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ABSTRACT
During the last years much interest has been paid to 
Low Temperature Systems, i.e. systems which use 
water to transfer the energy and have temperatures 
of this heating-cooling medium close to room 
temperature (20 °C for cooling, 26 °C for heating). 
Such systems show an overall energy consumption 
lower than for conventional air-conditioning 
systems and offer the possibility of using renewable 
or recovery sources of energy, or technologies not 
usable in traditional systems, such as condensation 
boilers, reversible heat pumps, evaporation 
exchangers, ground heat exchangers or water beds. 
With these equipments higher COP than in 
traditional systems can be obtained.

To allow a correct design of a radiant system and 
the correct coupling with energy sources it is 
necessary to have a tool and a guideline available to 
evaluate, in his complexity, the physical system 
building-plant-environment. The high number of 
parameters describing such a system, as well as the 
problems related to conduction heat transfer in 
unsteady state conditions, need the use of dedicated 
numerical models.

In this work the design of a pilot building located in 
Padova (Italy) is presented. This building is 
equipped with a novel type of thermal active slab 
feeded by a reversible heat pump coupled to ground 
heat exchanger. The design is based on the concept 
of night time heat-cool storage and variable comfort 
conditions during daytime. The simulation results 
show a strongly reduced maximum heating-cooling 
capacity (peak-shaving) and a better energy 
performance in comparison with traditional HVAC 
systems. The simulations have been carried out by 
means of TRNSYS as for the building and by 
means of a model called CARM as for the ground 
field.

INTRODUCTION
Recently active thermal slabs have been used in 
multi-storey buildings (Olesen 2000): the pipes 
embedded in the slab allow the use of thermal 
storage during periods where the rooms are not 
occupied (Meierhans 1996). The shift of the 

operation of the system involves peak-load shaving 
and the use of reduced power for heating and 
cooling. The water circulating in the slabs is very 
close to room temperature and low quality energy 
can be used. A particular system which seems 
interesting to be coupled with heavy radiant 
systems is the heat pump with ground heat 
exchangers. The COP available in this case can be 
rather high and the operation at two different 
temperatures (one for night time and one during the 
day) represent an interesting aspect to be 
investigated.

Although in some countries this solution is quite 
common, in Southern Europe and especially in Italy 
active thermal slabs are not used because of the 
related dead loads and costs. In the last years some 
research has been carried out in order to develop 
solutions of thermal slabs applicable in other lighter 
building techniques (Brunello et al. 2002, Brunello 
et al. 2003). The findings of this research have been 
used in this work.

The aim is to demonstrate that the concept of active 
thermal slab can be applied also to relatively light 
structures and in more severe climates (summer) 
than they are used to be designed. A new office 
building, whose construction is in progress, has 
been designed with this novel type of active thermal 
slab, coupled with a geothermal heat pump. For this 
purpose a detailed model for simulating the overall 
heat pump and the borehole system has been 
developed (CARM, “CApacity Resistance Model”). 
The simulation has shown a significant reduction in 
running costs adopting a themal slab system 
coupled with geothermal heat pumps.

BUILDING DESCRIPTION
The subject of this work is a four storeys office 
building which is being built in Padova (Italy), 45° 
latitude. The design temperature in winter is –5 °C;
in summer dry-bulb temperature is 33 °C, with 
daily range 13 °C, wet-bulb temperature 24.5 °C.
As for long period simulations, reference has been 
made to Venice test reference year (TRY), due to 
the proximity of the two sites. The relevant mean 
values are reported in Table 1. 
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The main dimensions of the building are reported in 
Table 2. The total surface is 2200 m² and the 
volume is 7500 m³; approximately 90 people will 
work inside.
The occupied area is approximately 24 m by 30 m. 
The building has both North and South facades 
completely consisting of glass surfaces. West side 
wall in the first two floors is in part opaque with a 
window surface of about 21 m2; the last floor of 
West surface is a fully glazed façade. The roof is 
covered by a zinc–titanium sheet. A sky-light of 
about 3.5 m width is present along the whole 
curved surface (the atrium) and part of the roof. In 
the Figures from 1 to 5 it is possible to see a 
rendering view of the building and the details of 
plans for each floor, and a vertical section.

