
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


The double use of piles as foundation and heat exchanging elements 
La double utilisation des pieux comme fondation et éléments d’échange de chaleur

A.Ennigkeit & R.Katzenbach — Institute and Laboratory ol Geotechnics, Darmstadt University ol Technology, Germany

ABSTRACT: Usually piles are used for the foundation of a building. But these piles could be apart from their static function, also 
used for the environmental-friendly heating and cooling of buildings. Because of the double function the piles are called energy piles. 
The use of energy piles as well as the research work done at the Institute and Laboratory of Geotechnics will be presented by the high- 
rise building M a i n  T o w e r  in Frankfurt am Main (Germany). At present M a i n  T o w e r  is the most future oriented and largest project 
using energy piles.

RÉSUMÉ: En général, les pieux sont utilisés comme fondations d'immeubles. Mais en plus de leur rôle porteur, ces pieux peuvent 
également servir à réguler la température des immeubles en respectant l'environnement. En raison de leur double fonction, ces pieux 
sont dénommés pieux échangeurs. L'utilisation des pieux échangeurs ainsi que les travaux de recherche menés à l'institut et au 
Laboratoire de Géotechnique seront présentés au travers de l'exemple de l'IGH M a i n  T o w e r  de Francfort (Allemagne). A ce jour, 
M a i n  T o w e r  est le projet le plus grand et le plus modeme utilisant les pieux échangeurs.

1 INTRODCTION

The sustainable use of the resources of our ecosystems is 
significant for the preservation of our environment and our 
quality of life. Because of the world-wide search for environ
mental and resource gentle, renewable energy and because of the 
imperative reduction of emissions of CO2 and other greenhouse 
gas emissions the use of piles as heat exchanging elements is a 
future-oriented solution.

2 ENERGY PILES

2.1 Method

Energy piles have to fulfil a double purpose. Apart from their 
static function they are also used for the environmental-friendly 
heating and cooling of buildings. In an energy pile heat 
exchanger tubes of plastic are embedded. The tubes are attached 
to the reinforcement cage. Water is pumped through the heat 
exchanger tubes as heat exchanger fluid. Thus the whole pile 
acts as a heat exchanging element. In comparison with the 
surrounding ground, the heat exchanger fluid or rather the 
energy pile is warmer or cooler in order to absorb the existing 
energy of the subsoil. In most cases the transfer of the absorbed 
energy to the installation is carried out by heat pumps or by heat 
exchangers. Figure 1 shows a schematic view and a photo of the 
equipped reinforcing cage of an energy pile.

2.2 History

Already in 1980 the possibility to use foundation piles as heat 
exchanging elements has been touched on in a Swedish 
publication. Lindblom (1980) was thinking of the storage of 
thermal solar energy in a clayey subsoil. If necessary the 
withdrawal of the stored energy should be done by a heat pump: 
“During the winter, cold water may be heated by circulation it 
inside the piles. ...the temperatures can be further increased with 
a heat pump and circulated in the heating system of the house”.

Patent applications for energy piles used for energy 
production are dated from 1983 and 1985. “If a building is 
founded on foundation piles because of the insufficient bearing 
capacity of the subsoil and if the building is heated by a heat

pump the pile foundation is utilized as a heat exchanging 
element.”

In 1985 the first building has been realized in Austria. A 
detached house with 177 m2 living space has been equipped with 
energy piles (Katzenbach et al. 1997). In the meantime energy 
piles get more known. For example in Germany in Frankfurt am 
Main several the third high-rise building will be equipped with 
energy piles.

2.3 Further possible heat exchanging elements

Further possible heat exchanging elements are bored pile walls 
and diaphragm walls. The heat exchanger tubes are also attached 
to the reinforcement cage. The heat transport between heat 
exchanger fluid, concrete element and subsoil takes place in the 
same way as the heat transport of the energy piles.

