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ABSTRACT

The riang demand of primary energy for hesting and cooling of resdentid and commercid
buildings implies the desgn and the redizaion of energy effident buildings with a minima
impact on the environment.

Many new technologies dlowing low supply temperature with low specific emissons and
new buldings envelopes (good insulation and solar shadings) seem powerful, but there is the
need to optimise control drategies for achieving this am. The use of active thermd dab sys
tems is a promisgng solution. Active theemd dab sysems are being increesingly used in the
centre and in the north of Europe, but some uncertainties ill remain, especidly as far as the
control drategy is concerned. Moreover the operation of these buildings has to be investigated
more in depth and the resort to fiedld measurementsis needed.

In this work the use of active theemd dabs systems is described and an innovative pilot pro-
ject, the building of ZUB (The Centre for Sugtainable Building) a the Universty of Kassd
(Germany), is presented. Through a detailled description of its integrated heeting and cooling
system and its complex measurement system, which dlows to collect temperature, comfort
and ar qudity, the efficiency of different solutions and control Srategies may be investigated.
Up to now data on the operation of the active therma dab system are being collected and ana-
lyzed. Therefore and in order to foresee the best working condition and control drategy, a
gmulation made by the commercia software TRNSY'S 15 has been caried out. Findly, for a
seek of completeness, a parametric study for different European climatic conditions is re-
ported (Kassd/Germany, Venice and Pdermo/italy) to look a the posshbility to use active
therma dab sysemsin amilar buildings in different countries.

1. INTRODUCTION

During the last years energy problems, the deterioration of the environment and the adoption
of new technologies have focussed the attention on radiant systems, and particularly on ther-
mally activated dab sysems. As a consequence, new studies have been carried out and new
perspectives of their use are being investigated. In this work attention is paid on this new type
of radiant systems, discussing their possibilities and limitations.

Active theema dab systems, as the other radiant systems, belong to the ® caled Low Tem-
perature Systems (LTS); they can heat and cool buildings with a little temperature difference
between the supply fluid and indoor ar. As a consequence, an increasingly use of renewable



energy sources and a consderable energy saving can be redlized.

As far as the condructive aspects, active therma dab systems have pipes embedded in the
structure of a concrete dab. In this way the dimensions of the structures are reduced and the
conditioning system takes advantage of the high therma capacity to reduce peak loads and to
transfer some of the heating/cooling requirements to night-time (peak-shaving) (Meerhans
1996), thus dlowing severa advantages like reduced size in the plant, possble low costs in
night-time operation, and the use of high efficiency machines, eg. ground coupled hest
pumps (Curro Doss et d.2003).

Although low ingdlation and operation costs ae possble, active thermad dabs need an accu-
rate desgn with good thermd insulation and efficient solar shading devices in order to e
duce heating and cooling loads. As for the control of humidity level, naturad ventilation or
primary air systems can be used, depending on the climate.

The use of active therma dab systems however, has gill some uncertainties The require-
ment of careful controls drategies and the use of tools and guiddines, taking boundary condi-
tions and dynamic system behaviour into account, are necessary to adopt such sysems. In this
regard new udies, smulations and messurements are required to optimize their use and to
andyze their usein different climatic conditions.

2.ACTIVE THERMAL SLAB SYSTEMS

Radiant systems use an hydronic circuit of pipes embedded in the building sructures. De-
pending on pipe postion they can be divided into floor radiant systems, wal radiant sysems
and celing radiant systems. The most recent gpplication of radiant sysems is the active ther-
ma dab sygem. This type of systems beongs to celling radiant systems, but its congtructive
and operating conditions are different from other types. the pipes are embedded in the struc-
tures, in order to get more mass and therma capacity (Figure 1 A and B). Due to the construc-
tion technique, these systems are particularly suitable for multi-storey buildings.

Fig. 1 - Typical disposition of pipes in thermo-active systems (Velta 2003)

As for the technologicd and congructive aspects, the desgn of active therma dab systems is
based on the characteristics of other radiant sysems (i.e. distance and diameter of pipes,
thickness of the concrete layer, postion of the pipes ingde the concrete, supply water tem-
perature, water mass flow rate). Commonly the pipes are postioned in centre of the concrete
layer, with a diameter of about 20 mm and a distance of 15 to 20 cm.

