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Abstract 

There is still an obvious and indisputable need for an increase in the efficiency of energy 
utilisation in buildings. Heating, cooling and lighting appliances in buildings account for more 
than one third of the world’s primary energy demand and there are great potentials, which can 
be obtained through better applications of the energy use in buildings.  

This thesis focuses on the development of methods and models for heat and mass transfer 
processes in buildings, which have a vital impact on the energy utilisation. These models can 
be used in optimisation procedures aiming at increasing efficiency in the energy use, i.e. at 
minimising consumption of the necessarily supplied high quality energy, i.e. exergy, in 
buildings.  

Through the use of the method of analysing exergy flows in buildings, similar to the analysis 
applied on other thermodynamic systems, such as power stations, it is possible to identify the 
potential of increased efficiency in energy utilisation. It has been shown that calculations 
based on the energy conservation and primary energy concept alone are inadequate for 
gaining a full understanding of all important aspects of energy utilisation processes. Thus, a 
method for exergy analyses, based on a combination of the first and second laws of 
thermodynamics, is presented and an assessment tool has been developed for a better 
understanding and design of energy flows in buildings. 

Ventilation heat losses account for a significant fraction of the overall heating energy use in 
buildings. The implementation of natural ventilation strategies allows for the possibility of 
supplying indoor space with the required fresh air volume, without any fan power. Because of 
the ability to create high air flows, the use of natural ventilation can be beneficial to for night 
cooling processes. All in all, it is important to estimate the expected air flow rates during the 
design and planning stage of a building. That is why a model, based on earlier published 
works on single sided natural ventilation on tilting windows, has been developed for natural 
cross ventilation conditions with tilting windows.    

There are also building service system solutions which can help to reduce exergy 
consumption caused by the heating and cooling of rooms. The thermally activated building 
components are examples of these systems; they use very low temperature differences 
between the heat carrier medium and the room to be tempered. Earlier derived models of such 
systems are not always satisfactory for the design of all system configuration or new 
regulation strategies. The developed macro element modelling (MEM) approach is based on 
research conducted on the modelling of dynamic heat flows in solid constructions with 
discrete resistances and capacitances. In this work, it has been expanded by the simultaneous 
modelling of heat carrier flows and used on the thermally activated components. A 
methodology for modelling thermally activated components has been developed and verified. 
Optimised resistance-capacitance (RC) networks combined to so-called macro elements are 
used to model the solid parts of the system, the fluid temperatures are calculated under the 
precondition of a linear variation of mass node temperature between the calculation nodes. It 
has been demonstrated and verified that the MEM method is generally suitable for modelling 
the dynamic behaviour of combined systems with a heat carrier flow and solid construction 
parts with substantial heat storage capacity. 

Keywords 
Thermally Activated Building Components, Low Temperature Heating and Cooling, Exergy 
Analysis, Dynamic Simulation, Energy Efficiency, Cross Ventilation. 
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1 Introduction 

This thesis focuses on the development of methods and models for mass flow processes 
within buildings, processes which have a vital impact on the energy utilisation in the built 
environment. These models can be used in optimisation procedures, with the aim of 
increasing efficiency in the energy use; in other words, minimising the consumption of the 
necessarily supplied exergy in buildings.  

There are several possible ways to improve energy utilisation. One possibility is to apply 
passive strategies, such as natural ventilation, for heating, cooling and ventilation, without 
requiring, or with less, high quality energy to operate fans or pumps. On one hand, the energy 
needed for operating fans in mechanical air handling systems can be reduced by 
implementing natural ventilation strategies. On the other hand, ventilation heat losses account 
for a significant fraction of the overall energy use in buildings, and these can be reduced by 
using highly efficient heat recovery systems, resulting in an increased loss of pressure inside 
the system. To optimally solve this problem, a method for calculating of air exchanges under 
natural ventilation conditions is essential. Here, cross ventilation conditions are taken into 
consideration. 

Moreover, it is possibile to reduce the exergy consumption of building service systems by 
implementing low temperature heating and cooling systems. Earlier derived prediction 
models of such systems are not always satisfactory for new system configuration and 
operational strategies. Therefore, the modelling of thermally activated building components, 
or hybrid heating and cooling systems, is addressed here. There are a number of different 
system configurations already available on the market; for instance, the hydronic floor heating 
system, embedded pipes in concrete slabs, or the air borne ventilated hollow core slab 
systems.  The major advantage of this kind of heating and cooling systems is the utilisation of 
low temperature differences between the regarded heat carrier medium inside the system and 
the room to be heated or cooled, thereby leading to a relatively low exergy demand. Exergy 
consumption is, from a thermodynamic point of view, a problem with the use of energy today. 
The fundamentals of the application of the exergy approach to buildings are presented in this 
thesis. The mentioned modelling method for thermally activated components makes it 
possible to model various kinds of constructions, estimate their performance in a building via 
a transient simulation in a simulation environment, and obtain an optimised, exergy saving 
overall system configuration. 

1.1 Background 

As part of the measures taken to reduce the emissions from energy utilisation processes, 
efforts have also been made to reduce energy consumption in buildings since buildings 
account for a major fraction of the world’s annual energy demand. This has been achieved by 
constructing heavily thermally insulated buildings, by improving the quality of window 
glazing, and by using the thermal storage of the construction itself. New modern regulations, 
i.e the new upcoming European Performance Directive 2002/91/EG, meet the challenge of 
further reducing primary energy use. To find and further quantify potentials in energy 
conservation, the thermodynamic concept of exergy can be beneficial. Energy, which is 
entirely convertible into other types of energy, is called exergy (high valued energy such as 
electricity and mechanical workload). Energy, which has a very limited convertibility 
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potential; for example, heat close to room air temperature, is low valued energy. Low exergy 
heating and cooling systems use low valued energy, which could also easily be delivered by 
sustainable energy sources (e.g. by using heat pumps, solar collectors or other means). 
Common energy carriers like fossil fuels deliver high valued energy.  

In order to make the energy use in buildings even more efficient, low temperature heating and 
cooling systems have been implemented. A promising solution in this sector is the increasing 
use of thermally activated building components. Such solutions, which utilise low 
temperature differences, allow for an easier implementation of renewable energy sources in 
the built environment, as well as making way for a low exergy demand for space heating and 
cooling. “Hybrid systems” or “thermally activated constructions” are building components, or 
a combination of different building components that utilise the heat transfer properties and 
heat capacity of the whole construction to achieve room conditioning. Typical examples of 
this are embedded hydronic pipes in concrete slabs or air flow in hollow core slabs, where the 
entire slab construction is tempered to heat or cool the room. Another commonly known 
example is hydronic floor heating. The room surfaces are kept warm at a fairly uniform 
temperature, thus providing a good level of thermal comfort. For the dynamic analyses of 
such a system, several heat transfer mechanisms must be involved and treated simultaneously.  

For the design of heating or cooling systems that include thermally activated building 
components, efficient and reliable tools are needed to analyse the performance of the system. 
There has been some attention paid to the modelling of thermally activated heating 
constructions such as heating and cooling systems. Some generalised design methods for the 
regarded systems have been developed and proposed (Rittelmann et al 1983, Evans et al 1985, 
Fort 1989). During the “Solar Heating and Cooling Programme” and the “Energy 
Conservation in Buildings and Community Service Programme” performed by the 
International Energy Agency, some focus was put on the modelling (Jørgensen 1984, 
Scartezzini et al 1987). More detailed models of thermally activated constructions, suitable 
for the implementation in dynamic simulation environments, have been published (Koschenz 
and Dorer 1999, Fort 1989, Caccavelli and Mounajed 1995, Caccavelli and Bedouani 1998, 
Strand and Pedersen 2002, and Laouadi 2004).  

The commonly used simplified models, like the one-dimensional or steady state models, are 
not sufficient for estimating the total performance of such system solutions. On the other 
hand, the already existing stand-alone-models, depicting some thermally activated heating and 
cooling systems, are not satisfactory for design purposes. Dynamic simulation models, 
including all three dimensions of the heat transfer and all possible heat transfer effects, have 
to be implemented in an effective way into known simulation programs such as IDA ICE 
(Bring et al 1999) or TRNSYS (TRNSYS 2000). Extended simulation of the dynamic 
behaviour of the overall system, taking into account realistic climate conditions, regulation 
strategies, and occupants, requires extensive computational resources, which should not, 
however, be used for a detailed simulation of only one system part, e.g. the thermally 
activated construction. 