3 SEASONAL THERMAL STORAGE

3.1 Principle

A further possibility for the use of energy piles is based on 
the storage of energy in the subsoil. Energy is transferred to the 
subsoil from the exterior and stored until it is needed. In this 
way, e.g. solar energy or process-caused waste heat can be

F ig u re l. Energy pile
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- convection
- dispersion

-  non-material-bound transport:
- thermal radiation
Further heat transport could be released by radioactive effect, 

viscous dissipation and the work done by pressure changes 
(Nield & Bejan 1999).

4.1 Heat Conduction

The transferring mechanism of heat conduction includes the 
transfer of energy or heat of higher energetic molecules to 
molecules of a lower energy level. Heat conduction takes place 
within a body, a rest liquid or rest gas with areas of different 
temperatures, or between two neighbouring bodies mutually in 
touch and of different temperatures. Heat conduction occurs in 
the solid as well as in the fluid phase.

The connection between the heat flux density q , which is 
the amount of heat Q transported by the area A within the time 
unit t:

Figure 2. Seasonal thermal storage system

stored. Energy piles could load and unload the so-called seasonal 
thermal storage. The three self-contained system cycles for a 
seasonal thermal storage are shown in Figure 2 (Katzenbach et 
al. 1998a):
-  system 1 consists of the energy piles in the subsoil,
-  system 2a consists of the installation of the building 

services for heating and
-  system 2b consists of the installation of the building 

services for cooling.
The process is optimised if energy for heating is withdrawn 

from the soil in winter and thus a cooling of the soil arises. In 
summer the cooled down soil can be used for cooling the 
building. By this the surplus amount of heat is drawn off the 
building into the soil and thus the necessary temperature level 
for winter operation can be reached again.

The storage of energy in the subsoil depends on the following 
parameters (Katzenbach et al. 1998a, Brandi et al. 1999):
-  physical, thermal and hydrogeological properties of subsoil

- density and porosity of the in-situ soils
- thermal conductivity and thermal capacity of the in-situ 

soils
- natural field of temperature in the subsoil
- temperature gradient
- groundwater level
- direction and velocity of groundwater flow

-  properties of the energy piles
- arrangement, space and length of energy piles
- outer and inner diameter of heat exchanger tube
- material of heat exchanger tube
- discharge of heat exchanger fluid
- physical characteristics of heat exchanger fluid

-  intervals of loading and unloading
-  energy conception of the building

- energy demand of the building
- required flow temperature

-  climate conditions

4 THEORETICAL PRINCIPLES OF HEAT TRANSPORT

Heat is an energy transported or transferred on the basis of a 
temperature gradient. The heat transport or transfer takes place 
as material-bound or non-material-bound transport towards the 
lower temperature level:
-  material-bound transport:

- heat conduction

q A t  A
(1)

and the temperature gradient is described by Fourier’s principle 
of the molecular heat transport:

i  3T
q = ^ * T

with the temperature gradient:

3T  0 T . 0T . 8 T ,
---- - — 1 + — j + ——k = gradT
3n dx dy dz

(2)

(3)

where Q = amount of heat [Ws], Q = heat flux [W], 
A = area [m2], t = time [s], q = heat flux density [W/m1], 
X = thermal conductivity [W/(m-K)], T = temperature [K], 
x,y,z = Cartesian co-ordinates [m].

According to thermodynamics’ first main principle the 
increase of inner energy of a volume element dV equals the gain 
in energy from the heat sources minus the heat flux density via 
the volume element’s surface:

3T
pcdV ——= Qi dV-((q(x +dx)-q(x))dydz 

a t

+(q(y+dy)-q(y))dxdz+(q(z+dz)-q(z))dxdy)

(4)

where c = specific thermal capacity [J/(kg-K)], p = density 

[kg/m3], V = volume [m3], Qi = heat source [W/m3]
Within an infinitesimal volume element the heat flux 

densities are developed in a Fourier row, given here as an 
example for the x-direction:

q(x+dx) = q(x) + - (5)

From this connection arises Fourier’s differential equation for 
the transport by heat conduction to

9T A i 
p c ^ - Q H

dq. , , dq,
dx dy dz

(6)

After the elimination of the heat flux densities under 
application of Fourier’s basic principle of the molecular heat 
transport and under the assumption that X = Xx = Xy = XL = const, 
it follows that:

dT A ipc—  = Qi + X
O t

3 2T d2T d2T ) 

dx2 dy2 dz2
= Qi + div(XgradT) (7)
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4 .2  Convection

In convection the heat transfer takes place between two 
thermodynamic systems moving relatively to each other, e.g. the 
flow-by of a fluid along a wall. The fluid’s flow can be forced on 
by outer forces (pump) (forced convection) or arise due to a 
natural buoyancy of the warmer and therefore lighter fluid 
particles (free convection).