Table 1
Mean values of the test reference year

Mean 
temp. [°C]

Daily mean solar 
radiation [MJ/m2]

Diffuse Direct
January 3.3 2.4 2.1

February 4.8 3.5 4.6
March 8.6 5.0 7.5

April 13.2 6.6 10.3
May 17.3 7.6 14.3

June 21.3 7.5 18.3
July 23.6 6.4 20.7
August 23.4 6.2 15.9

September 20.4 5.3 10.5
October 14.9 3.9 5.9

November 9.5 2.6 2.7
December 5.0 2.1 2.0

Table 2
Dimensions of floors

SurfaceFloor
[m²]

Underground 320
Ground level 632
First Floor 601

Second floor 594

Figure 1  Rendering view of the building

Figure 2  Ground floor

Figure 3  First floor

Figure 4  Second floor

10 m

5 m

0

Figure 5  Vertical section

- 276 -



The type of floor used in this building (Figure 6.A) 
is composed by a raised floor 4 cm thick with 16 
cm air gap where the connections of electrical 
plants are placed and it is also partially used for 
primary air distribution. The floor stands upon a 
“predalle” type slab lightened by means of 
polystyrene blocks. As for the radiant system pipes, 
they are layed down on the predalle base board (4 
cm thick) and embedded in a further 7 cm concrete 
layer. Predalle type floor (without pipes and 
embedding layer) is a very common building 
structure in Italy. The thermal properties of this 
new structure are not the best in terms of thermal 
inertia, especially if compared with usual solid 
thermal-slab, but it represents a good compromise 
solution between structural and thermal 
requirement. As for the roof (Figure 6.B), the inner 
surface is constituted by a key-pattern steel sheet, 
which improves the convective thermal exchange 
surface. The pipes are embedded in a 7 cm concrete 
layer as shown in the figure. Finally a thermal 
insulant 8 cm thick (foam glass) is put and the zinc-
titanium sheet completes the roof.
The pipes of the radiant heating/cooling plant are 
made of polyethylene, with 20 mm external 
diameter, 2.3 mm thickness.The water flow rate is 
2.7 kg/h per unit length of pipe.

A

B

Figure 6  Massive radiant systems used

THE MODELS USED

Building simulation
In this work, for determining the thermal loads of 
the building, the software TRNSYS (Klein et al. 
1992) has been used.
TRNSYS was originally developed by Wisconsin 
University at the beginning for the analysis of solar 
energy systems. Due to its flexibility it has been 
improved to allow a more general simulation of 
building thermal behaviour. It is based on a 
simplified overall thermal balance solution. This 
model has been used, in this work, for simulating 
both the proposed radiant system and a convective 
air-conditioning system in order to check the 
possibility of peak-load shaving.
The building has been divided into 12 different 
zones, as it is possible to see in the Table 3.