For the modelling of embedded pipes in concrete slabs some models have been published: 
The FDM model developed by Fort (Fort 1989) uses rectangular cells to model a cross section 
of the system and has been implemented into the simulation environment TRNSYS (TRNSYS 
2000). This kind of numerical model provides quite accurate solutions, but requires rather 
small time steps and a high amount of CPU time (Weber and Jóhannesson 2004). To avoid 
such disadvantages, simplified models; for example, RC-network models or transfer function 
models, with a limited complexity have been developed. Such examples are the semi-
analytical model presented by Laouadi (Laouadi 2004) and the transfer function model 
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developed by Strand (Strand 1995). A simplified RC-transfer function model, established by 
Koschenz and Lehmann, has been implemented into the TRNSYS environment (Koschenz, 
Lehmann 2000). Ren and Wright have published another model where a simplified RC 
network is used for modelling the airborne hollow core slab system (Ren and Wright 1998). 
These models use constant temperatures during a time step in a calculation element and for 
some models, the cross section of the system has to be calculated via a finite difference model 
before estimating the temperature variation of the fluid along the flow path. Generally, this 
approach of calculating a cross section before being able to perform the simulation has 
already been widely used (Fort 1989, Strand 1995, Caccavelli and Mounajed 1995). A 
discussion of the different models is presented by Weber and Jóhannesson (Weber and 
Jóhannesson 2004). 

An example, where thermally activated components have been successfully implemented in 
an office building is the Centre for Sustainable Building in Kassel/Germany, which is 
described in more detail in the appended Paper 6. In that project, embedded pipes in concrete 
slabs have been used as a low temperature emission system and coupled with a district 
heating supply for heating and a ground heat exchanger for cooling. Ground coolness, a 
renewable energy source, is used directly for cooling office spaces under summer conditions. 
For this system configuration, both the exergy demand and the use of primary energy are very 
low. This has been proven in a monitoring project conducted on that particular building. 

1.2 Outline and aim of the research work 

The aim of the conducted research is to develop methodologies for the modelling of mass 
flow related processes with an impact on energy utilisation in buildings and for an analysis of 
the systems via dynamic simulation of buildings. This is done keeping in regard an attempt at 
achieving room conditioning in buildings with a minimum consumption of exergy. In order to 
achieve these goals, methods for a systems analysis of buildings have been developed: 

1. Ventilation heat losses account for a significant fraction of the overall energy in 
buildings. Ventilating by natural means could be an energy efficient way of supplying 
the required air to rooms. During an earlier conducted PhD project on air exchange 
rates in buildings, a method for estimating these air flows caused by buoyancy and 
wind forces was derived (Maas 1995). That study was limited to single sided natural 
ventilation with a tilting window. Here, the approach has been extended to natural 
cross ventilation conditions on two tilting windows on the basis of extended air flow 
measurements at a test building facility (Paper 1).  

2. A promising solution for an increase in the efficiency of energy utilisation and the 
implementation of renewable energy sources into the building stock is offered by the 
development of low temperature heating and cooling systems, the thermally activated 
components. Earlier derived models of those systems are not always satisfactory for 
the design of system configuration and regulation strategies. The MEM (macro 
element modelling method) approach is based on research done on the modelling of 
dynamic heat flows in solid constructions with discrete resistances and capacitances 
(Jóhannesson 1981, Mao 1997, Akander 2000). Here, it has been expanded to the 
simultaneous modelling of heat carrier flows and used on a different class of 
constructions, the thermally activated components. A methodology for modelling 
thermally activated components has been developed and verified. Optimised 
resistance-capacitance (RC) networks combined to so-called macro elements are used 
to model the solid parts of the system, and the fluid temperatures are calculated under 
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the precondition of a linear variations of mass node temperature between the nodes. 
The development of the MEM approach is the core of this thesis (Papers 2, 3 and 5).
  

3. The concept of exergy is well known in, for example, the mechanical engineering 
field and helps to improve the understanding and optimisation of energy flows. 
However, it has hardly ever been used for the overall assessment of energy use in 
buildings. Commonly used energy assessment procedures use the first law of 
thermodynamics only, and a weighting of different energy sources is done via the 
primary energy approach. Based on the principles of the exergy concept, of a 
combination of the first and second laws of thermodynamics has been utilised in an 
assessment strategy for buildings and programmed into a software tool (Paper 4).
  

These methods for a system analysis of a building can be integrated into a dynamic 
simulation environment and then used for an optimisation of the design and the system 
configuration in new buildings.  

A good example which shows what can be achieved by utilising the above mentioned 
ideas is the newly erected office building of the Centre for Sustainable Building in 
Kassel, Germany. This building has been monitored to verify the concepts and is 
presented in the appended Paper 6. Some results from the monitoring are shown in 
Figure 1. 

Typical office building* Target value* ZUB in 2002 ZUB in 2003
0

50

100

150

200

Heating energy (climate corrected)

Electricity; building service systems[kWh/(m²a)]

 

Figure 1: Result from the monitoring program for the two years 2002 and 2003 of the Centre for Sustainable 
Building (ZUB), compared to the target value of the research program and a typical office building 
(*source: Solarbau 2004) 

To summarise, the conducted research work is outlined in Figure 2: In using the 
thermodynamic concept of exergy as a basic optimisation strategy for buildings, and trying to 
find a way to reduce exergy consumption caused by the operation of buildings, models have 
been developed for the performance estimation of convenient building systems.  On one hand; 
there is natural cross ventilation and, on the other hand, there are models for thermally 
activated building components. Both systems promise a possible decrease in exergy 
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consumption caused by the operation of buildings. These models can be used in a holistic 
analysis in dynamic computer simulations for a better design and planning of buildings. The 
office building of the Centre for Sustainable Buildings is presented in this thesis as one good 
example of what can be achieved by applying some of the methods described here. 

  

Figure 2: Outline of the present research work    

1.3 Objectives of the thesis  

This thesis summarises the research work I have conducted in the fields mentioned above and 
provides background information on the motivation and practical implementation of the 
results from this work.  

In addition, it presents background information and explains the development of methods and 
models for mass flow processes in buildings, which have an impact on the energy use, and for 
the assessment of energy utilisation in buildings. The immediate objective is to develop 
prediction models for the operation of thermally activated building components, new low 
temperature heating and cooling systems, via the so-called macro element approach and a 
model for natural cross ventilation strategies. The concern has mainly been on saving high 
valued energy, or exergy, and on facilitating the use of low valued or renewable energy 
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sources for the heating and cooling of indoor spaces. The models can be used in practical 
applications for building assessment and design in a suitable simulation environment . This 
work could lead, in future projects, to an improved building design and an increased 
implementation of low temperature heating and cooling systems, as seen in the presented 
example office building. 

The summary preceding the attached papers, gives a general introduction and overview of the 
development of methods and models for energy related mass flow processes in buildings, as 
there are air flows through buildings exist under natural cross ventilation conditions, and the 
modelling of thermally activated building components. Furthermore, an introduction to the 
concept of exergy is included as a suggestion for improving the energy assessment of 
buildings. Regarding the modelling of thermally activated heating and cooling systems in 
more detail, the macro element modelling method, developed during the research work for 
this thesis, and some of its aspects and results, is outlined and described.     

The thesis is based on five independent journal papers and one conference paper, as shown in 
the List of Papers section. The common denominator is the modelling and calculation of 
energy use in the built environment. In addition, special aspects of the topics mentioned above 
are treated in the appended papers.  

