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Abstract

The demand on a comfortable indoor climate in humid regions has led to an extensive use of air
conditioning units. These units are energy inefficient and have resulted in large energy consumption.
A more energy efficient alternative to achieve a good indoor climate is the combination of concrete
core conditioning systems and controlled ventilation.

The purpose of this thesis is to study the performance of three chosen concrete core conditioning
systems in the moist, warm climate. The climate used in the study is that of Shanghai, China. Two of
the systems are waterborne, one is airborne.

The aims are:

- To provide analysis tools for evaluation of different configurations of TABS in moist, warm
climates.

- To give examples of the maximum power output possible for cooling without the risk of
mould growth or condensation.

- To investigate the dynamic properties of the three systems.

As an example of how to estimate a planned buildings power and energy needs, the program Climate
Surface 1.01 is presented.

In regions such as Shanghai, China, predominant risks are growth of mould and fungi and surface
condensation. Even though controlled and dried ventilation is used, the risk of infiltration of humid air
through the building shell must be considered as well as residents’ behaviour.

Another important aspect is how a comfortable indoor climate is defined. The most widely used
method of evaluating the indoor climate is by the Fanger index. However, since the index is based on
the opinions of Danes and North Americans, it may not adequately reflect the expectations of people
living in other climates.

The investigation of the dynamic thermal behaviour of the concrete core conditioning systems was
carried out in the frequency domain with the combination of two models. One is a FEM model in
MatLab for the calculation of temperature distributions and heat flows for a cross section by Weber et
al. 2004a. The other is a model in MathCad developed by the author with the analytical solution of
temperatures and heat flows along the pipe length.

The developed dynamic model assumes predefined boundary conditions and is only one component in
simulating the TABS to investigate resulting indoor conditions. It needs to be coupled to an advanced
simulation program like TRNSYS or IDA ICE for more adequate results of surface temperatures and
power outputs. The models are found suitable however, for investigating the dynamic thermal
behaviour of the mass transfer systems.
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Zusammenfassung

Der Anspruch nach einem behaglichen Innenklima in feuchten Klimazonen hat zu einer weit
verbreiteten Nutzung der Klimaanlagen geführt. Diese energieineffizienten Klimaanlagen haben einen
großen Energieverbrauch zur Folge. Die Kombination von Thermoaktiven BauteilSystemen (TABS)
und mechanischer Ventilation bietet eine energieeffizientere Alternative.

In dieser Dissertation wird die Leistung dreier auserwählter TABS in einem feuchten, warmen Klima
studiert. Zwei dieser Systemen werden mit Wasser und eines mit Luft betrieben. In der Studie wird das
Klima von Shanghai, China verwendet.

Ziele dieser Arbeit sind:

- Analysierungswerkzeuge für die Bewertung verschiedener Konfigurationen von TABS in
feuchtem, warmem Klima zur Verfügung zu stellen

- Beispiele von der maximalen Leistungsabgabe aufzuzeigen, welche für die Kühlung möglich
sind, ohne dass Risiken für Schimmelwachstum oder Kondensation auftreten.

- Die Untersuchung der dynamischen Eigenschaften der drei Systemen.

Eine Präsentation des Programms Climate Surface 1.01 ist inkludiert um exemplarisch zu zeigen, wie
die Leistung- und Energiebedürfnisse eines geplanten Gebäudes geschätzt werden können.

In Regionen wie Shanghai, China besteht ein stetes Risiko des Wachstums von Schimmel und anderen
Pilzen sowie von Kondensation an den Kühlungsoberflächen. Auch wenn mechanische Ventilation
benutzt wird, muss das Risiko von Infiltration feuchter Luft durch die Gebäudehülle, wie auch das
Verhalten der Bewohner, berücksichtigt werden,

Ein weiterer bedeutender Aspekt ist die Frage nach der Definition des behaglichen Innenklimas. Die
bekannteste Methode basiert auf dem Fanger-Index. Diese Indizes wurden von Dänen und
Nordamerikaner definiert. Es könnte deshalb sein, dass er den Erwartungen von Personen in anderen
Klimazonen nicht entspricht.

Die Untersuchung des dynamischen, thermischen Verhaltens der TABS wurde in der Frequenzdomäne
mit der Kombination von zwei Modellen gemacht. Das eine ist ein FEM Modell in MatLab, von
Weber et al. 2004a, für die Berechnung der Verteilung der Temperatur und Wärmestromdichte über
einem Querschnitt. Das andere, von der Autorin dieser Arbeit entwickelte Modell in MathCad, zeigt
die analytische Lösung der Temperatur und Wärmestromdichte entlang einem Rohr.

Das entwickelte dynamische Model setzt vordefinierte Rahmenbedingungen voraus. Es ist nur eine
Komponente der Simulation des TABS für die Analyse des resultierenden Innenklimas. Das Model
muss mit einem fortgeschrittenen Simulationsprogramm wie TRNSYS oder IDA ICE kombiniert
werden, um annehmbare Resultate von Oberflächentemperaturen und Wärmestromdichten zu erhalten.
Diese Modelle sind jedoch geeignet, das dynamische, thermische Verhalten dieser
Massentransportsysteme zu untersuchen.



4

Sammanfattning

Kraven på ett behagligt inomhusklimat i fuktiga klimatzoner har lett till en utbredd användning av små
luftkonditioneringsenheter. Dessa är energiineffektiva och har resulterat i en hög energikonsumtion.
Ett energieffektivare alternativ är kombinationen av aktiverade betongbjälklag (concrete core
conditioning systems, CCC) och mekanisk ventilation.

Avsikten med detta examensarbete är att studera prestationsförmågan hos tre utvalda CCC i fuktigt,
varmt klimat. Det valda klimatet är Shanghai, Kina. Två av de studerade systemen är vattenburna, ett
är luftburet.

Målen med arbetet är:

- Att erbjuda analyseringsredskap för utvärdering av olika konfigurationer av TABS i fuktiga,
varma klimat.

- Att ge exempel på möjlig maximal effekt för kylning, utan risk för mögeltillväxt eller
kondensation.

- Att undersöka de dynamiska egenskaperna hos de tre systemen.

Som ett exempel på hur en planerad byggnads effekt- och energibehov kan uppskattas, ges en
presentation av programmet Climate Surface 1.01.

I regioner som Shanghai, Kina är de huvudsakliga riskerna vid kylning mögel- och svamptillväxt samt
kondensation. Även om mekanisk ventilation används måste infiltration av fuktig luft genom
byggnadsskalet, samt de boendes vanor tas hänsyn till.

En annan viktig aspekt är hur ett behagligt inomhusklimat ska definieras. Den mest använda metoden
för utvärdering av inomhusklimatet är att använda Fangers index. Dessa index är dock baserade på
danskars och nordamerikaners uppfattningar, och motsvarar inte nödvändigtvis uppfattningarna hos
människor i andra klimat.

Undersökningen av de dynamiska termiska egenskaperna hos CCC gjordes i frekvensdomänen med en
kombination av två modeller. Den ena är en FEM-modell i MatLab för beräkning av
temperaturfördelning och värmeflöden för ett tvärsnitt av Weber et al. 2004a. Den andra är en modell i
MatCad gjord av författaren med en analytisk lösning av temperaturer och värmeflöden längs ett rör.

Den utvecklade dynamiska modellen antar givna randvillkor och är endast en komponent i att simulera
TABS för att undersöka de resulterande inneklimatförhållandena. Den måste kopplas samman med ett
avancerat simuleringsprogram som exempelvis TRNSYS eller IDA ICE för att ge mer tillförlitliga
resultat för yttemperaturer och effekter. Modellerna har dock funnits lämpliga för att undersöka de
dynamiska egenskaperna hos massflödessystem.
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1 Introduction and aim

According to the Worldwatch Institute (Malin Roodman, Lenssen 1995), 40% of the world’s energy is
used by buildings. Therefore, during the last years, extensive efforts have been put to reduce this
energy need. So far, the focus has primarily been on improving the building shell to minimise the heat
loss. A level has been reached where, in colder countries such as Sweden, an insulation thickness of 40
cm in the walls is not a rarity. The insulation properties of the windows have also been improved, with
U-values below 1.0 W/m2K. However, it is not only the amount of energy being used that should be
considered but also the quality of it.