Table 3
Zones of the building

Description Floor Orientation
1 Hall with stairs All floors East

2 Internal stairs All floors -

3 Office Groundfloor South - East

4 Office Groundfloor South - West

5 Office Groundfloor West

6 Office Groundfloor North - West

7 Office First floor South - West

8 Office First floor West

9 Office First floor North - West

10 Office Second floor South - West

11 Office Second floor West

12 Office Second floor North - West

Zones 1 and 2 have a height equal to the total 
height of the building. In Tables 4 and 5 the 
characteristics of the glass surfaces and the 
structures used in this work are summarised. 
As above mentioned, the roof is covered by a key-
pattern steel sheet. The windows are built by low 
emmisivity Argon filled double glazing having U-
Value of 1.5 W/(m² K), including frames. South 
side is a double skin façade.
Total maximum internal loads (people, lighting and 
equipment) are approximately 24 kW with a water 
vapour production of about 4.6 kg/h.
The thermal plant consists of a massive radiant 
systems (see again Figure 6A), in all the bulding, 
with the exception of zone 1 and 2. Predalle thermal 
slab is placed in the ceiling of each room of the 
ground and first floor (zones from 3 to 9). Key-
pattern thermal slab (see again Figure 6B) is placed 
in the roof (zones 10, 11 and 12). Zone 1 is 
equipped with a standard floor radiant system and 
additional convective units, since it has a height of 
10 m and large glass areas. Zone 2 is also cooled by 
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a convective unit. A central air handling unit 
provides the necessary rate of primary air to the 
building. All these systems are connected to a 
ground coupled heat pump, whose description is 
reported in detail later on. The time schedule of the 
radiant and convective systems can be seen in 
Table 6.

Table 4
Thermal properties of glass surfaces

Structures Cs U value *
[-] [W/(m² K)]

Skylight (zones 1 and 2) 0.20 1.5
South side 0.15 1.5
West side 0.20 1.5
North side 0.40 1.5
East side 0.16 1.5

 * including frames

Table 5
Thermal transmittance of the structures

Structures U value
[W/(m² K)]

External wall (zone n° 1) 0.40
External wall (other zones) 0.46
Internal wall 0.79
Floor (ground floor) 0.45
Floor (first and second floor) 0.15
Ceiling (ground and first floor) 0.15
Roof (zone n° 1) 0.51
Roof (other zones) 0.40

Table 6
Schedule of the different zones and systems

(add = additional convective system)

zone Mo - Th Fr Sa Su
1    6    8   18    6    8   18 12

slabs
floor
air
add

zone Mo - Th Fr Sa Su
2    6    8   18    6    8   18 12

slabs
floor
air
add

zone Mo - Th Fr Sa Su
3-12    6    8   18    6    8   18 12
slabs
floor
air
add

The water supply temperature to the radiant system, 
the set-point temperature of the two convective 
additional systems and the inlet air conditions are 
reported in Table 7. The air handling unit has a 
flow rate of 3600 m³/h of new air (40 m³/h for each 
person) and it has only one coil and a cross flow 
recovery heat exchanger; no post-heating in 
summer is assumed.

Table 7
Working conditions of the different systems

Supply airTime

Day/
month

Supply 
water 
temp. 
[°C]

temp. 
[°C]

x
[g/kg]

Set point of 
additional 
convective 

systems [°C]
1/1-15/4 28 18 outdoor 18
16/4-15/5 - outdoor outdoor -
16/5-15/9 21 16 10 26
16/9-15/10 - outdoor outdoor
16/10-31/12 28 18 outdoor 18

Ground heat pump simulation
For analysing the behaviour of the ground heat 

pump, a simulation code, called CARM, has been
developed. It is based on the electric analogy 
representation of the thermal masses and resistances 
of the ground surrounding the pipe heat exchangers. 
The concrete grout thermal capacity has been 
neglected (due to its low value compared to the 
ground’s one) and the resistances between the pipe 
holes and the grout boundary have been separately 
calculated trough a detailed finite difference 
program (Blomberg 1999). This simplification has 
been assumed in order to have a radial one-
dimension resistance-capacity model that describes 
the ground as a series of shells (Figure 7).

Figure 7  Model for a single U-tube ground heat 
exchanger (cross section)
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Along the vertical direction the ground can be 
divided in several layers, each one having its own 
thermal properties. A sensitivity analysis has been 
carried out to assess the number of subdivisions 
required for accurate results. If the thermal 
properties are constant, the analysis has 
demonstrated that three or four layers are sufficient. 
Heat flow in the vertical direction between ground 
layers has been neglected. 
The pipes are divided in several elements to study 
water temperature variation with depth. In Figure 8 
the model of the water flowing inside a 2-U tubes 
heat exchanger is shown in detail.
The results of several simulations obtained with this 
model have been compared with those obtained 
with ASHRAE method (Kavanaugh and Rafferty 
1997), which where in good agreement.