The papers themselves are the results of work carried out in a number of different projects, 
starting with research work done at the Department of Building Physics at the University of 
Kassel, Germany, presenting the DFG1 Project HA 1896/11-1 “Meßtechnische und 
theoretische Untersuchungen zum Luftaustausch in Gebäuden” (Empirical and Theoretical 
Investigations on the Air Exchange in Buildings). The first two projects at KTH-The Royal 
Institute of Technology in Stockholm, Sweden, emphasise the mathematical modelling and 
analysis of building thermally activated building components. The BFR2 project 19970413: 
"Komponentmodeller för Studier av Hybrida System" (Component models for studies of 
Hybrid Systems) in particular focuses on this. For the second project, the FORMAS3 project 
2001-0195 and 24.1/2001-1012 / SBUF4 project 9026: "Att använda lågkvalitativ energi 
(lågexergi) för byggnader" (Using of Low Quality Energy in Buildings), the application of 
renewable energy sources for tempering buildings was placed in the foreground. The 
FORMAS project 24.1/2001-0366: "Svensk medverkan i IEA5 Annex 37: Low Exergy 
Systems for Heating and Cooling of Buildings" (Swedish participation in the IEA Annex 37: 
Low Exergy Systems for Heating and Cooling of Buildings), and the work in the Annex 37 
itself, emphasises the basic thermodynamic theories of the exergy concept, their application in 
buildings and the practical impacts of that concept in the assessment of energy flows in 
buildings and on the design of buildings. Finally, the BMWA6 project 03350006Z on “solar 
optimised buildings at minimum energy demand” (Teilkonzept 3; Solaroptimierte Gebäude 
mit minimalem Energiebedarf), a monitoring project, on the newly erected office building of 
the Centre for Sustainable Building in Kassel, Germany, was conducted at the University of 
Kassel.  

                                                 
1   DFG: Deutsche Forschungsgemeinschaft (German Research Council)  
2  BFR: Byggforskningsrådet (Swedish Council for Building Research) 
3 FORMAS: Forskniningsrådet för miljö, areella näringar och samhällsbyggande  

(The Swedish Research Council for Building Research and Spatial Planning) 
4  SBUF: Svenska Byggbranschens Utvecklingsfond   

(The Development Fund of the Swedish Construction Industry) 
5 IEA: International Energy Agency 
6 BMWA: German Ministry of Economy and Labour 
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2 System solutions to reduce exergy consumption 

2.1 Assessment of low exergy building design  

In the theory of thermodynamics, the concept of exergy is stated as being the maximum work 
that can be obtained from an energy flow or a change of a system. The exergy content 
expresses the quality of an energy source or flow. This concept can be used to combine and 
compare all flows of energy according to their quantity and quality. Exergy analysis is 
commonly used in, for example, the optimisation processes of power stations. The use of the 
concept of entropy, as previously suggested (Gertis 1995), also complies with the exergy 
concept. The feasibility of these methods for use in building stock is examined here. 
Buildings still account for more than one third of the world’s primary energy demand 
(ECBCS 2004) and most of the energy is used to maintain room temperatures at around 20°C. 
In this sense, because of the low temperature level, the exergy demand for applications in 
room conditioning is naturally low. In most cases, however, this demand is presently being 
satisfied through the use of high quality sources, such as fossil fuels or using electricity 
(Baehr 1980).  

2.1.1 The method: exergy analysis 
To perform an exergy analysis, closed balances of energy and mass must first be set up. In the 
following, the different types of possible exergy transfer in building systems in the scope of 
this work are: exergy transfer with heat interaction and exergy associated with mass flows.  

Because the concept is to conserve energy, under assumed steady state conditions, the energy 
flowing into the system has to be equal to that flowing out: 

 outin EE =    ( 1 ) 

 ( ) ( ) ( ) ( )00 TTmcTThATThATTmc retrmsrrascinl −⋅⋅+−⋅⋅+−⋅⋅=−⋅⋅ &&    ( 2 ) 

In the above equation the term on the left represents the energy flow to a radiator. The first 
term on the right is the emitted heat from the radiator surface by convection, the second term 
is the emitted heat by radiation, and the third term represents the remaining heat energy in the 
return line of the radiator. Here, Tinl is the temperature of the water in the inlet pipe and Tret is 
the temperature in the return pipe. The surface temperature of the radiator surface is Ts , 
whereas Tra is the temperature of air in the room, and Trm is the mean temperature of the room 
surfaces. T0  is the reference temperature.  

Furthermore, the entropy balance has to be formulated in consistence with the energy balance. 
Some amount of entropy is inevitably generated within the system: 

 outgenin SSS =+    ( 3 ) 

In order to estimate the entropy, an internal reversible process is assumed. The entropy of a 
substance is calculated via a reversible heat supply from the reference state 0 to the regarded 
state y, with a certain temperature Ty : 
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In addition to the terms of the energy balance, the entropy generation must be taken into 
consideration. 

 
( ) ( )









⋅⋅+

−⋅
+

−⋅
=+








⋅⋅

00

lnln
T
T

mc
T

TThA
T

TThA
S

T
T

mc ret

s

rmsr

s

rasc
gen

inl &&    ( 7 ) 

 

By combining the energy and entropy balance, the following general formulation of the 
exergy balance can be gained: 

 ( ) ( )000 TSETSTSE outoutgeninin −=−−    ( 8 ) 

The same equation can be rewritten using the concept of exergy. There is an input and output 
of exergy to and from the system. In contrast to the energy balance equation ( 1 ), there is a 
real loss term for consumed exergy in the exergy balance. The exergy balance equation for a 
system under steady state condition is:   

 outconsumedin ExExEx =−    ( 9 ) 

Combining equation ( 2 ) and ( 7 ) results in the following exergy flow balance for a heat 
emission system: 
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The exergy demand of the emission system is the difference between the supplied exergy and 
the exergy returning to the generation. The boiler must compensate this difference. 

 supplyconsretinl ExExExExEx +=−=∆    ( 11 )  
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To introduce Q, the term for the heat energy supply to the room, the exergy difference can be 
written in this way:  
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A more detailed description of this derivation is presented in Paper 4.   

2.1.2 Tool for the exergy assessment 

To increase the understanding of exergy flows in buildings and to be able to provide 
possibilities for further improvements in energy utilisation in buildings, a pre-design analysis 
tool has been developed. All steps of the energy chain - from the primary energy source, via 
the building, to the sink (i.e. the ambient environment) - are included in the analysis. The 
entire tool is built up in different blocks of sub-systems representing all important steps in the 
energy chain. All components, building construction parts, and building services equipment, 
possess sophisticated input possibilities. Both heat losses in the different components are 
regarded and the auxiliary electricity required for pumps and fans are taken into 
consideration, and the electricity demand for artificial lighting and for driving fans in the 
ventilation system is included. On the primary energy side, the inputs are differentiated 
between fossil and renewable sources. The steady state calculation for heating cases are done 
in the direction of the development of demand. 

 

Figure 3: Energy utilisation in building services equipment, the modelling method for the pre-design tool. The 
energy flows are shown from source to sink, in accordance to DIN 4701-10, modified.  

In order to clarify the method and the possibilities shown in the result of an energy/exergy 
analysis, a room in a typical office building has been chosen. As stated above, all calculations 
have been carried out under steady state conditions.  

The data for the construction parts and the service equipment of the case have been chosen in 
such a way that the building standards of a number of countries (e.g. Japan, North America 
and within Central Europe) could be met in round terms. The insulation standard is moderate 
(UW=0.4 W/m²K), and the building service systems are somewhat representative of the 
building stock in those countries (radiator and LNG (liquefied natural gas) fired boiler).  

The difference between an energy and an exergy analysis becomes clear when observing the 
losses in the generation sub-system. The energy efficiency of this system is high, but the 
exergy consumption within the boiler system is the largest of all regarded sub-systems. When 
a combustion process is used, a large consumption of exergy is indispensable. The supply of 
energy to the heat generation process is of a high quality factor, as it is for LNG, with 0.95. 
The core of the generation is a combustion process with flame temperatures up to some 
thousand degrees Celsius, leading to the output of the process being a heat carrier medium of 
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about 80°C. Even at this point, the temperature levels indicate a great loss in the potential of 
the capability to do mechanical work; this is quantified by the carnot efficiency. 
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Figure 4: Absolute values of energy and exergy flows through all components in the base case from the energy 
source to the sink, i.e. the external environment. The useable amounts of energy and exergy are 
reduced in every component due to inefficiencies and losses. 