Two important aspects concerning these systems have to be taken into account for a correct
design. The first one, related to hesting period, is the risk of cold downdraft a windows,
which may be solved by the desgn of windows with glazing U-factors less than
1.2 W/(nf K), or with an additional hedting in the perimeter area. The second aspect, referred
to cooling period, is the control of humidity which may limit the cooling capacity of the radi-
ant system. As a matter of fact, surface temperature needs to be above the dew point, thus re-



quiring a ventilation system (naturd or mechanical) to provide ar change or, depending on
the climatic conditions, dehumidification.

The peak-shaving makes possble to work during the night to hest/cool the dab, which re-
leases the day after the energy stored during the night. This aspect is very important as far as
the comfort conditions are concerned. In the standards and guiddines on environmenta refer-
ence to Steady date conditions is made; this hypothess is gtill vaid for rates of change in @-
erative temperature of less than +5°C per hour (Knudsen et al. 1989). In the standards a com+
fort range of operative temperature for heating and cooling is given: for ISO EN 7730, ASH-
RAE 55-92, and CR 1752 the comfort range is 20°C-24°C in winter and 23°C-26°C in sum
mer; in DIN 1946 the operative temperature has to be above 20°C in winter and less than
26°C in summer. The operating conditions may therefore vary dightly during the day, but ill
remaning into the comfort range, like during day-time operation with thermo-active systems,
where a drift of operative temperature of about 3°C is possible (De Carli 2001).

Due to the most relevant problems concerning dynamic effects, therma storage capacity, and
therma comfort requirements, the support of design tools and guidelines are need. In this con+
text, the adoption of suitable models, the study of different control drategies and the meas
urement of operative conditions are required.

3.APILOT PROJECT FOR ACTIVE THERMAL SLAB SYSTEMS

3.1. DESCRIPTION OF THE ZUB

The pilot project here presented is the ZUB (Centre for Sustainable Building) a the Univer-
sty of Kassd (Germany) (Fig. 2), built in 2001 within collaboration between the Department
of Building Physcs and other Feculties The ZUB is an innovative demondrative building, in
the frame of the IEA ECBCS Annex 37 “Low Exergy Systems for Heating and Cooling of
Buildings’, designed for an annua heating demand less than 20 KWhn?. It is based on the
implementation of low energy hedting/cooling systems, control drategies and new  building
materids, whose am is to dae the posshilities of active themd dab systems to achieve
comfort and energy saving. The building is close to the Faculty of Architecture, in an old w-
ban neighbourhood.
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Fig. 2 - The office building of the ZUB (Centre of Sustainable Buildings) (Meyer 2001)

As far as the congtruction is concerned, it is a 3gorey building with an atrium, used as a light
gap, and a basement (Fig. 3). It consss mainly of three different parts the firs one for exhi-
bitions, one part for offices and the last one for experiments and researches. The overal vol-
ume is 6882 ni, with a net floor area of 1732 M and a main floor space of 892 nf. The



height of each floor is 3.4 m, except for the basement (2.8 m) and the ground floor (3.7 m),
and the main experimenta room (6.7 m) (Table 1). On the ground floor most of space is occu
pied by the lecture hdl and the main experimental room that is Stuated dso in the basement.
Hesting and cooling equipment and ventilation sysems are indtdled in the basement.
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Fig. 3 - Sections of the ZUB building (Seddig 2001)

Tab. | - Features of the rooms in the ZUB

Offices Lecturehall Experimental room Corridor
Area[m‘] 24 174 A 60
Height [m] 34 37 6.7 34

Externd wadls (500 mm thick) insulated with polystyrene and the large glazing surface is
south oriented with a g-value of 0.42. To optimize solar gains the windows of the south &
cade and the atrium have been redised with the minimd frame-fraction of the congruction
and externd rolling shutters have been inddled outsde. The U-vaues of al the externd sur-
facesarereported in Tab. I1.