Figure 8  Water modeling of a double U-tube 
ground heat exchanger

In this project the ground heat exchangers have a 
depth of 120 m and a total number of 12, positioned 
along a line, 7 m apart each other. The ground 
characteristics are summarised in Table 8. The 
stratigraphy of the ground has been acquired from 
drilling data of a site 500 m away, and compared 
with other four sites within a range of 5 km. The 
values of the thermal properties of the ground types 
have been obtained from literaure data (Kavanaugh 
and Rafferty 1997, Talleri 2001), taking the most 
precautional. Geological knowledge of the zone 
shows that there are not significant aquifer 
movement within the proposed deepness of 120 m. 
The temperature of undisturbed ground is 13.3 °C. 
Pipes have an external diameter of 31 mm and the 
water flow rate is 0.32 kg/s. Supplemental 

boreholes are taken into account if the first drilling 
will show worse characteristics. 

The model allows to simulate in time steps (usually 
hour by hour) the behaviour of the overall system 
of the geothermal heat pump, taking into account a 
supplementary heater (Figure 9) and the variability 
of the COP as a function of the water temperature 
both in the geothermal and in the internal circuit. 
The heat pump, equipped with electronic throttling 
valve, has been specifically designed to work at two 
different temperature levels: in cooling conditions 5 
°C during day-time (for air handling) and 15 °C 
during night-time; in heating conditions 35 °C 
during both the day and the night. In this way the 
COP, depending on the temperature of the water 
coming from ground heat exchanger, may vary 
from 3.5 to 5.5 during the day and from 4.4 to 6.9 
during the night in summer period, from 3.7 to 4.7 
in heating conditions. The water flowing in the 
ground has a fixed minimum allowed temperature 
of about 4 °C.

Table 8
Characteristics of the ground considered 

Type of 
ground

Thickness
[m]

λλλλ
[W/(m K)]

ρρρρ
[kg/m3]

cp

[J/(kg K)]

clay and 
sand

8 1.90 1920 1110

sand 7 2.10 1920 1005
clay and 
sand

10 1.90 1920 1110

sand 13 2.10 1920 1005
clay 22 1.70 1920 1530
sand 18 2.10 1920 1005
clay and 
sand

42 1.90 1920 1110

TOTAL 120

Figure 9  Model for the overall system

RESULTS AND DISCUSSION

Design day simulation
The simulations have been performed under the 
following conditions:
- extreme summer conditions with clear sky solar 

radiation equal to maximum value for the month 
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of July and outdoor temperature variable between 
20 °C and 33 °C;

- extreme winter conditions during a week, without 
solar radiation, without internal heat loads and 
outdoor temperature value constant at – 5 ° C.

The results are reported in Table 9. It may be 
observed that the maximum power of a convective 
air conditioning system would be 100 kW for 
cooling and 90 kW for heating. If the high inertia 
radiant systems are used, the maximum power 
required during night-time is 58 kW in cooling and 
85 kW in heating.

Table 9
Results of the simulations

Simulations
Max. cooling  
power [kW]

Max. heating 
power [kW]