The picture changes when the heating exergy load of the room, i.e the standard of the building 
shell, is taken into consideration. When the insulation standards of the walls (from 0.4 to 0.2 
W/m²K) and the windows (from 2.2 to 1.2 W/m².K) are improved, the heating exergy load, 
which is the exergy output from the room air and the exergy input to the building envelope, is 
reduced from the base case value of 105.98 W to a value of 66.56 W for the improved 
construction. This value represents only 4.2 % of the chemical exergy input to the boiler. This 
reduction measure could be regarded as marginal, or as having a limited impact on the total 
exergy consumption of the system. However, the exergy consumption decreases from 3348 W 
for the base case to 2102 W for the case with an improved building shell, whereas a case with 
an improved boiler only gives a reduction resulting to 2574 W. It seems more beneficial to 
reduce the heating exergy load by installing thermally, well-insulated exterior walls and 
glazing than to install thermally, extremely highly efficient boilers. This analysis is described 
in detail in Paper 4.  

There are a number of possibilities of reducing the exergy load on the building service 
systems. One such possibility is to implement low temperature heating and cooling systems, 
such as thermally activated systems. These emission systems require a low temperature 
difference between the heat carrier medium and the spaces to be heated or cooled, i.e. those 
having a low exergy load demand on the distribution or generation system. They are 
described in detail in Chapter 2.3. and a developed model to predict their operation is 
presented in Chapter 3 (Papers 2, 3 and 5). A second possibility is to use passive means for 
ventilation purposes in order to reduce the required electricity consumption for the operation 
of building services, e.g. fans. Implementing natural ventilation strategies is one of the 
possible means. A model for the prediction of air exchange rates in buildings under natural 
cross ventilation conditions, which has been derived during the course of the research project 
(Paper 1), is introduced in the following chapter.  
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2.2 Natural cross ventilation  

Ventilation and air infiltration energy losses account for a major fraction of the total heat 
energy demand in buildings. At the same time, ventilation plays a vital role in securing good 
indoor air quality and thermal comfort in buildings. Securing these needs connects the 
problem of ventilation to a number of associated topics related to building services and 
design. Air tightness of the building envelope, pollutant emission characteristics of building 
materials and furniture, and even the handling of internal heat loads of artificial lighting and 
equipment or solar gains from solar radiation have an influence on the need or performance of 
ventilation. Attempts to minimise ventilation energy losses sometimes results in poor indoor 
air quality or comfort problems. Therefore, ventilation should be emphasised to ensure the 
necessary fresh air supply needed and a minimal energy demand for ventilation.  

In theory, the calculation of energy impact of ventilation seems straightforward, but when it 
comes to the estimation of the exchanged air volumes under natural ventilation conditions, the 
calculation gets more complicated. The outdoor environment, with wind velocity and ambient 
air temperatures, is not well defined and the available information on actual buildings lacks a 
desired accuracy. Normally it is necessary to base the calculation on assumptions about 
indoor climate and air exchange rates. 

All different kinds of buildings (dwellings and to some extent, offices) in most countries are 
still ventilated by means of natural ventilation. In fact, natural ventilation is becoming an 
increasingly popular way of ventilating buildings, based on the potential energy savings in the 
building services and for increasing the acceptability of varying ventilation rates and a 
changing indoor environment (Persily et al 2000). Since knowledge on the amount of 
exchanged air is mandatory in estimating the resulting energy demand, it is also needed for 
the case of natural ventilation. The term natural ventilation refers to the airflow through all 
kinds of openings caused by natural forces, wind pressure differences, or thermal forces 
(Maiss 1991). The openings can be windows, slots or extra ventilation openings. On the other 
hand, an unwanted airflow can be introduced through cracks in the building envelope and 
insufficiently tightened building components. The resulting air exchange is difficult to 
estimate and measure because of the variation of the boundary conditions in time and space.  

Empirical studies on natural ventilation have been executed based on surveys (Hausladen 
1980). Theoretical studies have been conducted under the European project Altener (Allard 
1998), and especially in a PhD thesis on single sided ventilation with windows (Maas 1995). 
All studies are aimed at the estimation of the airflow caused by natural ventilation. Yet, cross 
ventilation in normal European dwellings or houses has not been studied to the same extent. 
Since high air flow rate can be expected under cross ventilation conditions, also natural night 
cooling, i.e. cooling the inside building structure through a high flow of cool outdoor ambient 
air, is an interesting application. 

Paper 1 presents an empirical study based on a mathematical model for the calculation of 
cross-ventilation in buildings. In order to investigate the different influences on the airflow 
through large openings like windows in the building envelope, measurements of air change 
rates under natural conditions have been carried out. Based on published numerical models 
for single-sided ventilation and knowledge on airflow patterns through windows, a new model 
for cross ventilation has been derived.  
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2.3 Thermally activated building components  

As stated above, also the implementation of low temperature heating and cooling systems can 
also lead to a decreased demand for high quality energy for the heating and cooling of rooms. 
Examples of those systems are thermally activated building components. 

The term “thermally activated components” is commonly used for constructions in which a 
flow of medium heats or cools the entire construction and thereby, the spaces to be tempered. 
They are also called hybrid systems, since a building construction part merges together with a 
heat exchange component (Schmidt and Jóhannesson 2002). In this way, these systems act as 
combinations of active and a passive components and become hybrid systems (Gertis 1982, 
Johannesson 1984). 

 

 

 

 

Figure 5: Examples of water and air borne thermally activated components with counter flow characteristics  

Depending on the nature of these low temperature radiant systems, heat transfer is 
accomplished either partially or almost entirely by radiation. As a result of higher mean 
radiant temperatures within radiantly heating structures, it has been hypothesised that these 
systems can ensure a more comfortable thermal environment at lower thermostatic 
temperatures than conventional systems. They are implemented into a building element such 
as a ceiling, wall, or floor. Since these systems are in close contact with the building 
occupants, there are limits to their operating temperatures (Strand 1995). Because of the low 
temperature differences between the heat carrier medium and the tempered space, the heating 
or cooling power of these systems is limited to approximately 100 W/m² for heating with 
floors and 50 W/m² for cooling with a floor construction. Therefore, it is mandatory to reduce 
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internal and external loads, e.g. by well insulated façade construction (U = 1.0 to 0.6 W/m²K) 
or effective solar shadings for the case of cooling (Meierhans and Oelsen 1999).    

These components utilise the entire construction with its heat storage capacity and the whole 
surface for heat transfer to the environment. The combination of heat storage inside the 
construction, and a simultaneous mass and heat transfer at low temperature differences 
between the room to be conditioned and the heating or cooling medium are special advantages 
of these systems.  

There is a variety of thermally activated building components available. Hydronic floor 
heating, which uses parts of the floor construction as heat storage, is one typical example. 
Generally, these systems utilise air or water as the heat carrier medium. The heated or cooled 
water or air has to be transported from the source (boiler or chiller) to the emission system 
and through the emission system itself. The flow of the heat carrier medium inside these 
constructions is often designed in a counter flow pattern, comparable to a heat exchanger. In a 
heat exchanger the exchange between the medium flows is of main concern, not the exchange 
to the surroundings. In thermally activated constructions the opposite is true, i.e. the heat 
emission to the room is of utmost relevance. However, heat exchange also takes place in the 
thermally activated components between neighbouring flows of the medium and this affects 
the total efficiency of these heating or cooling systems. The macro element method presented 
in this thesis focuses on the modelling of such systems. 

Some examples are shown in Figure 5, in which the small arrows indicate the counter flow 
pattern:  

The hollow core slabs also use the warm or cool ventilation air also for tempering the surface 
of the construction, thereby heating or cooling the room. The extruded hollow core concrete 
slabs are integrated with the ventilation system by blocking the core ends and cutting 
connecting holes between the cores to create an extended air path within the slab. Having 
passed through the slab the air can enter the room directly via a diffuser, or pass through a 
duct to enter the room at a lower level as part of a displacement ventilation system (Ren and 
Wright 1997).  

Another building part, although not in the narrow sense “building part”, is heat storage with a 
co-axial piping in a bore hole. This system is modelled in about the same way that other 
thermally activated constructions can be modelled. It is used here as an example to explain the 
macro element method because of its simple circular geometry and the availability of an 
analytical solution of the dynamic properties of the system in frequency domain (Papers 3 
and 5). 

