the course of the doctorate thesis. a 
series of experimental studies have been carried out, and corresponding measure-
ment methods and equipment have been developed and improved. mathematical 
models have been developed for the entire building’s heat balance and for analysis 
of the thermophysical processes in separate rooms, as well. a detailed analysis of 
the acquired measurement data and model calculations has been performed.

The main conclusions and results obtained during the work are as follows:
• a measurement system has been developed with a special post-processing 

methodology of the collected data, which can be efficiently used to determine 
heat transmittance values in situ for structures under non-stationary usage 
conditions. This approach allows increased precision of the results while also 
reducing the amount of time necessary for measurements.

•	 A	method	for	the	experimental	establishment	of	the	material’s	heat	capacity	on	
the basis of the standardized “guarded hot plate” device was created with the 
use of the specifically developed methodology.

•	 A	series	of	experiments	was	carried	out	to	measure	the	solar	energy	heat	gain	
coefficient for different window pane coating films; the compliance of the mea-
surements with the declared values was identified.

•	 It	was	experimentally	established	that	a	building’s	thermo-technical	parame-
ters (heat transmittance, air tightness, etc.) may differ vastly between the theo-
retical and estimated values. it was shown that the aforementioned measure-
ments are required to ensure the quality of the input data in order to model the 
heat balance of the building and to implement an unbiased energy efficiency 
assessment.

•	 A	specialized	informative	database	has	been	created	which	includes	the	infor-
mation from the obtained experimental data on the building and the struc-
ture’s thermophysical parameters, which will simplify the energy efficiency 
assessment process of mass residential buildings.

•	 Various	mathematical	models	of	the	building’s	heat	balance	were	developed	
and successfully approved on existing buildings and available heating con-
sumption data; the resultant differences between the various models were 
analysed.

•	 Two-	and	 three-dimensional	mathematical	models	of	a	 separate	 room	were	
created, presenting an opportunity to evaluate the influence of various geo-
metrical and physical factors on the thermophysical processes in a room and 
to analyse the change tendencies. The evaluation of the obtained results reveals 
that it is possible to ensure thermal comfort conditions while reducing the heat 
consumption by optimizing various factors.
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