Tab. Il - U-values of the building structures

Building part U-value [W/(m° K)]
Exterior walls 011
Roof 0.16
Windows 0.80
Wall/floor against ground 0.26

As for as internd walls, the floors and the cellings condst of concrete dabs wheress the divid-
ing wals of offices conas of hollow bricks. A particular wdl, however, has been redized to
separate offices and other rooms from the atrium. It is a 635 mm thick clay wall, with an inner



ar cavity of 365 mm, made by massve unbaked clay bricks, that has a great heat retention
capacity and the capability of dampening fluctuations of moisture.

3.2. RADIANT AND VENTILATION SYSTEMSAND REGULATION STRATEGIES

In the ZUB building radiant systems for heating and cooling have been inddled. In order to
investigate different solutions, some particular innovetions have been introduced. The pipes
are embedded in the upper concrete layer on the floor and in the centre of the dab, as it can be
seen in Fg. 4, thus obtaining active therma dab systems and floor heating and cooling sys-
tem. Pipes are made in polyethylene with a diameter of 20 mm and a disgtance of 150 mm, ex-
cept in the basement where the diameter is 25 mm. The didribution has a coil shgpe and an
individua circuit for each room; in this way, each room has its own control sysem. Each cir-
cuit of the floor radiant sysem and the active thermd dab system is supplied by about 600
kg/lh water mass flow rate, thus dlowing to keep the difference between supply and return
temperature lower than 4-5 °C.
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Fig. 4 - Position of different pipe layersin the concrete slabs of the ZUB building (SolarOpt 2003)

In the case of heeting the radiant system is connected with the digtrict heeting supply system
and it is divided in two different circuits to supply the traditiond floor system and the thermo-
active dabs systems.

As for the cooling system, the hydronic pipes circuits employed are the same as the hesating
system, but, for investigating the possble use of renewable energy sources, an additiond cir-
cuit of pipes in the dab condruction of the basement has been inddled to exploit ground
coolness to cool the water. Thus, the ground heat exchanger replaces the ingdlation of a ne-
chanica cooling machine.

A paticular type of ventilaion sysem that dlows fulfilling the requirements for ar-change
and ar-quality has been ingaled. According to the standard DIN 1946 the ar flow rate e
quired is 7100 nt/h. In the ZUB building, however, particular studies about the ventilation
system have been carried out to reduce its Sze and heat losses. Thus, a mechanicdly baanced
ventilation system using heat recovery with two cross flow heat exchangers in a series and a
thermal efficiency of 0.8 has been ingtaled. The designed air flow is 4000 ni/h and the inlet
temperature of the supply ar flow is 17.7° C. Such system is not sufficient to supply the d-
fices and the fully occupied lecture hdl. For the lecture hdl, therefore, a direct supply system
from the ar handling unit has been provided and, when required, offices can be ventilated by
natura means.

The most important aspects related with these systems are, however, the adopted operating
conditions and the control strategies. As for the heating system, the indoor temperature is set
a the lower vaue of 19°C and the upper vadue of 21°C for the offices and gpproximatdy a
18° C in the experimentd room. To achieve these conditions the inlet temperature of radiant
systems depends on outsde temperature, thus avoiding the heating system working continu-
oudy a the highest temperature. Then, after 8 p.m., the indoor air temperature is set a 19°C.



In the case of cooling, the temperature of rooms is set a an upper vaue of 26°C and the water
mass flow rate is cooled by the ground heat exchanger. In this way the inlet temperature of the
water depends on the ground temperature. Furthermore, the building structure can be cooled
during the night by aflow of externd air.

In the norma operation mode (Fig. 5A), fresh ar is supplied directly to the office rooms and
exhaugt air is etracted from the atrium, and then transferred to the heat recovery unit, but, for
research purposes the fresh air can be supplied to the central atrium and extracted from the d-
fices (Fig. 5B). When the lecture hdl is fully occupied, the mechanicd ventilation sysem is
employed only for the ar-change of this room, while for the offices naturd means are used.
To dlow naturd ventilation in offices, fresh ar is supplied through the open windows and the
exhaust air leaves the rooms through particular ar outlets, which are st in the clay wall near
the doors. In this way the exhaugt ar is sent into the arium and leaves the building through
openings & its top (Fig. 5C), thus avoiding the inddlation of fan systems. The ventilation sys-
tem works from 6 am. to 8 p.m., and at night and during the weekend it is turned off.
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Fig. 5 - Operation modes of the ventilation system (Hausladen 2000)