The definition of the energy quality is its exergy content. Exergy is defined as the part of the energy
that can be transformed into mechanical energy, the rest is called anergy. Electrical energy for
example, can to 100 % be transformed into mechanical energy, thereby being of high quality. Water of
10 °C, on the other hand, is low quality energy, or mostly anergy, since only about 10 % can be
transformed into mechanical energy.

In buildings most of the energy is used to keep the indoor temperature around 20 °C (Schmidt 2004b).
Using so called free energy such as waste burning heat, or ground cold/heat, to condition our buildings
would therefore reduce the exergy consumption substantially. However, the traditional heating and
cooling systems such as radiators or fan coil units operate with a large, around 20-30 °C, temperature
difference to the room. This implicates an effective temperature of 40-50 °C for a heater and 4-10 °C
for a fan coil unit. These temperatures are often not reachable with the free energy sources. New
cooling and heating systems, so called thermally activated building components, (ThermoAktive
BauteilSysteme) TABS, have therefore been developed, examples being hydronic floor heating and
concrete core conditioning systems. These systems operate with a low temperature difference to the
room. As a result thereof, to be able to meet the power need, a large surface, an entire floor, ceiling or
wall, must be used. Apart from contributing to lower exergy consumption, these systems have some
other advantages. The thermal comfort is increased since radiation asymmetry is reduced, and in
temperate climates, the relatively high temperature for the cooling case, minimises the risk of high
humidity levels and condensation. However, in more humid climates such as Shanghai, China, these
risks and the thereto linked risk of mould growth still exists.

The purpose of this thesis is to study the performance of three chosen concrete core conditioning
systems in the humid climate of Shanghai, China. Two of the systems are waterborne, one is airborne.

The aims are:

- To provide analysis tools for evaluation of different configurations of TABS in moist, warm
climates.

- To give examples of the maximum power output possible for cooling without the risk of
mould growth or condensation.

- To investigate the dynamic properties of the three systems.

As an example of how to estimate a planned buildings power and energy needs, the program Climate
Surface 1.01 is presented.

2 Method

To get an overview of the modelling of TABS, thermal comfort limits and criteria for mould growth, a
literature study was carried out. It has included some of the latest research on the modelling of mass
transfer in building components and mould growth prediction as well as literature on thermal comfort
and Fourier transformation.
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Simulations were done with a combination of two programs, Weber’s (Weber et al. 2004a) newly
developed Finite Element Method, FEM, program in Matlab, and a MathCad program developed by
the author. The FEM program solves the two dimensional heat equation for a cross section of a
thermally activated building component. It calculates the power output and temperature distribution
for the cross section. The resulting admittances and transmittances are then put into the MatCad
program. It analytically calculates the temperature and heat fluxes along a pipe, both on pipe level and
on surface level. Then the surface temperatures and humidities are calculated.

Finally, conclusions were drawn from the simulations and an analysis of the risk for high moisture
levels was made.

3 The system

Research on the subject of modelling TABS includes Glück 1999 which handles the numerical
analysis of a cross section, both stationary and dynamic. For the mass transfer systems recent research
includes Schmidt and Jóhannesson 2001, 2002 and 2004, which describes the modelling of an RC-
network. Weber et al. (2004a) uses a Finite Element Method (FEM) program to model the temperature
distribution in a cross section. Koschenz and Lehmann (2000) at EMPA1 have also done research on
the subject.

A thermally activated building component is a building component that has increased access to its
thermal capacity through mass transfer. Mainly two different media are used, air, e.g. double air gap
walls (Schmidt, Jóhannesson, 2001), and water, e.g. concrete slabs with water tubes. The latter system
uses the concrete’s high thermal capacity in combination with the flowing water’s ability to transport
away excess heat to condition the room. A general property for the TABS is that they work with a
temperature difference to the room as low as 3-5°C. To be able to emit the necessary power a large
surface has to be used, for example an entire wall, ceiling or floor.

Since heat transfer is driven by temperature difference, when the room temperature has reached the
TABS’s surface temperature, cooling or heating stops. The result is a system that is highly self-
regulating.

Figure 1. The three sections studied, the first two with water as heat transfer medium and the third one
with air.

3.1 Waterborne systems

In the case of the waterborne concrete core cooling/heating systems some different strategies of
construction exist. The tubes can be placed close to the surface or in the middle of the slab. Also, the
pipe diameter varies, 15-30 mm down to narrow so called capillary pipes with diameters of 3-4 mm as
described in Glück 1999. For the former system, the space between the pipes is 150-300 mm.

The most common way of layout for coils with pipes of normal diameter is according to Figure 2.This
layout creates a temperature gradient over the surface with, in the cooling case, the lowest and power
output limiting temperature, at the inlet, and the highest temperature at the outlet. But, if the
temperature gradient could be flattened, the power output could be increased.

1 Swiss Federal Laboratories for Materials Testing and Research
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Figure 2. The most common layout for a coil.

Examples of techniques to achieve a more homogenous surface temperature are shown in Figures 3
and 4. Figure 3 illustrates the parallel-coil approach. Another strategy is simply to reverse the water
flow with certain time intervals to flatten the temperature gradient over the surface, as shown in Figure
4.

Figure 3. Parallel piping to reduce
temperature gradient.

Figure 4. Implication of reversed flow.

3.2 Hollow core systems

The air in the hollow core systems is used as ventilation air and is not circulated in a closed system. In
the cooling case, outdoor air is cooled before entering the core. It then passes through the pipes,
conditioning the room before entering it as ventilation air.



11

Figure 5. Hollow core system. (http:// www.hollowcore.com.au)

One of the air systems widely used in the UK and Sweden is the Termodeck system developed by the
Swedish company Strängbetong..

4 The problem

Several criteria limit the power output of a thermally activated system. One is the thermal comfort of
the people using the building. Another, in the cooling case, is the risk of high moisture levels or
condensation on the surface. The risk for these problems to occur is lower for these systems than for
traditional high temperature difference systems. As stated above, TABS operate with a very low
temperature difference, 3-5 °C, to the room. This means that as far as European climate is concerned,
high moisture levels and condensation problems are manageable. In more humid climates though, such
as Shanghai, China or Kuala Lumpur, Malaysia, the dew point in the summer is often lower than the
needed surface temperature. The power output is therefore limited where natural ventilation is used.

Even with controlled ventilation the risks of high humidity levels are more present than in temperate
climates due to infiltration of moist air through the building shell. The infiltration can be minimised
with a tight shell, but can never be totally avoided. The residents’ habits must also be considered. A
window forgotten open can have a great impact on the humidity level indoors.

A cost saving room conditioning strategy could be night cooling. Cold is often cheaper in the night
when the demand is not so high. Therefore it is interesting to investigate TABS dynamic behaviour.

5 Moisture

Too high moisture content in a material can cause various damages. For the concrete it self, moisture
is not a problem, mostly however the concrete is in contact with organic material such as different
kinds of flooring or studs. For example, too high moisture content in the concrete can cause floor mat
adhesives to decay. For wooden materials such as parquet a water leakage or merely condensed water
can cause floor deformation. If the relative humidity in the surrounding air is too high and the
temperature favourable, mould and various fungi can as well start growing.
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Moisture exists in three different forms, as free water, as ice and vapour. They all effect and can, in
sufficient amounts, be harmful to a buildings material. Moisture can access a building in various ways,
through different moisture sources:

- Precipitation
- Melt water
- Driving rain
- Surface water
- Moisture production indoors
- Moisture in the outside air
- Initial building moisture
- Ground moisture

Of these sources the most relevant ones for concrete core conditioning systems are the air moisture
and the ground moisture. The focus of this work will be limited to air moisture.