Embedded pipes in concrete slabs are commonly used for thermal emission, mainly for the 
heating and cooling of office buildings. This system utilises relatively low temperature 
differences between the heat carrier and the room temperature, thus advantageously having a 
relatively low exergy demand (Weber et al 2000, Weber and Jóhannesson 2004, Schmidt 
2004). An example of a building where such a system has been implemented and monitored is 
the office building of the Centre for Sustainable Building in Kassel, Germany (Paper 6). 

Tempering not only floor and ceiling constructions, but also walls, is common in some 
countries (NOVEM 2001). A possible solution for lightweight wooden buildings is the double 
air gap wall construction proposed by the LOWTE Company / Sweden. It is an airborne 
system, with no water flow inside the wooden wall construction. The wall surfaces are heated 
or cooled by a circulating air flow inside the wall which has a very low temperature difference 
to the room temperature. An analysis of this system set up is given in Paper 2.   
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A more detailed presentation of a number of thermally activated systems and other systems 
that help to reduce exergy consumption for the heating and cooling of buildings can be found 
in the IEA ECBCS Annex 37 Guidebook (Annex 37 2004).  



 

Dietrich Schmidt   23  

3 The macro element modelling method (MEM) 

As described above, the implication of thermally activated building components allows for a 
possibility to reduce high quality energy use in buildings. Yet, since the dynamic prediction 
models of these kind of constructions are not always satisfactory for all possible operational 
strategies, a method for mathematical modelling has been developed for the analysis of the 
thermal conditions of these building components and for the description of multi-dimensional 
heat conduction. This method, or analysis procedure for wall and ceiling constructions, has 
been extended to include a mass flow inside the construction. Therefore, it is possible to 
model even hybrid building components with an optimised resistance-capacitance (RC) 
network using a limited number of macro elements.  

3.1 Approach and hypothesis 

The aim of the proposed method is to obtain a practical and reliable model of thermally 
activated building components. Nonetheless, the major dynamic characteristics of the 
construction should still be modelled correctly. 

• First, a cross section of the regarded system is transformed into a limited number of 
mass nodes, an optimised network of discrete resistances and capacitances. This 
means that less nodes are needed compared to, for example, finite element method 
(FEM) or finite difference (FDM) models. For this transformation, the cross section 
has to be analysed in the frequency domain, in which linear systems are assumed to 
be. In the transformation step, the solid parts are modelled correctly in a chosen 
frequency range with the main dynamics via a network of discrete resistances and 
capacitances. Deviation between model and analysis can be seen directly in the Bode 
diagram, a diagram showing the thermal properties of the construction in the 
frequency domain. The resistances and capacitances are optimised for a certain chosen 
frequency range in accordance with the later use of the model and the processes to be 
estimated. These so called RC networks, representing the solid construction, can be 
used in time domain applications for both linear as well as non linear processes, such 
as varying the flow and  switching the flow direction.  

• For the MEM model, a linear variation of the mass node temperatures along the fluid’s 
flow path is assumed. This makes it possible to significantly increase the element size, 
as opposed to the solution with constant mass node temperatures along each flow 
element.  

• The temperature profile in the fluid flow is modelled accurately in quasi-steady state 
and calculated with an assumed linear variation along the flow path of the 
neighbouring mass node temperatures. It is assumed that the temperature distribution 
of the fluid is, at any time, in equilibrium with the surrounding mass nodes. This 
assumption is valid when the velocity of the fluid is sufficiently high, i.e. when the 
fluid passes through the construction in a fraction of the shortest period of the 
processes to be studied. 

• The model is built up along the flow direction. Heat transport to and from the fluid, 
orthogonal to the flow direction is modelled via a network of discrete resistances and 
capacitances. 
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• The time domain MEM model is verified by cases analysed in frequency domain. The 
results in the time domain for time dependent harmonic inputs are compared with the 
analytical solution. 

3.2 Included processes and assumptions 

For the modelling of thermally activated components, a number of parallel heat transfer 
processes must be regarded simultaneously. These are taken into consideration for both the 
flows of the heat carrier medium and for the surrounding solid construction.  

• Convective surface heat transfer coefficients and possible radiative heat transfer 
coefficients between surfaces have to be set constant for each element. There is the 
possibility of varying them for each time step, according to changes in flow or 
temperatures. 

• The resulting temperature distribution along the flow channels is solved analytically 
for the stepwise linearly varying surrounding mass nodes temperatures. These 
calculations are made for quasi steady state conditions. The heat loss from the fluid 
along the element is calculated from the  resulting temperature change   

• All heat carrier properties and material properties of the solid constructions are set to 
be constant. This is valid in the expected temperature and pressure range close to 
standard conditions (20°C and 1013.25 hPa). It is possible to expand the modelling in 
such a way so that the medium properties can be estimated for each time step. 

• Heat transport by convection along the direction of the flow is a major part of the 
model, therefore the heat transfer capacity of the flowing fluid is taken into full 
consideration. However, the thermal storage capacity of the stagnant medium is 
neglected, i.e. the storage term is set to zero and the temperature distribution for the 
flow are at each time point in a steady state equilibrium with the surrounding mass 
nodes. 

• Dynamic heat conduction in the solid construction is modelled with an optimised 
resistance-capacitance network. Solar radiation hitting inner parts of the construction 
and being absorbed there is treated as heat generation in the modelling. 

• As a core of the MEM method, the temperatures of the mass nodes in the solid are 
seen as changing stepwise, linearly with the co-ordinate of length. Similar to the 
temperature profile in the heat carrier flow, the real temperature variation at the 
surface of the construction is an exponential function. In this model the resulting 
surface temperature variation will be a linear function of length for every macro 
element. 

• Heat exchange directly between two adjacent heat carrier flows can be taken into 
consideration. 

3.3 Limitations 

In the case of fast processes (high frequency), the RC networks have to be optimised in the 
desired frequency range, for the desired maximum frequency. They start deviating from the 
analytical solution of higher frequencies, as they are optimised for. Another important 
limitation is the assumption that the flow temperatures are calculated for quasi steady state 
condition, under the assumption that, for every time step, the flow profile is fully developed. 
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This is valid for conditions when a sufficiently short time period is needed for the fluid to 
pass through the construction. As shown, amplitudes are modelled correctly, and phase shifts 
can be corrected by taking into account the flow through time for the heat carrier fluid.  

In the case of slow processes (low frequency), the limitation is in the size of possible time 
steps. Since parts of the calculation are conducted explicitly, the calculation could, depending 
on the RC network parameter, become unstable for time increments which are too long. 

3.4 General  

The MEM-approach can be divided into the following three basic steps: analysis, 
transformation and implementation.  

3.4.1 Analysis of the system 

The analysis of the solid construction parts is done in the frequency domain. When possible, 
as for simple geometries, the system responses of a cross section are directly calculated using 
analytical methods. For the analysis, all possible simplifications, e.g. symmetry, are made 
(Schmidt and Jóhannesson 2002a).  

The analysis result of the heat transfer balance between two arbitrary isothermals 0 and 1 is in 
the form of a frequency dependent matrix (Carslaw and Jaeger 1959). 
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To define the dynamic performance, i.e response, of a certain construction, the concepts of the 
admittance and the transmittance have to be introduced. These concepts are defined by a 
relationship between certain temperature and heat flow oscillations at the boundaries of the 
model (Johannesson 1981).  

 

 

 

 

 

 

Figure 6: Implication of admittance and transmittance (Akander 1995) 

The admittance can be seen as a measure of the heat exchange between the system and its 
adjacent surroundings. It is defined as a relation between the heat flow through the wall and 
the temperature on the same side and can be expressed in the terms of the matrix in  
equation ( 14 ): 
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The dynamic thermal transmittance is defined in the same way as the admittance, but here, the 
heat flux and the temperature of the obverse sides are related to each other and the other 
temperature is set to constant. 
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If the construction is plain, such as a wall or ceiling, the transmittance is identical in both 
directions. 

Admittances and transmittances have to be calculated for a range of interesting frequencies. 
With simple geometries, as stated above, it is possible to obtain an analytical solution. If it is 
not possible to find an analytical solution for the dynamic admittance and transmittance, an 
estimation using the finite difference method with complex temperature boundaries can be 
used to calculate these dynamic properties of a construction. This method is provided by Mao 
for two-dimensional problems on thermal bridges (Mao 1997).  