Day Night Day Night
TRNSYS 
Convective 100 0 90 0

TRNSYS
Radiant

58 40 20 85

TRY simulation
The outdoor conditions during the test reference 
year for Venice have been used. In the next figures 
some results from the simulations are shown. The 
operative temperatures are in according to the 
current Standards (ISO 7730-1994, 
ANSI/ASHRAE Standard 55-1994) for this type of 
building (between 23 °C and 26 °C in summer; 
between 20 °C and 24 °C in winter).
In the extreme summer conditions (Figure 10) 
operative temperatures are less than 23 °C (with a 
minimum of 22 °C) between 8 a.m. and 12 a.m.; 
during the afternoon they are inside the range 
comfort except for the atrium (zone 1); nevertheless 
this is not an office but a transit area (maximum 
operative temperature here is about 27 °C).
In the extreme winter conditions (not shown here) 
operative temperatures are out of the comfort range 
but never less than 19 °C except for zones 1 and 2.
The supplied thermal power can be seen in 
Figure 11. The size of the heat pump has been fixed 
in 70 kW for heating and 60 kW for cooling. For 
heating purposes an auxiliary system has been 
considered, thus resulting in the overall available 
heating power of 90 kW in Figure 11. The use of 
the auxiliary heater is needed when the plant starts 
working on Sunday, due to the lowering of the 
temperature of the structures during the week-end. 
Also, due to the climate, from middle April to 
middle May there is a free cooling as well as from 
middle September to middle October.

From the results of the calculations (Figure 12), it 
has been derived that the overall yearly amount of 
thermal energy supplied by the system is 

141000 MJ for cooling and 312900 MJ for heating, 
including the integrative thermal energy of 
9200 MJ supplied by the auxiliary heater in winter.

Figure 10  Sample of operative temperatures 
pattern during ten days in July 

Figure 11  Pattern of the heating/cooling power
supplied during one year

Figure 12  Total requested thermal energy

As for the geothermal field, in Figure 13 the trend 
of temperatures at different distances from the core 
are reported and in Figure 14 the heat stored in the 
ground is shown.

Finally, the overall COP of the system is reported in 
Figure 15; the auxiliary heater is assumed to be an 
electrical resistance. 
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Figure 13  Temperatures of the supply water to the 
ground heat exchanger and at different radia in the 

ground (R1=0.5 m, R2=1.0 m, R3=2.5 m)

Figure 14  Trend of the heat storage in the ground

Figure  15 Trend of the COP during one year

Economical aspects
Many different evaluations can be performed by 
comparing various types of plants as the choice 
affects several aspects (not only energy and cost but 
also environment, aesthetics, maintainance, space-
saving etc.). In this project a first choice was made 
to install a thermal slab radiant system in order to 
limit the maximum required electrical power and 
avoid local terminal units in the offices. Therefore 
the comparison was restricted to the different type 
of energy sources, for the same plant, namely:

1) condensation gas boiler in winter and air 
cooled water chiller in summer;

2) reversible geothermal heat pump both for 
heating and cooling purposes.

Details on the economical assessments are given in 
a companion paper (Currò Dossi et al. 2003). The 
results can be summarised as follows:
- in case 1) the total cost of energy supply (not 

including the consumption of pumps and fans) 
is 6095 /y;

- in case 2) the total cost as above, taking into 
account the advantage of reduced night fare, is 
3360 /y.

The money saving is therefore estimated about 
2750 /y. The major investment cost has been 
evaluated as 15000  (resulting from the additional 
costs of the geothermal field, the saving in cost of 
equipment such as boiler, chimney, boiler room, 
etc.).

For a final comment, in Figure 16 a computer 
simulation referring to the case of a convective 
cooling/heating system operated by an air-cooled 
water chiller and by a condensation boiler is 
reported together with the case considered in this 
work (GSHP). It can be observed that the system 
selected for this project is more efficient in terms of 
primary energy use and therefore more 
environmental friendly.

Figure 16  Primary energy (tep) requested for the 
thermal slab ground coupled system and for a 

convective system with traditional energy supply

CONCLUSIONS
The design simulations for this building give 
evidence that massive radiant systems (thermal slab 
type) allow to considerably reduce the peak loads, 
especially during the summer, by means of night-
time heat/cold storage operation. The advantage of 
a geothermal heat source is particularly enhanced 
by the peak-shaving itself, thus involving high 
COP’s. Again, double price (day/night) electricity 
fare involves further cost saving. The simulations 
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showed also that the control strategy (starting time 
of storage operation, reduced power operation, etc.) 
are relevant to achieve the above mentioned 
possible advantages. Further details on design 
concepts, modelling and simulations economical 
assessments can be found in a companion report 
(Currò Dossi et al. 2003). 
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