5.1 Some definitions

Humidity by volume, v is a measure of the moisture content in the air. It is defined as

airv x ρ= ⋅
2

3
H O airkg /m� �� � (1)

where x
2H O airkg /kg� �� � is the absolute moisture content and airρ the air density.

Saturation humidity by volume, vsat is the maximum amount of moisture that the air can hold. It is
temperature dependent and can with sufficient accuracy be calculated as (Jóhannesson 2000)
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3
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288.68 (1.098 )
100for 0 kg /m

( 273.15) 461.51

4.689 (1.486 )
100for 0 kg /m

( 273.15) 461.51

sat

sat

v

v

ϑ

ϑ
ϑ

ϑ

ϑ
ϑ

⋅ +
� �> = � �+ ⋅

⋅ +
� �< = � �+ ⋅

(2)

where ϑ is the temperature in °C.

Relative humidity, RH is a common used measure for moisture content and is defined as (Jóhannesson
2000)

[ ]RH 100 %
sat

v

v
= ⋅ (3)

5.2 Moisture transport

The four most important processes that transfer moisture in the building are diffusion, air convection,
capillary suction in fine pores and water flow due to external forces such as wind pressure and gravity
(Jóhannesson 2000).

Diffusion is driven by the strive for equilibrium. A flow of vapour particles will occur when two air
volumes in contact with each other have different vapour content (Nevander, Elmarsson 1994).
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Air convection means that the water molecules in the air are transported with an air stream (Nevander,
Elmarsson 1994).

Capillary moisture transfer occurs for example when a porous material is in contact with free water.
The capillary suction and the thereof resulting pressure in the pores, is the driving force.

5.3 Criteria for mould growth

Unfortunately no reliable method of predicting mould growth exists today. A fairly common used rule
of thumb is that mould growth starts on organic materials at 80 % relative humidity (Nevander,
Elmarsson, 1994) and at temperatures above 5 °C (Jóhannesson 2000). Other factors, such as the
moisture quotient of the material, air speed, light and the time of exposure also influence the mould
growth (Nevander, Elmarsson, 1994). For nutrition even organic dust is sufficient, which is why the
nutrition factor almost never is the limiting one for mould growth on building materials (Airaksinen,
2003). Sedlbauer et al. (2002) state the ambient humidity as the decisive condition for mould growth
since it determines the moisture content within a spore. All of the above factors have to exist
simultaneously for a certain period of time for mould growth to occur (Airaksinen 2003).

A more refined approach to predict mould growth is the isopleth diagrams which include the
germination time and growth rate for different kinds of mould (Sedlbauer et al. 2002).

Figure 6. Isopleth for mould spores of Aspergillus restrictus. (Sedlbauer et al. 2002)
Left side: Isopleth for spore germination
Right side: Isopleth for mycelium growth

Outside the outermost isopleth the conditions are not favourable for mould growth. However, the
isopleths are determined under constant temperature and humidity, which in reality is rarely the case.
Also, the isopleths have to be calculated individually for each type of mould. By superimposing the
fungi-specific isopleths into the so-called Lowest Isopleth for Mould (LIM) a better overview can be
achieved.
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Figure 7. Development of the Lowest Isopleths for Mould from isopleths of different species,

(Sedlbauer et al. 2002)
Left side: Spore germination
Right side: Mycelium growth

Sedlbauer et al. (2002) describes how to use the information from the LIMs together with a modified
computer model for heat and moisture transfer, WUFI (Wärme- und Feuchtetransport instationär) to
develop a biohygrothermal model for predicting mould growth.

As mentioned above the time of the favourable mould growth conditions is an important factor for the
resulting growth. One of the few calculation methods for estimating mould growth which take this into
consideration is one described and tested by Airaksinen (2003). The following equation is used

1 20.68ln 13.9ln 0.14 0.33 66.02

1

7 T RH W SQ

dM
k k

dt e− − + − +
=

⋅
(4)

where M is the mould growth index (-), time t is calculated in days, T temperature (0.1-40 °C), RH

relative humidity (%), W the wood species (pine=0; spruce=1) and SQ a factor describing the quality
of the wood surface (a resawn surface after drying=0; a kiln-dried surface=1). k1 and k2 are
coefficients. The mould growth index M varies between 0 and 6. M=0 indicates no mould growth,
M=6 indicates very dense mould growth covering almost 100 % of the surface.

6 Shanghai climate

The climate of Shanghai, China has been used as a basis for the study below.
In the following chapter the comfort range is set between 20 and 26 °C. Also, in the moisture
calculations the indoor air is considered to have the same properties as the outdoor air. This resembles
a well-ventilated room with open windows.

The Shanghai climate is relatively warm and humid. During the summer months cooling is needed to
keep a comfortable indoor climate. With a comfort range between 20 and 26 °C measured data over a
year shows a total cooling need for 1447 hours. The highest temperatures occur in July, August and
September, (Figure 8). Unfortunately these are also the most humid months. In July the dew point
temperature rarely goes below 20 °C, (Figure 9). This proposes a problem to the cooling system. A
cooling surface temperature below the dew point is not favourable, since water then condensates on
the surface causing damage to the material. Also - a relative humidity above 80% increases the risk of
mould growth and other fungi.
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Figure 8. Temperature distribution over a measured year in Shanghai.

Figure 9. Dew point temperature over a year in Shanghai.

Table 1. Shanghai cooling hours.

Total cooling

hours

Cooling hours with

RH above 80%

[h] [h] [%]
May 4 1 25
June 180 24 13
July 551 256 46
August 519 154 30
September 194 27 14
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7 Thermal comfort

The aim for any room conditioning system is too obtain an indoor climate which is comfortable for the
persons spending time there regardless of the activity for which the room is used. However, different
activities require different thermal environments. In a sport complex for instance, where the activity
level of the people is high, a lower temperature is required than in an office where people are mostly
working still at their desks. As well the amount of clothing used influences the optimal temperature.
Thermal comfort is defined as “that condition of mind which expresses satisfaction with the thermal
environment” (Fanger 1982).

Fanger (1982) states the following most important variables for a person’s thermal well being.

- Activity level (heat production of the body)
- Thermal resistance of clothing
- Air temperature
- Mean radiant temperature
- Relative air velocity
- Water vapour pressure in the ambient air

It is the combination of these variables that determines if a person is satisfied with the thermal
environment or not. Too be able to predict the thermal comfort a comfort equation is set up (Fanger
1982) with the help of experimental data. From this the PMV, Predicted Mean Vote and the PPD,
Predicted Percentage of Dissatisfied are derived. The PPD will never be below 5%, it is impossible to
please everyone (Fanger 1982). PPD and PMV together are called the Fanger indices.

7.1 Some definitions

The thermal resistance of clothes is measured in clo units, where 0 Clo implicates nude. It depends on
the thickness and porosity of the individual textile layers (Fanger 1982).

The activity level is measured in met (metabolic rate) where 1 met is 58 W/m2 and corresponds to
sitting and being quiet according to ISO 7730 (Glück 1999).

The operative temperature is the combination of air temperature and mean radiant temperature, i.e. the
temperature that the body perceives (Glück 1999).

7.2 Operative temperature limits

Table 2. The operative temperature that generates the minimum PPD according to ISO 7730 at a wind
speed of 0.2 m/s (Glück 1999).

Summer Winter

Clothes 0.75 clo (light office clothes) 1.0 (normal office clothes)
Activity 1.2 met (sedentary activity) 1.2 met (sedentary activity)
Comfortable operative

temperature
23.9 °C 22.3 °C

When the temperature in the summer case reaches 26 °C, the PPD rises to 12 %. For the
Winter case a temperature of 20 °C results in a PPD of 18 %.