 

 

Figure 7: Discretisation of a construction by means of the finite difference method 

For the use with thermally activated slab constructions, a finite element formulation of 
triangular elements has been derived to calculate the dynamic properties of complex 
geometrical conditions (Weber, Johannesson and Koschenz 2004). 

The calculation is done in frequency domain and complex temperature boundaries are chosen, 
similar to the analytical way.   
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3.4.2 Transformation 
The heart of the MEM method is the transformation of the building construction’s properties 
into a network of discrete resistances and capacities. An RC-network is optimised in such a 
way that, for a given nodal configuration, the system responses from the RC-network are, for 
a certain frequency band, as close as possible to the response from the former calculations of 
the building construction’s cross section. For the chosen RC-network configuration of a given 
construction, a heat transfer matrix equation for each frequency can be expressed in terms of 
the resistive and capacitative parts (Beuken 1936, Rouvel and Zimmermann 1997, Akander 
2000). The deviation of the system responses between the detailed model and the RC-network 
can then be calculated and the deviation for the simplified model can be studied in the 
frequency domain. 

1

6

1E-6 1E-5 1E-4 1E-3 1E-2
Angular frequency

Analytical transmittance

RC model transmittance

Analytical admittance

RC model admittance

1/Rtot

[W/m²K]

[rad/s]

1 day 1 hour

4

 

Figure 8: Amplitudes for the admittance and transmittance of the analytical solution and the optimised Π-T link 
RC network for the simple case presented in Paper 5 

To integrate the RC networks into macro elements, the heat balance of the mass flow inside 
the construction is described using a set of differential equations. By solving the equations for 
a linear change in (pipe/duct) surface temperatures in the direction of the flow in each macro 
element, it is possible to use considerably enlarged segments for a given discretisation error. 
Investigations have shown that the error made by applying a linear change for the surface 
temperature is reduced to about 1/3 compared to calculations made using stepwise constant 
temperatures.  

3.4.3 Implementation 
As described above, the macro element method is a method in which a number of optimised 
RC networks are combined to larger macro elements by setting up a system of differential 
equations for the heat carrier flows within the construction. Figure 9 presents a scheme 
showing how the different parts are connected, and how the assumptions and preconditions 
are applied to a macro element.  
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Figure 9: The MEM model of a coaxial flow pipe with counter flow characteristics and an assumed adiabatic 

outer boundary. Ground heat storage case presented in Paper 3 and 5.  

The temperature profile is an exponential function of the co-ordinate of length x. 
Corresponding to the flow temperature, the temperature inside the construction, close to the 
flow, also gets also an exponential shape. For commonly used models the temperature inside 
the construction is assumed to be stepwise constant, similar to the case of one macro element 
in the following diagram.  
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Figure 10: Linear varying mass node temperature of an MEM model of a simple case presented in Paper 5 with 
different numbers of macro elements and the temperature profile inside the heat carrier flow for the of 
1 and 12 macro elements. 

Macro 
element 

Optimised  
RC network 

x 

Linear change of 
boundary temperature 
between macro 
elements 

Real exponential 
profile of medium 
temperature 

Heat exchange 
between pipes in 
counter flow 



  3 The macro element modelling method (MEM) 

Dietrich Schmidt   29 

By applying the MEM approach, the mass node temperatures are already close to the 
exponential shape (compare case 12 elements) just with three macro elements.  

To model the heat carrier flow, a heat balance for an infinitesimally small element of every 
flow must be set up. In general, the heat balance of a system includes three major parts: the 
amount of heat stored in the system, the heat flow across the system’s boundaries and the heat 
produced inside the system. 

  ∫ ∫ ∫ ′+′−=′
V A V

VdAdVds
dt
d φq    ( 18 ) 

   Storage  =  Transport + Source 

The time dependent storage term, which is neglected in this modelling, is thus represented on 
the left side and the heat flow over the systems boundaries plus the heat source term on the 
right. The heat flow q  could be divided into one part for a convective transport Cq for a heat 
transfer in combination with a mass flow, and one part for a diffusive / conductive transport 

Dq for a heat transmission through a material. 

  φ+∇−−∇= DC qq0    ( 19 ) 

An isotropic homogeneous system described in Cartesian co-ordinates (x, y and z) and 
implementing Fourier’s law results in: 

  TD ∇−= λq    ( 20 ) 
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The time dependent heat balance for the modelling in one dimension x, for example a circular 
pipe, consists of an infinitesimal channel element of two terms. The heat production is 
assumed to be zero. The changed content of thermal energy of an infinitesimal channel 
element inside the heat carrier medium, due to exchanged heat, is the heat flux from the 
medium to the surroundings: 
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             convective transfer  + lateral heat transfer  = 0  

The density of heat flow rate q0(x) over the boundary represents the heat transfer to the 
surrounding construction, as well as possible transport to other heat carrier medium flows. 
The RC networks and the heat carrier flow are connected via this heat flow rate q0(x).  

Since the temperature of the adjacent node is assumed to vary linearly along the flow path, it 
is: 

  DxCxTnode +⋅=)(    ( 23 ) 
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And the lateral heat flow in a whole time step for a macro element can be estimated:   

  ( )( )∫ −⋅−=∆
l

flow
tot

dxDxCxT
R

Q
0

1&    ( 24 ) 

The problem with only one heat carrier flow, as described by equation ( 22 ), can be 
formulated by the following differential equation. If more than one flow is being modelled a 
system of differential equations has to be set up and can be solved via matrix formulation as 
described in Paper 5.   
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   ( 25 ) 

The solution to the above shown differential equation for the flow temperature is an 
exponential function.  
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Now, new node temperatures of the entire RC network can be calculated after setting up a 
system of heat balances for all nodes, e.g. via a matrix inversion, which is demonstrated in 
Paper 5. The heat flow from the heat carrier flow to the network, as calculated in equation  
( 24 ), is directly invoked into the network.  

The implementation of an MEM model can be summarised by a flow diagram, as shown in 
Figure 11. 

As the first step, all nodes of the model have to be set to their initial or starting values. New 
properties of the flow or of the boundary conditions can be given to the model for every time 
step of the calculation. Time variant processes with their different inputs can be calculated. As 
indicated by , the MEM calculation starts with the calculation of the temperature profile of 
the heat carrier flow, e.g. by utilising equation ( 26 ). This happens under the assumption of 
the linear varying mass node temperature profile (see equation ( 23 )). In a second step  
these profiles, the calculated temperature profile of the heat carrier and of the mass nodes are 
used to calculate the actual heat flow between the heat carrier flow and the optimised RC 
network, as indicated in equation ( 24 ). Finally, new mass node temperatures are calculated 
in . For this, the heat flows calculated in step  are used and a new linear varying 
temperature profile of the mass nodes can be estimated for the next time step. 
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Figure 11: Programming scheme, flow diagram, for calculations using the MEM method 

 

Detailed descriptions of the method and the approach of calculating examples with and 
without a direct exchange of heat between adjacent flows are given in Paper 5.  

For the presented investigations, the resulting simplified model is formulated in the MathCad 
(Mathsoft 1997) environment and will be translated into Neutral Model Format (NMF) 
(Sahlin 1996). This format includes a model definition based on equations. A continuous 
component, which can be described by a system of differential-algebraic equations, can be 
modelled directly with its equations. The NMF-code is translated and the models thereby 
implemented in dynamic simulation programs such as TRNSYS (TRNSYS 2000) or IDA-ICE 
(Bring et al 1999). This provides a method of examining thermally activated building 
components and their interactions with the rest of the building. The resulting models can, in 
this way, be made available to a broader audience of researchers and designers. 

t ⇐ t+1 
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3.5 Validation of the MEM model 

Dynamic properties and performance in the frequency domain can be shown in a Bode 
diagram. For a given case, the analytical solution, the analytical RC model solution in 
frequency domain, and the time domain solution for the MEM model with harmonic 
boundaries are compared. The frequency domain solution can be obtained with a time domain 
model by using a Pseudo Random Binary Sequence (PRBS), and an analysis of the response 
of the regarded system (Akander 2000). Here, the results from the investigations on an 
embedded pipe in a concrete cylinder are shown as an example (see Paper 5). 
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Figure 12: Results from the simple case presented in Paper 5. The analytical solution compared to the analytical 
solution with RC networks and to the MEM model solution in the frequency domain. 