Each office gets light from the windows of the south fagade and the arium from its glass
walls, and the presence of light sensors dlows using atificid lights only when a room is a-
cupied and the vaue of natura light is too low. The presence of these large glazing aress is
adso used to exploit solar gains in reducing energy consumption. Solar radiation and internd
sources reduce the requirements of the heating syssem and the presence of externd rolling
shutters dlows to limit the incoming solar heet gain in the case of cooling. The choice of the
artificid lights in the rooms (Tab. IIl) has been made by evauding the themd loads they
may produce.

Tab. Il - Lightsinstalled in the ZUB building

Offices Corridor Experimental room Lecturehall Atrium
Number of lights 4 6 24 36 22
Power [W] 39 55 55 55 20
Efficiency [Im/W] 85 91 91 91 25
Illuminance [Ix] 553 500 1278 1036 63
Heat gain [W/m’] 6.5 55 14.0 114 25

The energy consumption for the entire office building has been evadluated according to the
German energy code WSchVO'95. The heating demand is 5.3 kWhnT per year (165
KWHn per year), that is 27% of the limiting maxima value required by German standards,
and an dectrical consumption of gpproximately 10 KWh/nf per year.



During the year 2002 the measurements have shown a heating energy demand of about 23
kKWh/n? and atotal energy demand, including electrical consumption, lower than 40 KWh/n.

3.3. MEASUREMENT EQUIPMENT

In the ZUB building, one of the man issues is the monitoring of dl the data tha dlow verify-
ing and controlling concepts and researches. For this reason an intengve project for “Solar
Optimised Buildings’ (a nationad research program promoted by the German Minigtry of
Economy and Technology) is currently being run. According to this program the planning and
congruction processes are being followed up over a period d four years and for a least two
years measurements of main parameters are being drawn out. To collect data such as heat ex-
changes, temperature, therma comfort and ar quality, however, a complex measurement sys-
tem and detailed programs are required. In the office building of the ZUB the survey of these
parameters has been planned to supervise al the building and to investigate in depth the ke
haviour of control strategies and systems (Tab. V).

Tab. IV - Monitoring plan of the ZUB

e | N
~ BUIDING  SINGLEROOM  EQUIPMENT

- Energy Consumption - Thermal Comfort - Ventilation System
- Daily Employment - Visual Comfort - Natural Ventilation
- Lighting - Air Quality - Heating System
- Sensitivity - Shading - Cooling System

- Service Management
- Systems Interaction

The adopted measurement system congsts of 48 sensors, located in different postions of the
building thet dlows collecting 1172 data every minute. At fird, some weather insruments
have been set outside the building to collect outsde parameters, such as air temperaure, solar
radiation, air moisture, speed and wind direction. To control al the equipment, then, thermo-
couples, hygrometers and water mass flow meters have been inddled in the ventilation sys-
tem and in the heating/cooling radiant sysems. In this way the working parameters and the ef-
ficiency can be andyzed and improved and the energy consumption can be assessed. In dl
rooms, findly, severd sensors have been placed to gather information about interna condi-
tions of thermd comfort, ar qudity and heat loads. In particular indoor air qudity sensors are
used to manage the ventilaion sysem through the evduation of CO, concentration. Instru-
ments, able to asess the intengty of lighting, both naturd and atificid, andyse the possble
produced heat gains. Furthermore, a set of temperature and air humidity probes in the rooms
allows cdculating the operative temperatures.

The mogt rdlevant aspect of this measurement system, however, is the ingalation of thermo-
couples indgde the concrete dabs. As a matter of fact, some researches ded with the behaviour
of active therma dab systems related to pesk-shaving. In order to monitor the temperature of
active layers, during the condruction of the building sensors have been set in the concrete
dabs (Fig. 6). Through these indruments data concerning the temperature and the perform
ance of the active therema dab system can be collected both upright and horizontally and a de-
talled map of heat exchange can be drawn up. It is dso possible to know the direction of hesat
exchanges and the behaviour of the used building materids.