It should be noted that these comfort criteria have been derived through experiments in temperate
climate regions. It has been debated weather they are applicable in tropical climates. Since the
humidity rates and temperatures there are normally higher, people have also adapted themselves to
these conditions. The upper temperature and humidity boundaries may therefore be raised. A study by
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Mallick (1996) regarding thermal comfort in Bangladesh urban houses indicates that this may be the
case. With no air movement the comfort range during domestic activities (mostly 0.8-1.2 met, never
exceeding 2 met) was 24 to 32 °C with relative humidity levels between 50 and 90 %. Another study
by Busch (1991) compares the thermal comfort perceived by Thai office workers in Bangkok in air
conditioned buildings and those in naturally ventilated buildings. The upper comfort limit according to
ASHRAE2 standard 55-81, differed substantially between the two groups. The office workers in the
air-conditioned building accepted a temperature up to 28 °C, whereas the ones in the naturally
ventilated building accepted up to 31 °C. These two studies indicate that the acceptable temperature is
closely related to which temperatures a person is used to.

7.2.1 Floor temperature

The comfortable floor temperature depends on the footwear and the time of contact to the floor.
Complaints of cold or hot feet though, seem not only to be related to floor temperature, but can merely
be an indicator of the body’s total thermal state (Fanger 1982). For bare feet the impression of the
floor temperature is highly dependent on the floor material and its heat conductive properties. A steel
floor, for instance, will feel much colder than a wooden one with the same temperature since steel has
both a higher thermal conductivity and capacitivity.

The Swiss standard SIA 180 (1999), gives the accepted floor temperature to 19 – 26 °C.

7.2.2 Radiation asymmetry

Radiation asymmetry can cause discomfort. A cold surface, for instance a window in the winter,
attracts heat. This is perceived as a draught, even though there is no air movement.

A warm ceiling or a cold wall produces the greatest discomfort. With PPD 5 % the recommended
asymmetry limit is 10-14 °C (Olesen et al., 2002)

7.2.2.1 Radiation asymmetry and TABS

Since the TABS use a large surface and small temperature difference to the room, the radiation
asymmetry is much smaller compared with e.g. a fan coil unit. To illustrate this, a couple of
simulations have been made in a program for long wave radiation by Gen Fujii (2002). The program
calculates operative temperature distribution for a room cross section, with regard to view factors.
Figure 10 shows the results for a simulation with 26 °C surface temperatures at walls, ceiling and
floor. The back wall has a small area with 7 °C symbolising a small cooling element. Although the
cross section shown is 1.5 m from the back wall, a clear asymmetry is noted. In Figure 11, showing a
room with 26 °C on walls and ceiling and 20 °C floor temperature, the temperature is more evenly
distributed with no actual cold spot.

2 American Society of Heating, Refrigerating and Air-Conditioning Engineers
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Figure 10. The mean radiant temperature for a cross section, 1.5 m from the outer wall. The cold spot

is a small area with 7 °C, symbolising a small cooling element. For the units on the axis one step

corresponds to 10 cm. The mark 10 is therefore equivalent to 1 m.

Mean radiant temperature at 1,5 m from outer wall
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Figure 11. The mean radiant temperature for a cross section with a floor temperature of 20 °C.

8 Modelling

8.1 Fourier analysis

Many of the parameters that influence a building are periodic. The seasons change in a periodic way,
the sun goes up and down in a 24 hour cycle, the temperature lowers at night, even the use of the
building is periodic. An office is mostly in use from 8 o’clock in the morning until 5 o’clock in the
evening during weekdays, which influence the buildings energy and power needs.

As a rule, to analyse the effect that all these parameters have on a buildings power and energy need, or
to describe heat flow through a building component, various kinds of calculations and simulations are
conducted. As input data for the simulations measured data is used, most often in hourly values, for
example of temperature. These values must be transformed into a function. To do this, Fourier analysis
is used.

One of the laws by Fourier states that each periodic function can be represented by a sum of harmonic
oscillations with different amplitude and phase, i.e. a sum of sine and cosine functions (Keller 1997),
see equation 5.
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Mean radiant temperature at 1,5 m from outer wall
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To determine the frequencies which are important to represent a variation over time, the basic

oscillation must be found. The basic oscillation is the angular frequency 0

2

T

π
ω = .

Since the measured values are limited in time, the smallest frequency that gives a reliable result, also
called the Nykvist interval, fu, is given by (Keller 1997)
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1
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∆
, the length of the measured time interval. (6)

The largest reliable frequency is given by the Shannon theorem
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⋅

i.e. the shortest period, T, is 2 h (Keller 1997).

The Fourier coefficients an and bn are determined through (Keller 1997)
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The power spectrum, An, which shows the most powerful frequencies for the measured data is then
given by (Keller 1997)

2 2
n n nA a b= + (9)

also called the amplitude spectrum.

Figure 12. Power or amplitude spectrum for temperature over a year in Shanghai. The mean

temperature is 15.8 °C, the yearly amplitude is 6.0 °C and the day amplitude is 1.7 °C.
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The phase spectrum, ϕn is given by (Keller 1997)
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Figure 13. Transformation of a harmonic function to the complex plane. (Jóhannesson, 2000)

For computational reasons the resulting harmonic function 5 is most often transferred to the complex
plane (Keller 1997).
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When large amount of data needs to be analysed, computer programs such as Matlab or MathCad are
used to facilitate these calculations. They use so called Fast Fourier Transforms (FFT) to calculate the
Fourier coefficients.

8.2 Heat transfer

Heat transfer in a building system depends on three parts (Schmidt, Jóhannesson 2002):
1. the heat stored in the system
2. the heat flows at the boundaries
3. the heat produced inside the system.

As described in the previous section, the boundary temperatures and heat flows can be analysed in the
frequency domain and can be written as (Jóhannesson, 1981)
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where ϑ and q are mean values and � jϑ and � jq the amplitudes of the different frequencies.
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The thermal diffusivity, a
c

λ

ρ
=

⋅
, throughout the studied system is assumed to be independent of

time and temperature. This makes the heat transfer parameters λ, ρ, c and α linear, i.e. the equations
can be solved separately for each frequency and the results at the end superimposed. Therefore only
one frequency component needs to be studied, equation 15 (Jóhannesson 1981, Schmidt, Jóhannesson
2002).
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(15, 16)

The general heat balance equation for a system can be written as (Schmidt, Jóhannesson 2002)
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Storage = Transport + Source

Some mathematical modifications (see Schmidt, Jóhannesson 2002) results in
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The solution for the heat balance can then be written for two points, such as two sides of a
homogenous layer construction, or inlet and outlet with a frequency dependent matrix (Jóhannesson
1981, Schmidt, Jóhannesson 2002).
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A, B, C and D are complex numbers.

Figure 14. A one-layer construction with temperatures and heat flows.

Usually, though, the heat flows are the unknown factors, which lead to the following rearrangement
(Jóhannesson 1981)
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At this point the concepts of admittance and transmittance must be mentioned (Jóhannesson
1981)
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Figure 15. Definition of admittance and transmittance (Weber et al. 2004a).

These two parameters can be seen as the heat exchange between the construction and its surroundings
(Schmidt, Jóhannesson, 2002).
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Where Yn is the admittance on one side of the construction when the temperature on the other side is
constant and TrD is the dynamic thermal transmittance through the construction.

If the construction is plain the transmittance is equal from both sides i.e. F G= − .
Admittance and transmittance can be expressed as a function of frequency in the so called Bode
diagram, where methods from control theory can be used to analyse and understand the dynamic
thermal behaviour of the system.

9 Methods for analysing thermally activated building components

The thermal mass of a concrete core conditioning system is too high for the system to be modelled
with a steady state calculation. Therefore the modelling needs to be done with dynamic calculation
methods. Also, since there are three temperatures involved in a complex cross section, analytical
solution are not available.

There are several approaches to model the mass and heat transfer of a thermally activated system.
Some are presented below.