The MEM model complies very well with the analytical solution for low frequencies in this 
case, but the phase shift deviates for high frequencies, i.e. frequencies higher than 
approximately 2.10-4 rad/s, corresponding to time periods of about 9 hours. 

For moderate frequencies, the agreement between the analytical model and the MEM model is 
satisfying. The phase lag complies quite well with the one from the analytical solution and 
very well with the analytical solution of the optimised RC network. For frequencies higher 
than 2.10-5 rad/s, the phase lag of the MEM model and the RC analytical model are a little less 
than that of the analytical solution and the amplitude of the MEM model is a bit higher than 
that of the analytical model. At a frequency of approximately 2.10-4 rad/s, the phase of the 
MEM model starts to deviate from the analytical and the RC model solutions. If the phase 
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shift of the MEM model solution is corrected, taking the flow through time of the heat carrier 
through the construction into account, even the phase shift complies well with both the 
analytical RC model solution and the analytical model. The amplitude of the MEM model 
complies well with the analytical RC model.  

By comparing Figure 8 and Figure 12 we see that the inaccuracy in the modelling for the 
cross section starts increasing at a higher frequency for the total solution than for the RC 
model of the construction. The flow-through time of the heat carrier medium is, for the given 
velocity, 350 seconds or 0.1 hours. The time dependent model is built on the restriction of a 
fully developed temperature profile for the fluid in every time step and based on the 
assumption of a quasi steady state. For shorter periods of time or those in the same order of 
magnitude as the flow through time, the MEM modelling is no longer valid, and the results 
deviate from the analytical solution and from the real process. The amplitude is modelled 
correctly and the phase shift has to be corrected by taking into account the flow through time 
of the heat carrier. If faster processes are going to be regarded with varying flow directions 
and mass flow conditions, a modification of the model must be implemented and “packages” 
of heat carrier are to be traced into the calculation. This represents a further development of 
the modelling.  

3.6 Choice of a suitable macro element length  

Generally, at least three macro elements should be used for the modelling of a construction. 
Less than three macro elements do not provide a good representation of the exponential 
temperature profile of the adjacent network nodes, i.e. it is not modelled with a sufficient 
accuracy (compare Figure 10). For a more sophisticated analysis, a constant of length is 
introduced in: 

 cmRL totflow ⋅⋅= &    ( 27 ) 

Whereby the total steady state resistance of the entire system Rtot, including the heat transfer 
coefficient is on the heat carrier and on the ambient-air side. 

The length of a macro element of the modelling should be much less than the length constant 
Lflow.  
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4 Summary of results 

The results of the work presented in this thesis can be summarised in several ways. Thus, with 
respect to the framework of this thesis, the following results are thought to be of interest from 
an application point of view:  

• A new methodology for prediction models of the thermal behaviour of thermally 
activated building components has been derived. In contrast to previous ones, the MEM 
approach heeds to the fact that heat and coolness are perhaps stored differently, at 
different places along the flow path of the fluid. Only a limited number of so-called 
macro elements have to be used to obtain a reliable accuracy in the calculations.  

• New operational and regulation strategies can be tested, e.g. for non-linear processes as 
extreme time variant processes, such as switching the flow direction or steps in the inlet 
temperature or flow conditions. Their performance can be estimated with the MEM 
models.  

• In practical building projects, the use of MEM models may enhance the implementation 
of thermally activated components with their very low exergy demand.  

• The exergy concept has been applied to a whole building analysis. By utilising this 
approach and the presented tool, the components which are worth while to optimise can 
be identified. A further optimisation may be done on a more detailed component level. 

• A mathematical model for estimating air flows under natural cross ventilation conditions 
has been derived.  

 

From a scientific point of view, the following results are the most important: 

• The combination of optimised RC-network configurations with an assumed linear 
variation of the node temperatures along a flow path and with a mass flow/heat transfer 
problem coupled to that has until now not been published.  

• With the MEM approach it is possible to model a combination of RC network 
configurations by modelling solid construction parts with substantial heat storage 
capacity, using a set of differential equations describing adjacent mass flows with a 
significant heat exchange between the flows. For the solution, the equations are solved 
simultaneously.   
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5 Conclusion 

• Most national codes, restricting energy use in buildings, and assessment methods for 
the energy use in buildings are based on the first law of thermodynamics. As shown in 
detail in the appended Paper 4, the energy conservation concept alone is not sufficient 
for gaining a full understanding of all the important aspects of energy utilisation 
processes. From this aspect, the method of exergy analysis facilitates a clearer 
understanding and improved design in energy flows in buildings. The proposed 
method allows the possibility of choosing energy sources according to the quality 
needed for a certain application. One of the possibilities is energy cascading, where 
the flow of energy is used several times, despite a decrease in quality in each step. 
More emphasis should be placed on the importance of exergy and the prevention of its 
destruction in the energy utilisation processes in buildings. In the same manner, 
communities could set limits for the exergy consumption of buildings and 
requirements for low exergy buildings, comparable to the already existing limits for 
the use of primary energy. The proposed analysis method offers the background for 
this and might facilitate an increased use of low valued or renewable energy sources 
for the heating and cooling of buildings. 

• A step towards that goal is the implementation of thermally activated components with 
a low exergy demand, to be used in building projects. This thesis presents an overview 
of how the macro element modelling method can be applied to such constructions in 
order to achieve this. The aim of the proposed method is to obtain implementable and 
reliable models of thermally activated constructions. It has been demonstrated that the 
MEM method is generally suitable for modelling the dynamic behaviour of combined 
systems with a heat carrier flow and solid construction parts with substantial heat 
storage capacity. The performance of these slowly reacting systems, with new 
improved strategies for the operation (even highly time variant processes, such as the 
reversal of the flow direction) can be estimated with the MEM method. Other known 
methods which do not provide a suitable representation of the heat transfer for those 
processes in the dimension of the flow length of the construction. The MEM approach 
could enhance the extension of the application of new exergy saving system 
configurations.   
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6 Further research applications 

The research conducted within the field of the modelling of thermally activated building 
components and in the field of the assessment of energy use in buildings, which this doctoral 
thesis is based upon, has brought up and put focus on several issues of concern for further 
research. Motivated by new energy codes, e.g. the European Performance Directive, 
representatives of the building sector are starting to focus more on energy related issues and 
the feasible implementation of renewable energy sources in the building service system.  

Therefore, for the purpose of future research activities, some suggestions can be drawn from 
the conclusions. 

• If fast processes or low velocities of the heat carrier are to be modelled with the MEM 
model, the model for the carrier must be expanded by a module which traces 
“packages” of heat carrier fluid as they make their way through the construction. This 
will increase the advantages drawn from MEM models and expand their validity. 
A more strategic distribution of the element sizes along the flow path could further 
improve the accuracy of a given number of elements. 

• The MEM method shall be applied to other thermally activated systems. In Europe, 
embedded pipes in concrete slab systems are becoming more and more popular as 
heating and cooling systems. Based on an analysis undertaken in the frequency 
domain, utilising a triangular FEM formulation (Weber, Jóhannesson and Koschenz 
2004), discrete RC networks for a cross section of a floor slab can be derived (Weber, 
Jóhannesson 2004), and the MEM method can be applied for modelling the 
temperature distribution within the heat carrier flows.    

• The presented MEM models can be implemented in a common simulation 
environment, where the MEM model is to be programmed in the equation based 
NMF-code (Neutral Model Format) (Sahlin 1996b). In this way, the calculation in the 
time domain and the influence of the examined construction, e.g. the thermal heat 
storage and others, on the entire building system can be evaluated in a commonly used 
simulation environment.  