Nevertheless, the inddlation of these sensors is not sufficient to manage and andyse dl the
data collected. Because of the large number of parameters to be processed every day (about
846000) a careful method avoiding hitches is required. The sensors used are connected, at
fird, to three computer centres that survey the measurements coming from the building, the
rooms and the equipment. In these centres they are recorded as ASCII data including the i+
formation about control dtrategies. Then, through a bus system, they are sent to the manage-
ment system where they are processed and recorded in a database that is also connected to a
display dation. Through this system, therefore, the collected information is displayed every
minute, thus dlowing to underdand the efficiency of the inddled sysems, the thermd condi-
tionsin rooms, and to optimise the chosen control Strategies.
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Fig. 6 — Sample of disposition of the thermocouples in the slabs (Solar Opt 2003)

3.4. MODELLING THE BUILDING

To evduate the therma conditions and the energy performance of an HVAC sysem, the
knowledge of ar indoor temperature is not sufficient. To predict the efficiency of a control
drategy, moreover, a desgn tool that dlows to take into account building envelope, solar
shadings, boundary conditions and gathering information about therma loads, energy con
sumption and therma comfort is required.

In this paper the firt step of moddling the building is shown. For this purpose, the widdy
used commercid software TRNSY'S 15 (Klein et a. 1992) has been chosen to look at the pos-
ghilities of the active therma dab system adopted in the building and to start sudying its ke
haviour with particular reference to the control strategy. The assumed basic modd is an office
room of the firgt floor, with the same Structures above described, whose dimensions are 5.2 m
(South side) by 4.7 m, and 3.4 m height.

During the occupancy of the room from 8 am. to 6 p.m., the presence of one person (75 W
sensble heat and 75 W latent heat) and one PC with monitor (140 W) and atificid lighting
(5 WInt) is assumed. As for the parameters affecting comfort, a metabolic rate of 1.2 met has
been assumed according to EN ISO 7730, while the clothing factor depends on the outdoor air
temperature at 8 am. asshown in Tab. V, as proposed in (Brunello et d. 2002).

As far as the control Strategy is concerned, it has been tested the possbility of controlling the
supply water temperature of the thermaly activated dab circuit, according to a linear correla-
tion between outdoor and supply temperature.

Two different shading coefficients have been chosen as protection from solar radiation in
heating (Cs=0.6) and in codling (C<=0.5) conditions. As for the ventilation system, the heat



exchanger with efficiency of 0.8 has been assumed to supply an ar change of 0.5 h' during
the occupancy time (no post-hedting is present in winter and no cooling/denumidification is
assumed in summer). The water mass flow rate supplying the hydronic system has been fixed
at 515 kg/h if the indoor air temperature is lower than 21.5° C (£0.2°C), in the case of hesting,
or higher than 23° C (£0.2°C), in the case of cooling.

Tab V — Values of the clothing factor in dependence of outdoor temperature

Outsidetemperatureat 8:00[°C] Clothing factor [clo]
Tout<t’ C 1
5° C<Tou<12°C 0.8
12° C<Tou<15° C 0.7
12° C<Tou<15° C 0.6
Tou>20°C 0.5

To evduae the efficiency of this control strategy, the vaues of some parameters have to be
cdculated, eg. comfort parameters PMV and PPD, the vaues of supply air temperature and
relative humidity, supply and return temperature of the water circuits, the radiant surface tem
perature, heat flows from celling and floor, etc.

4. SMULATIONS OF THE ROOM

Smulations have been performed with three types of Test Reference Year. The results here
presented have been performed in order to gather information about the possibility to adopt a
gmilar building with gmilar plants in different dimatic conditions, briefly summarised in
Tab. VI.

Tab VI — Relevant parameters of the weather in the different investigated cases

Latitude | Design temp. (winter) Degreeday | Designtemp. (summer) | Daily range
[°] [*C] [Kd] [°C] [*C]
Kassel 52 -12 3317 32 15
Venice 45 -5 2345 31 9
Palermo 38 5 751 32 6.5

4.1. KASSEL (GERMANY)

This case deds with a typicd dimatic condition of Germany and in paticular the city of Kes
. In Figure 7 the didribution of the energy demand is reported, while in Figure 8 the didri-
bution of PMV can be seen. The control strategy is acceptable, since the comfort conditions
ae only 5% of the time bedow the comfort requirements. The overdl amount of operation
hours of the pump of the lediant system is 4960 in heeting conditions and 700 in cooling con
ditions. The maximum heating load is 2220 W and for cooling is 1130 W. The overdl de-
mand of energy in winter is 2270 kWh and the recovery heet coils dlow a saving of 440 kWh
energy. The overd|l demand of energy in summer is 580 kWh.