9.1 The Finite Element Method (FEM)

A triangular FEM program working in the frequency domain has been developed by Weber et al.
(2004a), which is the basis for the simulations done in this thesis. The principle of FEM is to divide
the cross section into cells with the material properties λ, ρ and cp distributed over the cell surface.
Each cell is described with the temperatures in the nodes (Weber 2004).
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Weber’s program solves the two-dimensional heat equation for an arbitrary cross section. A triangular
cell-approach offers the possibility to model the boundary of a pipe or circular duct more accurately
than with rectangular cells. The heat flow between two parallel pipes is not considered. The result of
the program is the admittances and transmittances for the modelled system.

Figure 16. Half cross section of the slab. For symmetry reasons it is enough to model half the pipe and

half of the distance between the pipes. � nϑ are the frequency dependent temperatures at each

boundary.

9.2 Analytical solution along the pipe

This is the method used for the simulations done within this thesis. The admittances and
transmittances are calculated with the FEM program for a cross section from Weber et al. (2004a).
Then the following equation derived by Weber et al. (2004b) is then solved to obtain the water
temperature along the pipe.
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where � 3( )xϑ is the frequency dependent temperature along the pipe, � inletϑ the inlet temperature, �1ϑ

and � 2ϑ the surrounding air temperatures on each side of the slab, Trij the transmittance from point i to
j, Y3 the admittance in point 3, ω the angular frequency, Acoil the coil cross section area, ρwater the
water density and cwater the waters specific heat.

To obtain the heat flux along the pipe, equation 25 is solved (Weber et al. 2004b)
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with definitions according to equations 21, 22, 23 and numbering according to Figure 16.

The surface temperatures along the pipe are calculated with the following equations (Jóhannesson,
2000)
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9.2.1 ω-Rc transformation

Advanced indoor climate and energy simulation programs such as TRNSYS and IDA ICE are
modular. They are an assembly of many smaller models. When it comes to construction parts, such as
a wall, the RC-network is a model concept suitable for these programs. With an analogy to electrical
theory, the temperature can be considered as the voltage and the heat flow as the electrical current
(Weber 2004).

From the frequency domain solution, such as the one derived by Weber et al. (2004a, b), the
transformation to an RC-network goes over the admittances and transmittances of the system. The
goal is to find a network which results in the same thermal properties as the solution in the frequency
domain. A simple resistance can be represented as (Jóhannesson, 1981, Schmidt, Jóhannesson 2002,
Weber et al. 2004a)
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A simple capacitance can be written as (Jóhannesson, 1981, Schmidt, Jóhannesson 2002, Weber et al.
2004a)

1 0 1 0

1 1
in out

in out

A B

q qC D i C i C

ϑ ϑ

ω ω

� � � �� � � � � �
= =� � � �� � � � � �− −� � � � � �� � � �

(29)

with the relations to admittance and transmittance according to equations 19 and 20.

The number of components in a network is infinite. However, it should be kept as low as possible thus
making it easier to determine the components and minimising computation time.

Figure 17. Example of a Bode-diagram. (Schmidt, Jóhannesson 2004)
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The optimisation is made with a Bode-diagram, as Figure 17 shows, for the frequency interval for
which the construction is normally used in addition to the steady state condition. Figure 18 shows a Π-
link, for two-point heat flow.

Figure 18. A Π-link for two-point heat flow. (Weber 2004)

9.2.2 The Macro Element Method (MEM)

The MEM is a model in the time domain developed by Schmidt and Jóhannesson (2004). A model of a
cross section is first set up in the frequency domain and is transferred to a limited number of mass
nodes, a resistance-capacitance (RC) network. A stepwise linearly changing mass node temperature
along the fluid path is assumed. Compared to FEM or FDM models where the mass node temperatures
are constant and the elements therefore are around a couple of cm, this enables a larger element size,
for example 14 m. The resulting temperature distribution is solved analytically for each element in
quasi-steady state conditions. The heat flow between two adjacent counter flow coils can be
considered in the model.

Figure 19. The MEM model of a pipe embedded in a concrete cylinder (Schmidt, Jóhannesson 2004).
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10 Heating and cooling loads - Climate Surface

The following chapter is based on Klimagerechtes Bauen, B. Keller, B.G Teubner Stuttgart, 1997 and
A universally valid strategy for low energy houses, B. Keller and E. Magyari, Renewable Energy, Vol
15, 1998.

Climate Surface is a program developed at the Chair of Building Physics at the Department of
Architecture at ETH Zürich.

It is a program to estimate the energy and power needs of a building in a certain climate. It is intended
to be used in an early stage of planning, mainly by architects, when only a few of the new building’s
characteristics are known.

10.1 Theory

The premise is the momentary power balance of a room:

2
int( ( ) ( )) ( ) W/m Kin out HC
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K t t I t P P
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Where [ ]( ) Cin tϑ ° is the mean indoor temperature, [ ]( ) Cout tϑ ° the mean outdoor temperature,

2( ) W/mI t � �� � the intensity of incident solar radiation, Ψ the total mean solar energy transmission

(TMSET) of all transmissive elements averaged over the external surface, K is the mean loss factor by
transmission and air infiltration normalized to the external surface, Pint is the power density released

by internal sources, PHC the power density released by the HVAC3 equipment, and 2W/m
dQ

dt
� �� � is

the heat released from internal masses to the room.

From the power balance it is concluded that two parameters are enough to describe the power and
energy behaviour of a building, γ the gain-to-loss-ratio, and τ the time constant.

The two building characteristics are defined as
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3 Heating, Ventilation and Air Conditioning
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As the internal masses of the room in a first step are considered thin, i.e. only the building shell has a
thermal capacity, C is defined as

indQ C dϑ= ⋅ with int

ext

A
C c d

A
ρ= ⋅ ⋅ ⋅ (34)

If then the HVAC equipment and internal loads are disregarded, the indoor temperature is determined
as
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This is called the free-run temperature and is the resulting room temperature when the building is
exposed solely to the weather.

Figure 20. To keep the free-run temperature within the comfort limits is a first step to minimise a

buildings power and energy needs. (Keller 1997)

The comfort range is defined as the span between the room’s maximum and minimum allowed
temperature. By modifying the building characteristics, τ and γ, it is possible to optimise the building
so that the free run temperature as far as possible is kept within the comfort range, Figure 21. This
minimizes the energy and power needs since no extra cooling or heating is needed to achieve the
comfort range, Figure 20.
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Figure 21. The free-run temperature is adjusted with τ and γ, to keep it as far as possible within the

comfort range. γ affects both mean value and amplitude, τ effects only amplitude. (Keller 2003)

10.1.1 The climate surface

With the free-run temperature and the comfort range, the power needed for heating and cooling is
calculated as follows:
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The integration of equations 36 and 37 over time gives
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which is the generalized heating degree day function. This function, with the two variables τ and γ, can
be plotted in a 3D-diagram, the Climate surface.
The energy need is calculated through multiplication with K.

2
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Since the Ω is dependent on the radiation from a specific direction, one climate surface must be
calculated for each direction. In the practical case though, the four main directions, S, N, W, E are
used.

The design temperature difference is calculated through
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which also can be plotted as a 3-D surface.
The maximum power need is then calculated as

/ / ( , )heat cool heat coolP K τ γ= ⋅Π (42)
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10.2 The program

The strategy of computation for Climate Surface 1.01, is to predefine the input choices and then
calculate the resulting climate surface for each location based on weather data. This means that the
user only have a certain number of input choices. The comfort range is for example fixed to 20 – 26°C
and the sun shading to medium, corresponding to interior sun shading with reduction factor 2 or
strong, corresponding to exterior sun shading with reduction factor 5. On the other hand since the
climate surfaces do not have to be recalculated for every simulation, the computation is much faster.
For further program assumptions see Appendix 1.

10.3 Simulation example

The simulated object is a light-weight building from the Symphony-program developed by the
Division of Building Technology at the department of Civil and Architectural Engineering at KTH.
The constructions are shown in Table 3.

Table 3. Composition of the building elements.

