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Utilization of geothermal energy from railway tunnels
Besoin d’energie géothermique d’un tunnel ferroviaire

D.Adam & J.Hofinger -  Institute (or Ground Engineering and Soil Mechanics, Technical University of Vienna, Austria 
N.Ostermann -  Eisenbahn-Hochleistungsstrecken AG, Vienna, Austria

ABSTRACT: Energy piles, energy diaphragm walls or energy slabs for the extraction of geothermal energy and/or the transferring 
and/or storage of thermal energy in the ground have proved suitable for heating and/or cooling of buildings. The application of this 
innovative technology has now been extended to tunnels. Structural elements of tunnels, which are situated deeply within rock and 
soil, can be ideally used as geothermal energy absorber elements. In this paper general considerations of a 12km long tunnel below the 
city of Vienna are presented, in the scope of this project the design of a geothermal energy facility is intended. Moreover, thermal 
simulations and case histories are discussed.

RÉSUMÉ: L’usage de pieux, membranes ou dalles destinés à l’extraction, transfert et entreposage d’énergie géothermique dans le sol 
à fait ses preuves comme systèmes de chauffage et refroidissement adéquats dans les bâtiments. L’application de cette nouvelle 
technologie à été étendue à l’usage de tunnels. Les éléments structurels des tunnels, lesquels se trouvent à grandes profondeurs dans le 
roc et le sol, peuvent être utilisés comme éléments absorbants d’énergie géothermique. Dans cet article, une vue d’ensemble d’un 
tunnel de 12 km de longueur situé dans la ville de Vienne est présentée dans le but de construire une installation de récupération 
d’énergie géothermique. Des simulations thermiques et études de cas sont aussi données.

1 INTRODUCTION

Foundations, such as piles, diaphragm walls, slabs, etc. are used 
to absorb thermal energy from the ground and ground water in 
conjunction with heat pumps to heat buildings, etc. or to desorb 
thermal energy into the ground and ground water to cool build
ings and other structures. The principle is that energy is always 
extracted from or sunk into the ground or ground water by means 
of fluid filled pipe systems incorporated inside the foundation 
elements, which are needed in any case for structural reasons. 
This innovative technology provides not only substantial long
term cost savings in relation to conventional energy systems but 
also contributes to environmental protection by reducing fossil 
energy utilisation. Heating and cooling with geothermal energy 
has been proved very suitable for buildings. Furthermore, this 
technology can also be used in road and bridge engineering in 
order to keep surface layers free from ice and snow, and to cool 
asphalt layers in order to reduce the formation of struts due to 
high temperatures in summer.

In this paper a completely new application of this innovative 
method is described. Tunnels are structures situated deeply be
low the surface, where no seasonal temperature variations occur. 
Structural elements of a tunnel and the tunnel lining can be ide
ally used for extracting geothermal energy from deep soil and 
rock layers. Both, cut and cover technology and NATM are suit
able for energy tunnels. Piles, diaphragm walls and slabs, which 
are typical elements of the cut and cover method, can be 
equipped with absorber pipes. Elements of NATM like shot- 
crete lining and anchors can also be used as absorbing elements.

In Vienna a 12 km long railway tunnel (“Lainzer Tunnel”)is 
under construction. In the scope of this project the design of a 
geothermal energy facility is intended. In a big city like Vienna 
consumers are available in the close vicinity of an energy tunnel. 
The energy cannot only be used for heating and cooling of sta
tions, administration and residential buildings but also for keep
ing platforms, bridges, passages, etc. free from ice in winter.

In the following the general design of the Vienna energy tun
nel plant is presented, thermal calculations are discussed and two 
case histories show the wide field of application of this innova
tive method.

Figure 1: Scheme o f  the thermal utilization o f a conventional rail tunnel. 