The convective change of the amount of heat per time unit 
within a volume element dV owing to a fluid flowing with 
seepage velocity v is:

qv=(Pc)f

qv = div(D xgradT)

w ith the em pirical form ulation for the heat d ispersion  coeffic ien t

D*:

D x= (p c)f 8 x|v |

where Dx = heat dispersion coefficient [W/(mK)], 8\ = heat 
dispersivity [m], c = specific heat capacity [J/(kgK)], p = 
density [kg/m3], v = seepage velocity [m/s],

4 .4  Thermal radiation

In thermal radiation the heat transport takes place via 
electromagnetic oscillations. Thermal radiation is not bound to 
material, in a vacuum it is the only heat transferring mechanism.

4 .5  Heat Transport Equation

Bear (1972) noticed that heat transport within the soil takes place 
mainly through heat conduction, and convection. Sauty (1980) 
stated that dispersion has to be considered too. For the soil with 
its respective scope of temperature heat transport through 
radiation can be neglected (Brehm 1989).

Considering the heat transfer mechanisms heat conduction, 
convection, and dispersion for an isotropic medium and under 
the assumption that there is local thermal equilibrium so that 
Ts = Tf = T, where Ts and Tf are the temperatures of the solid and 
fluid phases, respectively, and the assumption that heat 
conduction in the solid and fluid phases takes place in parallel so 
that there is no net heat transfer from one phase to the other the 
differential equations for heat transport for the solid and the fluid 
phase result in:

div((l -  n)XsgradTs ) + Q; s= (1 -  n)(pc)s- ^ -
dt

div(nAr gradTf )+ div((pc)r 6x|v|gradTf ) 

-(pc)fdiv(vTf )+ Q i f =n(pc)r

(11)

(12)

where n = porosity [-], (pc)f = volumetric heat capacity of the 
fluid phase, (pc)s = volumetric heat capacity of the solid phase.

Adding Equation 11 and Equation 12 the differential equation 
for heat transport comes to:

div((x+(pc)f 6x|v |)gradT)-(pc)fdiv(vT)+Qi =pc
dT

dt
(13)

where pc = volumetric heat capacity of the subsoil.

= (pc)f div(vT) (8)

where q v = amount of heat per unit of time and volume [W/m3], 
Cf = fluid’s specific heat capacity [J/(kg-K)], pf = fluid’s density 
[kg/m3], v = -k grad h = seepage velocity [m/s], k = permeability 
coefficient [m/s], grad h = hydraulic gradient [-]

4 .3 Dispersion

Dispersion describes the fanning out of the heat transported with 
the carrier fluid as a function of time. The fanning out is caused 
by the differently, statistically distributed flow velocities of each 
water volume within the current space. The change of the 
amount of heat per element of time and volume owing to 
dispersion is:

(9)

5 M a i n  T o w e r

5.1 Ground conditions

Frankfurt subsoil consists of quaternary terrace sands down to 
10 m below the surface where it is underlain by tertiary 
sediments. The tertiary soil consists of Frankfurt Clay on top and 
Frankfurt limestone underneath. The Frankfurt clay is a layered, 
alternating sequence consisting mainly of stiff and semisolid 
clay, in which hydrobiasands, limestone and dolomite bands are 
embedded. At the M a i n  T o w e r  site the limestone layers have a 
maximum thickness of 2.8 m (Katzenbach et al. 1998b). The 
groundwater table is in-situ about 6 m below ground surface.