External wall

[mm]

Intermediate floor

structure [mm]

Roof

[mm]

Ground floor

structure [mm]

22 panel, pine 15 parquet PVC cloth 17 parquet
22 air gap 13 heating coil

embedded in expanded
polystyrene

22 plywood 13 heating coil
embedded in expanded
polystyrene

6 barge board 22 floor wood chip
board

200 insulation between
studs C 200, T=2,0
C/C 450

100 reinforced concrete

150 expanded
polystyrene between
studs C/C 900

200 floor spar C 200,
T=2,0
C/C 450

100 insulation 150 expanded
polystyrene

0.2 PE foil S25 hat profile 0.2 PE foil
45 mineral wool
between studs C/C 300

13 gypsum board S25 hat profile

13 gypsum board 13 gypsum board

The U-values corrected with thermal bridges are calculated with the program GF2dim from Saint-
Gobain Isover AB. The metallic studs have perforated webs and give thermal bridge effects in the
same region as wooden studs.
The U-values are: For external walls: 0.2 W/m2K and for the roof: 0.1 W/m2K
The windows have a U-value of 1.2 W/m2K
Air exchange rate n: 0.2 1/h corresponding to a heat exchanger of 60% efficiency. 0.5X0.4
No night setback or internal sources.

Table 4 show the surfaces in the different directions.

Table 4. Surfaces in the different weather directions. Inner surfaces are shown, wall surface does not
include window surface.

Roof

[m
2
]

Floor (to

ground)

[m
2
]

Outer wall

[m
2
]

Wall to

adjacent

house [m
2
]

Window

[m
2
]

North - - 49.8 - -
South - - - 49.8 -
East - - 24.5 - 6.7
West - - 13.2 - 18.0

ΣΣΣΣ 47.1 47.1 87.5 49.8 24.7
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The window percentage is 34 % of the living area.

The modelled building has one and a half stories, see Appendix 2, and is the corner house of a row of
houses. Since the opening between the two storeys is relatively large, the house was modelled as one
big room. To compensate for intermediate floor structure’s mass, extra internal mass was added. The
program does not take the thermal capacity of the outer surfaces (the surfaces facing air) into account.
Extra internal mass was as well added for this reason. The building was placed in Stockholm.

Figure 22. The interface of the Climate Surface showing the climate surface for heating.

10.3.1 Results

Since the house has 1.5 stories, the m2 values shown in Figure 22 need to be adjusted with the actual
living area of 73 m2. According to the Climate surface program the simulated building would have a

peak power for heating, 235 W/mHP = and the energy for space heating over a year would sum up to
263 kWh/mHE = .
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Table 5. Cooling power and energy needs.

Peek cooling power, PC

[W/m
2
]

Total cooling energy over the

year, EC, [kWh/m
2
]

Strong sun shading 26 1
Medium sun shading 103 32

The number of overheated days would be 137 with medium sun shading, and 9 with strong sun
shading.

Figure 23. The climate surface for cooling in Stockholm with medium sun shading. The dot shows
where on the surface the building is placed.

11 Simulations of TABS performance in Shanghai climate

The simulations done within the frame of this thesis have the aim to investigate maximum power
output, and surface temperatures for three different TABS system in the Shanghai climate. They also
aim to investigate the dynamic properties of these systems. The method used is a combination of
Weber et al’s FEM Matlab program for analysis of a cross section, and an analytical solution along the
pipe written in MathCad, see the section Methods for analysing thermally activated building
components.

11.1 Advantages of the chosen models working in the frequency domain

- Analytical solutions in the time domain are complicated and tedious.
- To find the optimal control strategy for a TABS, the frequency domain is well suitable. By

including the whole frequency span in the simulation, it is certain that all possible time series
are included. Due to the infinite number of time series, doing this in the time domain it can
never be certain that the optimal solution has been included.

- The model is certain to be valid in the frequency span for which it has been tested. Therefore it
is also valid for all the time series composed by the different frequencies in the span.
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11.2 Program simplifications

- The program assumes predefined boundary conditions; it is not connected to a dynamic room
model. Therefore the ambient temperature is not affected by the cooling power emitted by the
slabs.

- Heat conduction in the flow direction is not included.
- Heat conduction between parallel coils is not included.
- Heat transport parameters, like surface heat transfer coefficients and thermal conductivity etc

are constant. This is a necessary precondition of working in the frequency domain.

11.3 Simulated indoor climate

As seen above, the Shanghai climate is very humid during a large portion of the cooling need period. It
is therefore necessary to dry the incoming air in order to avoid problems with condensation and
biological growth. Ventilation air entering a room is assumed

Figure 24. Outdoor and indoor air dew point during the three days simulated.
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Figure 25. Ambient temperature during the days simulated.

to have the moisture content of saturated air at 12 °C. Infiltration of moisture through the building
shell from the outside air needs to be considered. It depends on the air tightness of the building shell
and the resident’s behaviour (opening windows etc.). In these simulations the infiltration rate is
assumed to be 30 %. The resulting indoor air moisture content then becomes a mix of 30 % outdoor air
and 70 % ventilation air, see Figure 24. The air temperature follows normal office hours, Figure 25.

Figure 26. Relative humidity indoors.

Figure 26 shows the resulting relative humidity in the indoor air for the simulated cases. It never
reaches the 80 % limit, but is still high during some periods.

Since an office environment is simulated, moisture production indoors is neglected.
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11.4 Simulated cases

Three different cases were simulated, two with water, Case 1 and 2, one with air, Case 3. In Case 1 the
coils are placed in the centre of the slab. At the lower surface is a layer of 10 mm plaster. The coil
placing results in an almost equal power output from each surface. In Case 2 the coils are placed close
to the lower surface, resulting in a differentiated power output. Case 3 is a hollow core system with a
raised floor. The air gap is 70 mm high and the floor bed consists of floor board and textile carpet.
This construction also results in a differentiated power output.

The water tubes have an inner diameter of 13 mm; the hollow core ducts have an inner diameter of
130 mm. The length of the water coils is assumed to be 70 m and the length of a hollow core duct 20
m. The pipe spacing is 150 mm for the water cases and 170 mm for the duct spacing in the air case.
One m2 floor/ceiling has room for 6 m plastic tubes and 6.5 m hollow core.

The Figures 28, 37 and 46 show the cross sections of the three simulated cases, with FEM mesh,
materials and dimensions. The numbers 1, 2 and 3 in the figures refer to the boundary conditions, i.e.
temperatures. The simulations assume equal temperatures on both sides of the slab, acting as floor to
one room and ceiling to the other.

The point of interest for the high moisture levels and condensation risk is at the surface where the
water enters the slab, which is the coldest point. For the hollow core system, the coldest point along
the duct on the surface is as well where the air enters the slab. Another, possibly colder point is where
the air enters the room through an inlet. This point though, is not included in this study.

For each construction two different medium inlet temperature curves have been tested: One of
constant 18 °C, the other with 13 °C in the night and 24 °C during the day, Figure 27. The reason for
the varying inlet temperature curve, is to explore the effect of night cooling which may have an
economical advantage.

The surface heat transfer coefficient α is set to 8 W/m2K.

Table 6 shows the properties of the water and air as used in the simulations. Table 7 shows the
properties of the construction materials.

Figure 27. Inlet temperature curve 13 - 24 °C.
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Table 6. Flowing medium properties

Water Air

Density ρρρρ [kg/m
3
] 1000 1.25

Specific heat c [J/kgK] 4190 1000
Velocity [m/s] 0.2 1

Table 7. Construction material properties

Concrete Plaster PVC Textile

carpet

Floor

board

Density ρρρρ [kg/m
3
] 2177 1600 1350 1200 1345

Specific heat c [J/kgK] 810 1100 1000 1590 790
Thermal conductivity λλλλ
[W/mK]

1.89 0.7 0.35 0.045 0.23
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11.4.1 Case 1

A waterborne system with PVC coils. The
coils are placed near the center of the slab,
thereby giving almost equal amount of
power to both rooms.

Figure 28. FEM mesh and construction for

Case 1

11.4.1.1 Results of inlet temperature 18 °C

Figure 29. Water temperature at beginning and end of the coil for Case 1 with constant inlet

temperature 18 °C.