2 PROJECT “LAINZER TUNNEL”

The first design concepts for the construction of an efficient rail 
connection linking Vienna and the western and southern railway 
and the railway following the Danube date back to 1974. At the
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Figure 2. Scheme of an energy pile equipped with absorber technique.

end of the 1980's, when Austria's entry into the European Union 
was foreseeable in the short term, the project gained a new eco
nomical, environmental and traffic-related significance. In par
ticular, the fact that the so called Lainzer Tunnel must, as part of 
the east-west axis, i.e. the Danube Corridor, meet the special 
demands of an urban environment, has resulted in the adoption 
of the following objectives and practical aims:
• The efficient connection of the currently constructed high 

speed railway to the west and to the southern railway and to 
the railway following the Danube;

• The optimization of the Austrian local passenger train ser
vice;

• The protection of people living near railways especially 
with respect to the minimization of noise pollution.

The definite designing process began in 1990, the construction 
works started in 1999. Simultaneously, it was reflected on using 
parts of the tunnel structure as geothermal energy absorbers. The 
perfect situation of the tunnel within the city offers numerous 
opportunities to use the extracted energy in the close vicinity of 
the tunnel.

The 12km long tunnel will be constructed in several sections 
whereby two principal construction methods are planned:
• Cut and Cover Method consisting of bored piles, wells, 

thick slabs and ceilings of reinforced concrete;
• New Austrian Tunneling Method (NATM) involving a pri

mary lining of reinforced shotcrete with rock bolts and an
chors, and a secondary tunnel lining of reinforced concrete.

While elements of the Cut and Cover Method, like bored piles, 
slabs and ceilings have already been proved suitable for transfer
ring energy from and into soil and rock, structural elements of 
NATM need to be in the focus of research to be used as geo
thermal energy absorbers. The development of energy anchors 
and energy lining is part of a research project carried out at the

Institute for Ground Engineering and Soil Mechanics at the 
Technical University of Vienna.

3 PRINCIPLE OF ENERGY ELEMENTS

The principle of energy elements is described in the following 
taking energy piles as an example:

Energy piles contain plastic pipes (HDPE) carrying a heat 
transfer medium (brine or water). In the case of pre-fabricated or 
in-situ cast concrete piles, the pipes are mounted along the rein
forcement cages. From the pile heads the pipes are leading to a 
distributor where they are collected. Connected to this primary 
circuit is the secondary circuit, which is necessary to distribute 
the thermal energy. In the case of heating, the energy carrier de
rived from the ground is compressed by a heat pump, thus gen
erating heat, which is transmitted through the heating circuit. As 
a useful side effect, the fluid in the energy piles works as a cool
ant in the summer. Whilst heat is stored in the ground during 
summer, the process is reversed in winter, with energy extracted 
from the ground for heating purposes. The heated subsoil then 
cools down in time for heat influx during the next summer.

Such combined heating cooling systems require a sophisti
cated thermal calculation in order to determine the extractable 
amount of thermal energy in dependence of the geometry of the 
absorber element, geotechnical and geothermal soil parameters 
and hydrological ground properties.

Basic principles of a thermal simulation are discussed in the 
following chapter.

4 THERMAL SIMULATION

4.1 Heat transfer in soil

Under natural conditions the soil consists of multiple phases: 
The solid phase is composed of mineral and/or organic grains 
forming the porous grain skeleton. The pores are filled with 
gaseous (unsaturated zones) and liquid phases: air and the pore 
water or ground water in gaseous (vapor), liquid or solid state 
(ice). Water may additionally contain several salts and ions. 
These phases interact chemically, physically and moreover, often 
in a biologically way which influences the heat transfer proc
esses. Heat transfer in soil is in detail a very complex procedure, 
because a wide range of different heat transfer processes has to 
be considered:
• Conduction
• Radiation
• Convection
• Evaporation and condensation processes
• Ion exchange
• Freezing-thawing processes
If a large soil sample is investigated whereby the grain size is 
very small in relation to the sample volume, the different heat 
transfer processes can be reduced considering only the heat 
conduction of soil, assuming that there is no mass transfer 
through the system boundaries. This enables the consideration 
of an idealized quasi-homogeneous model of the inhomogene- 
ous soil sample based on the thermal soil parameters of heat 
conduction with sufficient accuracy. The basic equation of heat 
conduction in a coordinate-independent form is given as fol
lows:

^ .  = aA6 + ^ -  
ot pc

( 1)

where p  is the mass density [kg/m3], c the specific heat capacity 
[J/(kg.K)], Qv an internal energy source [W/m3] and a the tem
perature conductivity [m2/s]:
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Table 1. Basic cases for heat conduction in soil.

Basic case Sketch Differential Equation

Table 2. Thermal and material properties of a determined soil for the 
comparison of the three basic cases o f heat conduction.

Property Value

Thermal conductivity X 2,5 W/(m.K)

Density p 2.700 kg/m3

Specific heat capacity c 800 J/(kg.K)

Temperature
1,1574.1 O'6 m2/s

conductivity a

Radius of cylindrical and 
spherical gap

0,3 m

Sudden temperature
25 K

rise &

Observed period l A half year = 182,5 cfciys = 15.768.106 s

x_

pc
(2)

A is the thermal conductivity in W/(mK). A complete solution of 
Equation (1) is possible only for simple cases due to mathemati
cal difficulties. One-dimensional cases can be simply solved, 
since Equation (1) depends only on one coordinate. More com
plex cases can often be gained as a combination of these basic 
solutions.

4.2 Semi-analytical calculations

Absorbers for geothermal heat extraction are differently shaped 
depending on the shape of the structural element: Piles or verti
cal bored heat absorbers can be modeled by simple cylinders, 
more complicated foundations, e.g. a tunnel lining needs sophis
ticated geometric considerations. In the following three basic 
cases are discussed which can be used to simulate appropriately 
most of the commonly used absorber elements. Cases considered 
differ in the spread of heat transport (see Table 1).

Analytical solutions are only available for case 1 (semi
infinite body) taking into consideration simple boundary condi
tions. More complicated boundary conditions require semi- 
analytical solutions reducing the differential equation to a semi-

analytically solvable function, the so-called Gaussian error- 
function. The complement of the Gaussian error-function is de
fined as follows to be solved numerically:

eTfc(x) = l - ~ \ e-^dco m

This error-function is also the basis for the solution of case 3 
(infinite body with spherical gap).

Independently of boundary conditions, case 2 (infinite body 
with cylindrical gap) can only be found numerically using a dif
ferential equation solver.

Calculations characterized by realistic thermal soil properties, 
geometric parameters and boundary conditions (see Table 2) 
were performed in order to compare the three basic cases.

The difference of the cases can be demonstrated by consider
ing the penetration velocity of heat caused by temperature 
changes at the surface. Heat penetration is indicated by tempera
ture changes. As shown in Figure 3, higher dimensional heat 
conduction leads to a more efficient heat transport: A spherical 
surface in an infinite body needs much more heat exchange than 
a plane surface on a semi-infinite body to keep a surface on a 
constant temperature for a certain period.

Consequently, spherically shaped absorber elements are most 
effective while even elements like slabs are less productive.

Basic case Specific heat exchange

1 72,367 kWh/m2

2 287,04 kWh/m2

3 984,807 kWh/m2

2 4 6 8 10 12 14 Radius [m]

Figure 3: Comparison of the basic cases o f heat conduction at equal boundary conditions and thermal and material properties.
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Figure 4. Model for the numerical simulation o f  a geothermal used 

well.

Figure 5. Temperature distribution around a vertical geothermal used well 
after 5 months o f heat extraction.

4.3 Numerical calculations

In some cases heat absorbers are not simple-shaped so that the 
basic cases presented above can be used for a thermal design 
with sufficient accuracy. Thermal calculations of energy pile 
groups, etc. require numerical techniques such as the finite ele
ment (FE) or the finite difference (FD) method. In the scope of 
the research work the basic cases were simulated by a numerical 
model and were compared with the analytical solutions to verify 
the applicability of the numerical method.