• Just as the MEM models, the assessment procedure for buildings according to the 
exergy approach could be implemented within a dynamic simulation environment. 
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7 Summary of appended papers 

Paper 1: Experimental and Theoretical Case Study on Cross Ventilation 
- Designing a Mathematical Model 

By: Dietrich Schmidt, Anton Maas and Gerd Hauser 

Natural ventilation through windows and other openings in the building envelope is still the 
most common way to ensure the necessary fresh air supply necessary in buildings. To date, 
there are few validated models for the calculation of ventilation rates through large openings. 
In particular, there is a lack of information on natural cross-ventilation. This paper presents a 
mathematical model for the calculation of cross- ventilation in buildings which is based on an 
empirical study. In order to investigate the different influences on the airflow through large 
openings in the building envelope, measurements of air change rates under natural conditions 
are taken on certain types and configurations of openings. The collected data is used to 
analyse the influences of the buoyancy and wind driven airflow and it is determined in detail 
how these two phenomena influence one another. Based on published numerical models for 
single-sided ventilation and knowledge on airflow patterns through windows, a new model for 
cross ventilation is derived. Again, this model is validated using the measured data. This new 
model can be implemented to calculate convection heat loss and thermal loads of buildings 
more specifically.  

 
 

Paper 2:  Model for the Thermal Performance of a Double Air Gap Wall 
Construction 

By: Dietrich Schmidt and Gudni Jóhannesson 

Due to increased requirements regarding thermal comfort and energy efficiency in buildings, 
there is a need for new heating and cooling systems. Low temperature surface conditioning 
systems, with their potential for utilising the heat-transfer properties of entire wall, floor or 
ceiling surfaces, are an interesting solution in meeting this challenge. The double-air-gap 
construction analysed in this paper makes it possible to utilise heating sources at low 
temperatures to provide space heating or cooling. In order to investigate the function of this 
class of systems a special and efficient mathematical modelling method using matrix notation 
has been developed for the steady state solution. Case studies with a light exterior wall 
construction and one with a prototype wall-window-construction have been carried out. The 
results obtained how the calculation can be done and how to evaluate the air temperatures in 
the gaps. For the studied cases, heat fluxes for the surfaces are calculated and discussed. 
Design suggestions regarding the position of the gaps inside the construction are given on that 
basis. Furthermore, parameter studies with a varying airflow and changing solar radiation 
have been conducted. For most possible cases where the heat or cold demanded is produced in 
a conventional way, the gaps should be placed close to the inside surface of the entire 
construction to minimise heat losses to the ambient environment. The effect of solar radiation 
heating the air inside the gaps is demonstrated in a case study. In addition, further research 
steps, which also introduce the dynamic behaviour of the system, are outlined.  
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Paper 3:  Approach for Modelling of Thermally Activated Building Components with 
 an Optimised RC Network 

By: Dietrich Schmidt and Gudni Jóhannesson 
Thermally activated building components or hybrid systems are building components or a 
combination of different building components that utilise the heat transfer and heat capacity 
properties of the whole construction to achieve room conditioning. A special advantage of 
these systems are the use of the heat storage properties or the construction together with a 
combined mass and heat transfer at low temperature differences between the room and the 
heating or cooling medium. For dynamic simulations of such a systems, existing models 
describing hybrid systems are not satisfactory for all design purposes. A method for 
mathematical modelling and for the description of multi-dimensional heat conduction, i.e. for 
an analysis of the thermal conditions of a building, has been developed at KTH. The core of 
this method is a transformation of the building construction’s properties into a network of 
discrete resistances and capacities. This method of transformation has been expanded upon in 
this project extended to provide a method for examining hybrid systems and their interactions 
with other building components. Calculations of time dependent processes, like switching the 
mass flow on or off, are able to be done with these discrete networks. The resulting simplified 
model can be described in the Neutral Model Format (NMF), allowing it to be implemented in 
dynamic simulation programs, such as TRNSYS or IDA. A case study for a combined mass 
and heat transfer problem is provided in this paper. The chosen example is heat storage in a 
borehole equipped with a co-axial piping. Although it is not a typical example of a building 
construction, the problem in analysis and transformation is similar to other hybrid 
constructions; for example, a double air gap wall construction. The analysis for a borehole is 
described in detail and the remaining steps in the modelling are the subject of a following 
paper (Paper 5). 

 

 

Paper 4: Design of Low Exergy Buildings - Method and a Pre-Design Tool 

By: Dietrich Schmidt 

Calculations in energy simulations and analyses of energy flows in buildings have commonly 
been based on the energy conservation principle, the first law of thermodynamics. A more 
holistic view in these calculations is gained by estimating the primary energy demand for all 
processes. As shown in this paper, through analyses and examples, the energy conservation 
concept alone is not adequate in gaining a full understanding of all the important aspects of 
energy utilisation processes. Thus, a method for exergy analyses based on a combination of 
the first and second laws of thermodynamics is presented here for a better understanding and 
design of energy flows in buildings. This concept of exergy is described in detail and a 
summary of work conducted earlier has been included. A pre-design tool for buildings has 
been programmed utilising this concept and its functionalities are shown in the paper. Using a 
typical case, the advantages of the analyses and the difference between energy and exergy 
analyses are demonstrated. In conclusion, an analysis of a real and existing building is 
presented and some design guidelines deriving from all of the analyses are given. In order to 
achieve an exergy optimised building design, loads on the building service system have to be 
reduced as much as possible. Generally, in the retrofit or new design of buildings, first 
priority should be given to creating an energy efficient building shell. Then, improvements to 
the building service system, which should be the next priority, will be much more efficient.   
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Paper 5: Optimised RC Networks Incorporated within Macro Elements for 
Modelling Thermally Activated Building Constructions 

By: Dietrich Schmidt 

This paper presents both an effective modelling method for the thermal simulations of 
thermally activated building constructions or hybrid systems, and a scheme in which the 
resulting mathematical models can be implemented in a commonly used dynamic simulation 
computer program. The advantage of this method is the fact that only a limited number of 
nodes are required to obtain reliable results for the simulation. A comparison between the new 
model and a derived analytic solution for a case example shows the quality of the model. The 
so-called macro element modelling method, MEM, is based on earlier research on the 
modelling of dynamic heat flows in solid constructions with discrete resistances and 
capacitances. Here, the method has been expanded by the simultaneous modelling of heat 
carrier flows and used on thermally activated building constructions, such as hydronic floor 
and wall heating or hollow core slabs. With the MEM model, the temperature variation of the 
heat carrier fluid is modelled correctly along the flow path with the assumption that the 
temperatures of the mass nodes of the construction vary stepwise, linearly with the length. 
The fluid’s temperature profile is calculated in quasi-steady state conditions. This limits the 
model validity to cases in which the fluid’s flow-through time is longer than the period of 
studied time variations. It has been demonstrated that the MEM method is generally suitable 
for modelling the dynamic behaviour of combined systems with a heat carrier flow and solid 
construction parts with substantial heat storage capacity.   

 
 

Paper 6: The Centre of Sustainable Building (ZUB ) - A Case Study 

By: Dietrich Schmidt 
The new three story office building of ZUB is an example of how new low temperature 
heating / cooling systems and strategies have been implemented and how new, 
environmentally friendly building materials can be used. ZUB is attached to an already 
existing preserved building and consists of a public part for exhibitions and events, and two 
floors for offices and an experimental area.   
Part of the overall concept is the implementation of sustainable building materials. There is an 
interior clay wall, made from unbaked clay bricks. This wall, with its great heat capacity and 
with its capability of dampening fluctuations in humidity, works as a climate wall. The 
wooden facade construction with its very high insulation standard is another example.  
The building has been designed as a low energy building with an annual heating energy 
demand of less than 20 kWh/m². Natural ventilation and lighting strategies of the rooms are 
used and good thermal and indoor comfort has been achieved. An additional aim of the 
planning, which has been reached, is the utilisation of passive solar gains. Extensive 
simulations have been conducted for optimisation. Only one system, a hydronic conditioning 
system with embedded pipes, has been chosen to heat and cool the offices. For heating, the 
system is supplied via the district-heating network. When cooling is necessary, coils in the 
ground floor slab construction supply the rooms with the coolness of the ground. To reduce 
ventilation heat losses, mechanical balanced ventilation with heat recovery has been installed. 
Natural ventilation strategies are integrated too; for example, for night cooling. To verify the 
achievements and the concepts of ZUB a monitoring programme has been drawn out and this 
paper provides a more detailed description of the building and its systems.   
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