Between inlet and outlet, the water has gained 2.6 °C
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Figure 30. Surface temperatures at water inlet and ambient air temperature for Case 1, inlet 18 °C.

Figure 30 shows that the two surface temperatures are almost identical. They follow the ambient
temperature closely, the maximum difference being around 0.7 °C.
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Figure 31. Resulting relative humidity on surface 1 at slab

inlet for Case 1, temp 18 °C.

Figures 31 and 32 show the relative
humidity on the respective surfaces.
The humidity levels are close to the
risk level at 80 % on some occasion.

Figure 32. Resulting relative humidity on surface 2 at slab inlet for Case 1, temp 18 °C.
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11.4.1.2 Results of inlet temperature 13-24 °C

Figure 33. Water temperature at beginning and end of the coil for Case 1 with varying inlet

temperature 13-24 °C.

Figure 33 shows that at the lowest inlet temperature, the water gains around 7 degrees. However at the
highest inlet temperature, the outlet temperature decreases with approximately 2 °C, implicating that
the concrete is cooling the water rather than the room.
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Figure 34. Surface temperatures at water inlet and ambient air temperature for Case 1 with inlet

temperatures 13-24 °C

In Figure 34 the varying inlet temperature causes the surface temperature to fluctuate in comparison
with Figure 30. They are however still almost identical. The largest temperature difference to the room
is ca. 0.6 °C.
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Figure 35. Resulting relative humidity on surface 1 at the

slab inlet for Case 1, temp 13-24°C.

Figure 36. Resulting relative humidity on surface 2 at the

slab inlet for Case 1, temp 13-24 °C.

Figure 35 and 36 show the resulting
relative humidity on the respective
surfaces. As well here the humidity
levels are sometimes dangerously high.

Table 8. Maximum power output and surface temperatures for Case 1

Max.

power

surface 1

[W/m
2
]

Max.

power

surface 2

[W/m
2
]

Min. temp.

surface 1

[°°°°C]

Max.

temp.

surface 1

[°°°°C]

Min. temp.

surface 2

[°°°°C]

Max. Temp.

surface 2

[°°°°C]

Inlet 18 °°°°C 33.7 31.5 21.8 25.3 21.8 25.3

Inlet 13–24 °°°°C 29.8 27.9 21.7 25.5 21.8 25.5
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11.4.2 Case 2

Another waterborne system with PVC coils.
The coils are placed near surface 2, emitting
most of the power to the lower room.

Figure 37. FEM mesh and construction for Case 2.

11.4.2.1 Results of inlet temperature 18 °C

Figure 38. Constant inlet water temperature and outlet water temperature for Case 2.
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Figure 38 shows that the water has gained ca 2.8 °C, a little bit more than for Case 1.

Figure 39. Surface temperatures at water inlet and ambient air temperature for Case 2 with inlet

temperature 18 °C.

Figure 39 shows the differentiated surface temperatures. Surface 1 is almost 0.5 °C. closer to ambient
temperature than surface 2. The maximum temperature difference to the room on surface 1 is 0.5°C
and for surface 2 it is ca 0.9 °C.
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Figure 40. Resulting relative humidity on surface 1 at slab

inlet for Case 2, temp 18°C.

Figure 41. Resulting relative humidity on surface 2 at slab

inlet for Case 2, temp 18 °C

Figures 40 and 41 show the resulting
relative humidity on the respective
surfaces. On the surface closest to the
tubes, a slightly higher humidity level
is reached due to the lower surface
temperature. It tangents the 80 % high
risk limit.
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11.4.2.2 Results for inlet temperature 13-24 °C

Figure 42. Water temperature at beginning and end of the coil for Case 2 with varying inlet

temperature 13-24 °C.

At the lowest inlet temperature the water has gained a little bit more temperature than in Case 1.
Again, the concrete seems to be cooling the water.
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Figure 43. Surface temperatures at water inlet and ambient air temperature for Case 2 with inlet

temperature 13-24 °C

The placing of the pipes close to surface 2 has an impact of the surface’s reaction to the inlet
temperature changes. In daytime, when the inlet temperature is 24 °C, the difference in surface
temperature between 1 and 2 is very small. In the night on the other hand the difference is larger.
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Figure 44. Resulting relative humidity on surface 1 at the

slab inlet for Case 2, temp 13-24 °C.

Figure 45. Resulting relative humidity on surface 2 at the

inlet of the slab for Case 2, temp 13-24 °C.

From Figures 44 and 45 it is evident
that also in this case is the surface
humidity high. Compared with the
constant inlet temperature case, surface
2 has an overall higher humidity level,
but does not reach the 80 % limit.

Table 9. Maximum power outputs and surface temperatures for Case 2.

Max.

power

surface 1

[W/m
2
]

Max.

power

surface 2

[W/m
2
]

Min. temp.

surface 1

[°°°°C]

Max.

temp.

surface 1

[°°°°C]

Min. temp.

surface 2

[°°°°C]

Max.

temp.

surface 2

[°°°°C]

Inlet 18 °°°°C 24.2 39.5 21.9 25.1 21.6 25.1

Inlet 13–24 °°°°C 21.6 33.9 21.9 25.6 21.5 25.4
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11.4.3 Case 3

An airborne hollow core system. Above
the slab is a raised floor. The air gap is
modelled in three segments. The upper
and lower most segments contain the
heat transfer coefficients. The middle
segment is modelled with only thermal
resistance.
The moisture content in the ventilation
air follows the same strategy as for the
waterborne system. This resembles that
the air has been cooled to 12 °C and then
heated to the inlet temperatures 18 °C or
13-24 °C.

Figure 46. FEM mesh and construction for Case 3
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11.4.3.1 Results of inlet temperature 18 °C

Figure 47. Air temperature at beginning and end of the duct for Case 3 with inlet temperature 18 °C.

The air has gained 3-3.5 °C at the outlet from the duct according to Figure 47. The outlet temperature
fluctuates more with the ambient temperature than in the waterborne cases.

Figure 48. Surface temperatures at core inlet and ambient temp. for Case 3 with inlet temp. 18°C.
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As well the hollow core system’s surface temperatures follow the ambient temperature closely. The
raised floor clearly has an impact on the surface temperatures.

Figure 49. Resulting relative humidity on surface 1 at the

inlet of the slab for Case 3, temp 18 °C.

Figure 50. Resulting relative humidity on surface 2 slab inlet

for Case 3, temp 18 °C.

The resulting relative humidity on the
surfaces shown in Figures 49 and 50
are high in the hollow core case as
well. The values for surface 2 are
slightly higher. None of the surfaces
reaches the 80 % level.
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11.4.3.2 Results from inlet temperature 13-24 °C

Figure 51. Air temperature at beginning and end of the duct for Case 3 with inlet temperature 13-24

°C.

As in the other cases, the concrete cools the air at the highest inlet temperature. At the lowest however,
the outlet temperature has gained 7.5 °C, half a degree more than in the waterborne cases.
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Figure 52. Surface temperatures at core inlet, ambient temperature, and core outlet temperature.

The surfaces of the hollow core system show a smaller temperature difference to the room than the
water systems.
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Figure 53. Resulting relative humidity on surface 1 at slab

inlet for Case 3, temp 13-24 °C.

Figure 54. Resulting relative humidity on surface 2 at slab

inlet for Case 3, temp 13-34°C.

Resulting relative surface humidity is
shown in Figures 53 and 54. There is
almost no difference compared to the
case with constant inlet temperature.

Table 10. Maximum power output and surface temperatures for Case 3

Max.

power

surface 1

[W/m
2
]

Max.

power

surface 2

[W/m
2
]

Min. temp.

surface 1

[°°°°C]

Max.

temp.

surface 1

[°°°°C]

Min. temp.

surface 2

[°°°°C]

Max.

temp.

surface 2

[°°°°C]

Inlet 18 °°°°C 12.1 27.6 21.9 25.7 21.8 25.4

Inlet 13–24 °°°°C 11.0 25.9 21.9 25.8 21.7 25.6

From Table 10 it is evident that the raised floor is a large inhibiting factor to the power output of
surface 1.
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12 Dynamic properties

To find out the dynamic properties of the different constructions simulations were done with a
constant ambient temperature of 24 °C. The inlet temperature follows the 13-24 °C diagram in Figure
27. Below the result of these temperature pulse simulations are presented.