4.2. VENICE (ITALY)

In the case of Venice TRY, the results are reported in Figures 9 and 10. The control strategy is
good, since the comfort conditions are dmost dways in the comfort range. It may be seen that
the comfort conditions are fulfilled without an ar treatment. It has been verified that no prob-
lem of condensation occurs. The overdl amount of operation hours of the pump of the radiant
gystem is 3955 in hedting conditions and 2120 in cooling conditions The maximum hegting
load is 1645 W and for cooling is 1365 W. The overdl demand of energy in winter is 1855



kWh and the recovery heat coils dlow a saving of 305 kWh energy. The overal demand of
energy in summer is 1560 kWh.

4.3. PALERMO (ITALY)

In the case of Pdermo TRY, the results are reported in Figures 11 and 12. The control drat-
egy is dso good in this case, snce the comfort conditions are dmost aways in the comfort
range. Even in this case the comfort conditions are fulfilled without any air trestment and no
problems of condensation occur. The overall amount of operation hours of the pump of the
radiant sysem is 1990 in heeting conditions and 3075 in cooling conditions. The maximum
heating load is 1230 W and for cooling is 1390 W. The overdl demand of energy in winter is
775 kWh and the recovery heat coils dlow a saving of 145 kWh energy. The overdl demand
of energy in summer is 2110 kWh.

5. DISCUSSION

The results of the smulations show that the comfort conditions are fulfilled in dl the exam:
ined cases. Also the indoor temperature variation during the whole day is below 3°C most of
thetime,

As for the hydronic circuit, the temperature variation between the supply and return tempera-
ture of the hydronic circuit is lower than 3°C. It has to be underlined that the active therma
dab sysem works basicdly on the celing, due to the rdevant insulation under the upper cont
crete layer of the floor. Also the solar radiation that comes through the window and dtrikes the
floor surface hasiits effect.

In al cases the use of themadly activated dabs dlows achieving therma comfort, but to red-
ize dso energy saving some detalls about externd conditions have to be taken into account. In
a cold region, such as the climatic condition of Kassd, the relevant parameters concern the
operating conditions for heating; an improvement for these systems, therefore, can require the
reduction of cooling loads during heating condition and the optimization of solar gains. In e
gions where the outdoor temperature is higher and relevant operaing condition is cooling,
such as Pdermo, the optimization of the thermo-active dabs systems can concern a good i+
sulation from solar radiation and the use of night ventilation to cool buildings dructures. In
the case of Venice findly, the variability of external conditions requires an gppropriated con-
trol that can optimize both aspects.

Anyway the amulations here performed refer to an office with only one person, and in the
case of warmer climates the presence of other people should give different results, but better
shading devices can avoid the overdl cooling load to be removed during night-time operation
of the dab.

6. CONCLUSIONS

The mathematicd modd shows that the office building of the ZUB can achieve good comfort
conditions. This indicates that in buildings with energy conscious design the implementation
of active theema dabs sysems is possble. The computer smulations, furthermore, show that
the correct use of active therma dab systems needs an appropriate control strategy. A deep
knowledge of ingde and outdoor conditions is essentia to correctly predict their behaviour
and their related thermd loads, thus aso dlowing the achievement of an optimum solution for
every cae. Measurements will investigate other aspects and different solutions for the control
strategy may be studied. The control strategy here presented seems to be very interesting to be
goplied in the pilat building.

The smulations here peformed represent only the firsd sep of an investigation program
which should include other rooms (first and second floor) and the overal heating/cooling sys-



tem, with particular reference to the posshility of cooling the room by means of the direct
coupling with the crcuits embedded in the groundwork of the building. Further investigations
based on different controls are findly necessary to andyse the potentid coupling with renew-
able and recovery energy source and minimize energy requirements.
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