5.2 Seasonal thermal storage

In order to activate the subsoil as a thermal storage, 112 
foundation piles and the reinforced piles of the bored pile wall 
were changed into energy piles. The foundation piles which have 
a diameter of 1.5 m and a length of 30 m, were equipped with 8 
heat exchanger tubes. The piles of the retaining wall were 
equipped with 4 heat exchanger tubes. Altogether, 150,000 m3 
subsoil could store energy.

(10) 5.3 Monitoring and investigation

For investigating  the heat transfer process in the energy p iles and  

the surrounding ground the foundation o f  the M a i n  To w e r  is  

ex ten sively  equipped w ith  m easuring instrum ents. In order to 

determ ine the temperature a long the p iles  237 temperature 

sensors are installed  inside 21 p iles, in 5 to 9 different depths. 

On every lev e l tw o temperature sensors are arranged. Three  

strain gages are insta lled  on  every m easurem ent level for 

determ ining the load  distribution a long the p ile  shaft.

Altogether, 17 piles contain load cells at the pile toe and 14 
piles contain load cells at the pile head (Katzenbach & 
Moormann 1998). Furthermore, the subsoil and groundwater 
temperature is measured in ten groundwater monitoring wells 
and in three extensometers reaching down to 98 m under ground 
surface. So it will be possible to determine the effects of the
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Figure 3. Energy pile GP88: Temperatures at different times
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alternating process of subsoil heating and cooling, on the bearing 
capacity of the piles and the whole foundation respectively.

5.4 First results

The loading (cooling down the subsoil) of the storage takes place 
during winter 1999/2000 and 2000/2001. The effects on the 
temperature of the piles are shown in Figure 3 for pile GP88 
exemplary. This pile is situated in the pile foundation’s center. It 
is clearly to see, that during winter the temperature in the pile 
drops, thus the temperature decreases in the whole storage. 
During summer operation the temperature increase again.

6 TEST ENERGY PILE

At the Institute and Laboratory of Geotechnics at Darmstadt 
University of Technology, the heat transfer is investigated by 
experimental large-scale model tests. For this purpose a small 
energy pile was constructed. The test energy pile has a diameter 
of 24 cm and is 150 cm high. The pile is equipped with 4 heat 
exchanger tubes of copper, 2 temperature sensors PT 100 on
3 levels as well as an Integral Measuring Element combined with 
a PT 100. The test pile is embedded in sand in our thermal test 
apparatus. The test apparatus has a diameter of 1 m, and is 
2.40 m high. The soil around the energy pile is equipped with 
24 temperature sensors; 7 sensors on 3 levels and 3 sensors 
below the test pile. Furthermore, the temperature of inflow and 
return, and the discharge are measured. The test apparatus itself 
is insulated. A tube in which water with a constant temperature, 
circulates, is fixed around the test apparatus. Figure 4 shows the 
energy test pile installed in the thermal test apparatus.

By means of these tests, the influence on the heat transport of 
the following parameters is investigated:
-  number of used heat exchanger tubes,
-  discharge of heat exchanger fluid,
-  intervals of loading and unloading of the seasonal thermal 

storage.
Numerical calculations, which simulate the heat transport in 

the thermal test apparatus are carried out parallel to the labora
tory tests. Consequendy it is possible to verify the numerical 
model. The calculated (black lines) and measured (gray lines) 
temperatures over time for 4 in one level radial arranged 
temperature sensors are shown in Figure 5. Sensor 5 is installed 
into the pile. Sensors 5.1, 5.2 and 5.3 are installed at a distance 
of 3, 18 and 33 cm from the test energy pile.

The initial temperature of the fully saturated dry sand and the 
energy pile, was about 20,5°C. The heat exchanger fluid had 
been pumped through the test pile with a total discharge of 
90 1/h. The inflow temperature was 5°C. After a fast decrease in 
temperature, a steady state is obtained. The measured and calcu
lated temperatures correspond very well, especially at steady 
state. By the numerical simulation the thermal processes in the 
large-scale model test apparatus could be good verified.
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Figure 4. Test energy pile installed in the thermal test apparatus
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