12.1 Case 1

Figure 55. The pulse responses for surfaces 1 and 2 for Case 1

With the coil placing in the centre of the slab the pulse responses for the two surfaces are almost
identical. A closer look at the hours 43 – 45 reveals a pulse response time of about an hour.
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12.2 Case 2

Figure 56. The pulse responses for surfaces 1 and 2 in Case 2

The difference between the two surfaces is clear. Surface 2, being much closer to the coil, reacts
almost instantly on the changes in inlet temperature. Surface 1 on the other hand shows a pulse
response time of ca 2 hours.
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12.3 Case 3

Figure 57. The pulse responses for surfaces 1 and 2 for Case 3

Here surface 1, representing the raised floor, shows a pulse response of ca 1 hour. Surface 2 shows a
pulse response time of ca 15 minutes.
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13 Discussion

The demand on a comfortable indoor climate in humid regions has led to an extensive use of air
conditioning units. These units consume an enormous amount of energy and have, according to some
studies, resulted in health problems for the people using them. A more energy efficient alternative to
achieve a good indoor climate is the concrete core conditioning systems in combination with
controlled ventilation.

The purpose of this thesis is to study the performance of three chosen concrete core conditioning
systems in the moist, warm climate. The climate used in the study is that of Shanghai, China. Two of
the systems are waterborne, one is airborne.

The aims are:

- To provide analysis tools for evaluation of different configurations of TABS in moist, warm
climates.

- To give examples of the maximum power output possible for cooling without the risk of
mould growth or condensation.

- To investigate the dynamic properties of the three systems.

As an example of how to estimate a planned buildings power and energy needs, the program Climate
Surface 1.01 is presented.

In studying the Shanghai climate, it becomes evident that even a high temperature cooling system
should be accompanied by mechanical ventilation to control the relative humidity. In June, July and
August the relative humidity in the outdoor air often reaches above 80 % and the dew point rarely
reaches below 20 °C, which significantly increases the risk of mould growth and condensation on the
cooling surfaces. Therefore, if natural ventilation is to be used, the cooling power output must be
limited during periods of high humidity, which would limit the system when it is needed the most.
But, it is important to consider that constructing an indoor climate to serve the technical system, must
never be the main goal by itself. Most important is that the people living and working in the created
climate are satisfied with it and do not develop health problems as a result thereof.

One of the most widely used methods of testing an indoor climate, is by using the Fanger index, see
Thermal Comfort. This index though, was developed from trials on Danes and North Americans, i.e.
people used to temperate climate. It has been debated whether the Fanger index is applicable in other
climates.

The simulations done with the radiation program by Gen Fuji (2002) show that a TABS system gives
less radiation asymmetry than traditional high temperature difference unit.

Even if mechanical ventilation with air drying is used, one must be aware of the risk of infiltration of
outside air through the building shell. The amount of infiltrated outdoor air depends on the tightness of
the building shell. Outdoor air and the moisture in it is also let into the building by its residents.
Another aspect is therefore the residents’ behaviour opening and closing windows and balcony doors.

As seen in the indoor climate used for the simulations, the resulting relative air humidity stays below
the 80 % limit. The cooling surfaces’ relative humidity is a little bit higher. It tangents the 80% level
in some case and is often above 70 % only in the three days simulated. This means that additional air
leakage from outside, e.g. a terrace door forgotten open, during these periods may result in
dangerously high surface relative humidity. To be able to predict possible mould growth, the model by
Airaksinen (2003) could be used. Additional security can be achieved with for instance a condensate
absorbing paint.
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The three cases simulated are all examples of the self regulating principle. The surface temperature
closely follows the ambient temperature, but always stays slightly below. The floor temperatures also
remain within the tolerable limits according to SIA 180. However, since the ambient temperature is
not affected by cooling power emitted by the surfaces, the actual floor temperature is not shown. The
maximum power outputs are higher the smaller the distance between coils and surface. As shown in
the third case, a raised floor has about half of the maximum power output compared to the bare
concrete surface.

For all three cases simulated, the power output is higher with the constant inlet medium temperature,
than with the varying. Night cooling however may have economical advantages; cold is in some cases
cheaper in the night when the demand is not so high. With the high thermal capacity of the concrete
slabs keeping the cold until the day, this might be a successful strategy.

The dynamic pulse response simulations show a delay of the inlet temperature changes on the surface
of maximum 2 hours. In Case 2 where the coil is placed close to one surface the delay is only about 15
min.

In all three cases, when night cooling is practised, the concrete cools the medium at the high inlet
temperature. A method to avoid this is to stop the medium flow during the day. But, a precondition for
the linear models is that the flow has to be constant. Therefore it is not possible to simulate this
situation with the models used in this thesis.

Thus, it has been shown that the models are responsive to different boundary conditions. They are
therefore suitable to investigate the behaviour of the TABS itself, regarding different inlet
temperatures and constructions. But, reliable results of surface temperatures and power outputs can
only be achieved when the models are coupled to a dynamic room model, for instance IDA ICE or
TRNSYS. In this environment it should also be possible to optimise the inlet temperatures needed for
a sufficient power output.

For the ventilation strategy used in the simulations it is assumed that the outside air is cooled to 12 °C,
reducing the moisture content, and then reheated which results in a lower relative humidity. A further
reflection is that if this air drying system is used, the hollow core system opens for a more energy
saving reheating process than the hydronic systems. The inlet air needs to be reheated till 18-22 °C to
give a comfortable room climate. When the air in the hollow core system moves through the slab it
heats up on the way taking heat from the room. The ventilation air temperature can then be optimised
in a way that it needs minimal amount of preheating before entering the slab, thus saving on energy.

14 Conclusions

- The model developed in MathCad is only one component in simulating the TABS to
investigate a resulting indoor climate. It needs to be completed by a dynamic room model like
IDA ICE or TRNSYS for more adequate estimations. At this point it is therefore not possible
to make any conclusions regarding maximum power outputs.

- The model developed is suitable however, to investigate the behaviour of TABS itself
regarding different inlet temperatures and constructions.

- In a climate like that of Shanghai, mechanical ventilation is necessary since outdoor climate is
too humid, with risk of condensate and mould growth. Infiltration through the building shell
however, must be taken into account. Therefore, to avoid moisture damage, extra measures
might be taken, for instance the use of a condensate absorbing paint. Prediction of mould
growth may be made with the Airaksinen model.
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A further reflection is that the hollow core system would propose the most energy efficient
alternative in a humid climate like Shanghai in the case where the air drying is achieved by
cooling the air.
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Appendix 1

Excerpts from Guide to Climate surface method – Part 1, SIA 180, Chair of Building Physics,

ETH Zürich, July 2002

Assumptions

Operation time: 08.00 am – 06.00 pm

Limit of overheated hours: >26 °C

Night set back: from 10.00 pm to 06.00 am, reduction limited to 12 °C, heating

up within one hour from 06.00 am – 07.00 am, (high peak

values can be converted with an elongated heating-up time)

Interior loads: the specific power (W/m
2
) divided by K: Pi/K=0, 10 and 20 K

Sun shading: medium: according to an interior sun shading with reduction

factor of 1:2

strong: according to an exterior sun shading with reduction

factor of 1:5 (efficient movable louver blinds)

At any rate automatically and ideally controlled.

Night ventilation: additional air exchange if the exterior temperature is at least 2

°C less than the interior temperature and the latter above the

comfort range.

Medium: air exchange with a tripling of heat loss factor K

Strong: air exchange with a quintupling of heat loss

factor K

The resulting air exchange rate is computed and displayed. This is a control for feasibility of

such measures.