A vertical heat absorber with finite length embedded in a 
half-infinite soil body is a suitable model to prove all basic cases 
of heat conduction. Parallel, this model describes a single pile or 
a geothermal well presented in chapter 4.2 (see Fig. 4).

It is assumed that the temperature of the soil surface (half- 
infinite body) oscillates with a sinus function to simulate the an
nual temperature change. The temperature at the borders of the 
borehole is assumed to be periodically constant in order to calcu
late the maximum possible heat transfer (extraction and input), 
respectively.

A typical simulated temperature distribution is demonstrated 
in Figure 5 representing the temperature field after 5 months of 
heat extraction. Different flux velocities of energy depending on 
the geometry and thermal soil parameters are indicated by the 
isotherms. Moreover, energy balances were considered and are 
discussed in chapter 4.2.

4.4 Comparison of (semi-) analytical and numerical 
calculations

The precision of the numerical finite element model depends on 
numerous parameters, such as the refinement of mesh and the 
polynomial order of the used elements. It is evident (see Figures
6 to 8), that the differences between the numerical and the ana
lytical solutions are rather small; therefore both methods are 
suitable for thermal calculations.

5 CASE HISTORIES IN THE LAINZER TUNNEL PROJECT

5.1 Energy tunnel -  section "Hadersdorf -  Weidlingau "

The utilization of geothermal heat by using earth-coupled ele
ments is a technology, which has already been established in 
structural engineering. Foundations of buildings are used for 
heating or cooling these buildings. While a single deep founda
tion activates a rather small amount of soil in thermal respect, a 
shallow tunnel, embedded below or nearby an urban area, acti
vates a much larger quantity of useable geothermal heat. This 
enables a multifunctional use of foundations, retaining structures 
or tunnels. The owner of the structure gets the additional possi
bility to earn extra money spending rather low installation costs 
for absorber technique, and beneficiaries profit from a cheap and 
clean energy source.

Some sections of the “Lainzer-Tunnel” in Vienna are under 
construction, where the feasibility of a geothermal heat plant can 
be analysed. The section “Hadersdorf - Weidlingau” in the west 
of Vienna was selected as testing plant, where both technical and 
economical aspects are investigated. In this section the tunnel 
will be constructed using the cut and cover method. Thus, the 
employment of well-known absorber technique applied also in 
structural engineering is possible. The bored piles will be 
equipped with absorber pipes connected to the thermal circuits of 
several consumers. The central heating of an adjacent school will 
be operated by a heat pump supplied by geothermal energy. Fur
thermore, the heating of ramps and railway platforms to avoid 
formation of ice is planned. It will be investigated if the method 
of “free heating” can be applied. “Free-heating” means the use of 
geothermal heat at very low temperature level. A heat pump is 
not necessary, only the energy for the circulation pump has to be 
provided.

Preliminary calculations result in a thermal power to be ex
tracted of about 140kW for a 100m section of the Lainzer Tunnel 
in the long-term. Peak values of 280kW are possible for short-
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Depth z from surface [m]

Figure 6. Temperature distribution at a certain time calculated with the 
FE-model (continuous line) and the analytical solution (dashed line) 
for a semi-infinite body.

Distance from borehole [m]

Figure 7. Temperature distribution at a certain time calculated with the 
FE-model (continuous line) and the semi-analytical solution (dashed 
line) for a infinite body with cylindrical gap.

Distance from borehole [m]

Figure 8. Temperature distribution at a certain time calculated with the 
FE-model (continuous line) and the analytical solution (dashed line) 
for a infinite body with spherical gap.

term extracting periods. During a whole heating period an en
ergy amount of 280MWh is exploitable. This equals to 27.780 1 
of fuel or 28.680m3 of natural gas. Only the energy necessary for 
heat pumps has to be taken into consideration as external energy 
source. About one fourth of the total energy output of the heat 
pump has to be provided externally.

During the cooling period in summer the cooled down soil 
can be used for cooling purposes (see Fig. 9). This method is 
called “free-cooling”, because no additional cooling sources like 
refrigerating machines are necessary for cooling buildings or 
processes. Only a circulation pump has to be provided with en
ergy. The heat input in summer could balance the heat extracted

WESTERN RAILWAY 

HADERSDORF ■ WEIDLINGAU STATION

Figure 9. Operation scheme of the thermal use o f a typical section of the 
“Lainzer Tunnel”.

during the heating period in winter. Thus, the soil is used as a 
storage medium.

5.2 Energy wells "Hetzendorferstrafie"

Several wells for lowering the groundwater level had to be built 
for the construction of the cut and cover tunnel. These deep 
wells, located in public and private areas, can be used for the ex
traction of geothermal energy. The testing plant “Energy wells 
Hetzendorferstrafie” was constructed in order to investigate the 
performance of these wells. The concept of the plant is shown in 
Figure 11. Following measurements have been carried out, 
whereby the gained data serves as basic parameters for sophisti
cated thermal calculations:
• Determination of thermal soil parameters (thermal conduc

tivity, specific heat capacity);
• Maximum amounts of extractable heat and energy influx;
• Long-term-behavior and temperature conditions;
• Influence of groundwater flow.

The simulation presented in chapter 4.3 provides the power of 
extraction and the power of influx during a two-year simulation 
period for the 45m deep test well (see Fig. 10). A U-pipe-heat 
exchanger located in the filter tube of the well extracts the heat. 
The space between the tube and the filter at the heat source GB 
2/97 (see Fig. 11) was filled with sand to enhance the heat trans
port from the ground to the brine circulating in the pipe, while 
the heat transport into the heat sink GB 4a/97 is performed

Figure 10. Energy well. The covered areas represent the extracted en

ergy (-) and the input energy (+) over a period o f two years. Calcula

tions carried out using FEM.
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EXPANSION VESSEL EXPANSION VESSEL SINK HEAT EXCHANGER 
(optional)

©  Outdoor temperature 

@  Supply for absorber (source)

©  Return flow of absorber (source)

©  Supply for consumer 

©  Return flow of consumer 

©  Return flow of consumer (sink)

© - ©  Soil temperature next to absorber (source) 

© - ©  Soil temperature next to absorber (sink)

©  Flow counter absorber (source)

©  Flow counter consumer (sink)

pi Pump for absorber circulation 

P2 Pump for consumption circulation

COMPUTER
[~p~| Power input of heatpump 

[wi] Heat meter for absorber 

|w2| Heat meter for consumption

Figure 11. Scheme of the test energy well plant “Hetzendorferstrafie”.

mainly by contact with ground water. Both calculations and 
measurements have resulted in a long term extraction power of 
about l,8kW per well.

6 CONCLUSION

Structural elements of shallow or deep tunnels in urban areas can 
be ideally used as energy absorbers in order to extract geother
mal energy or to transfer and store energy in the soil. The energy 
transport is performed by water or brine flowing in plastic pipes 
attached to the reinforcement cages of piles, diaphragm walls, 
slabs, etc. Geothermal energy can be used both for heating and 
cooling buildings, keeping railway platforms, bridges, passages, 
etc. free from ice. Usually, a heat pump is employed in order to 
generate heat, which is transmitted through the heating circuit. 
Free cooling only using a circulation pump is sufficient in most 
cases for cooling.

The 12km long Vienna city tunnel project Lainzer Tunnel is 
the first tunnel to be used as energy absorbing tunnel. Two case 
histories demonstrate the installation of absorber elements, like 
energy piles and energy wells. Semi-analytical and numerical 
thermal calculations presented are necessary for the determina
tion of the extractable geothermal energy taking into considera
tion geometry, geothermal soil parameters and hydrological 
ground properties.
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