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Summary Report
The application of massive heat exchanger technology provides benefits for both owners and operators of German road tunnels, if the technology is reasonably applicable within the project. In order to gain experience and to evaluate this novel energy supply systems as well as to clarify technical details and economic aspects the construction of pilot projects is intended in Germany.
Target of this research project was to prepare applicable solutions for geothermal exploration, technical details and specifications as well as the provision of building contracts for preparing the mentioned pilot projects.
Firstly, a design guideline specifies significant criteria for a technical-economical design of a tunnel energy plant. The essential influencing factors are:
· User system of the tunnel energy plant: From the hydraulic and thermal point of view the user system should be located close to the tunnel energy plant. Regarding energy utilization scenarios it can be distinguished between an internal use (e.g. heating, ventilation and air conditioning (HVAC) of service buildings) and an external use (e.g. HVAC of nearby buildings). 
· Location of the tunnel energy plant: The tunnel energy plant should be located as close as possible to the user system to avoid long pipelines. The distance between the tunnel energy plant and the user system should be less than 500 m depending on the plant capacity. Moreover, the tunnel energy plant should be situated in the central part of the tunnel to reduce the influence of outside temperature from portal zones.

· Tunneling method: Tunneling can be performed with NATM/mined, cut and cover or mechanical/TBM excavation techniques. Depending on the tunneling method, appropriate heat exchanger elements have to be selected. Furthermore, the arrangement of all heat exchanger pipes has to be adjusted to the tunnel structure.

· Soil and groundwater conditions: High values of heat conductivity and heat capacity are beneficial, although heat storage will be possible only to a minor degree within a tunnel energy plant. The reason for this is that the structural components are in contact with the tunnel air and therefore losses through convective heat exchange have to be considered. Groundwater has a beneficial effect in most cases, because the overall heat conductivity of the underground is higher.
· Soil and tunnel air temperature: Soil and tunnel air temperatures have a great impact on the temperature of the absorbing fluid regarding the heat extraction and consequently on the capacity of the tunnel energy plant. To reduce the influence of outside temperature, it is recommended to situate the heat exchanger elements as far as possible from the tunnel portals, whereby a minimum distance of about 300 m from a tunnel portal can be quoted.

· Heat exchanger elements: In driven tunnels (e.g. constructed by NATM) heat exchanger elements such as energy geotextiles, energy anchors and energy inverts are available. For cut and cover tunnels energy diaphragm walls, energy piles, energy slabs, and energy wells can be applied. For open cuts energy slabs and – where applicable – also energy wells are recommended. Finally, for mechanically excavated tunnels energy segments can be ideally used.
· Construction progress: In general, the installation of a tunnel energy plant can be subdivided in several construction phases. The construction works of the tunnel energy plant should be performed within the same work cycle as the usual construction works of the tunnel (e.g. concreting of inner lining).
· Mode of operation: Heating, cooling and seasonal heating and cooling are possible. The longer the operation period per year (annual operating hours) and thus the total exchanged energy per year the shorter is the payback time of the energy plant. Moreover, it has to be considered that the temperature of the absorbing fluid should not drop below 0°C during operation over a longer period to avoid freezing of soil.
· Kind of heat exchange / absorbing fluid: Usually PE-HD pipes with a pipe cross section of 25 x 2.3 mm resp. 32 x 2.0 mm (outer diameter x wall thickness) are used for heat exchanger pipes, because these geometrical and material parameters yield a reasonable compromise between a relative simple installation, low cost and low pressure losses due to pipe flow. As absorbing fluid water or a mixture of water and antifreeze (lower operating temperatures are possible, but higher viscosity and higher costs have to be accepted) can be used.
The following factors are essential for the operation of a tunnel energy plant:

· Operating mode: Operating temperatures of the user should deviate only slightly from the temperature in the heat exchanger pipes to achieve a high performance factor. Therefore, low temperature systems such as floor heating or concrete core activation systems should be preferred.
· Location of tunnel energy plant: The greater the distance between the heat exchanger elements and the user system is, the higher are the pressure losses due to pipe flow. Furthermore, manifolds laid within soil may cause undesirable energy losses. 

· Heat exchanger fluid: As already mentioned, usually water or a mixture of water and antifreeze is used depending on the required minimum temperature. During operation, it needs consideration that the absorbing fluid passes through all heat exchanger circuits uniformly. For this, appropriate adjusting devices have to be installed at the distribution blocks.
· Heat pumps and cooling machines: Heat pumps and cooling machines have to be checked periodically. If necessary, the feedback control systems should be adjusted to modify operating conditions. For plants with a high thermal capacity the installation of multistage or revolution-speed-controlled circulating pumps is recommended.
The design of a tunnel energy plant should be started at an early project stage because numerous interactions (user system, pipe arrangement, construction time, regulatory framework, etc.) have to be taken into account. It is recommended to carry out the design in the following design stages:
· Desk study;
· Geological, geotechnical and geothermal exploration;
· Feasibility study and draft design;
· Discussion and clarification with authorities;
· Economical study;
· Approval planning and plan approval decision;
· Tender design;
· 
Construction phase;
· Operating phase.
For design and dimensioning of a tunnel energy plant various parameters are required, which have to be determined in advance. Amongst others outside resp. surface temperature, ground and groundwater conditions as well as their properties and the expected tunnel air temperature have to be determined. 
In general the additional geothermal exploration can be part of the usual geological-geotechnical exploration program, because as an example the stratigraphy of the ground and the groundwater conditions are necessary anyway both for the design of the tunnel and the design of a tunnel energy plant.
In addition to the usual geological-geotechnical exploration program it is recommended to determine the temperature profile and the heat conductivity of the ground in the surrounding area of the intended tunnel energy plant. At least two exploration drillings that are required for geological-geotechnical explorations anyway can be ideally used to install heat exchangers and to perform Thermal Response Tests. If necessary, the heat conductivity of the drilling cores can also be determined. Some laboratory tests have been established for that, for example the needle probe, the test with an integrated heating wire, or the optical thermo scanner.
The determination of the specific heat capacity of the ground can be carried out by means of literature references in general.
If groundwater exists, the location of the aquifer, the aquifer thickness, the groundwater flow velocity, and direction as well as the groundwater temperature have to be determined. In general these parameters are investigated in the scope of the geological-geotechnical exploration program anyway. However, it has to be pointed out that for the design of a tunnel energy plant the seasonal groundwater temperature is of relevance.

A further essential parameter for the design is – as already mentioned – the tunnel air temperature, whereby data of existing tunnels shall be used. Until now information about tunnel air temperatures are only rarely available. Therefore, tunnel air temperature measurements (over the year) should be performed in existing road tunnels to gain more data for future projects.
Detailed technical solutions for exemplary tunnel energy plants have been developed, described and illustrated, whereby tunneling techniques like NATM, open cut resp. cut and cover tunneling methods were considered. 
The basic principle is that the tunnel tube is used as a heat exchanger element and the connection with the energy user system – which is situated at the surface in general – is done by vertical shafts or by separate drillings. The heat exchanger pipes of the heat exchanger elements are connected to distribution blocks via connecting pipes. From there, a pipe of greater dimension (manifold) runs to a technical room (with heat pump, circulating pump etc.) that should be situated as close as possible to the energy user system.
As an example of a tunnel energy plant within a NATM tunnel a construction with an outer shotcrete lining and an inner waterproof concrete lining was discussed. For this construction technique the installation of an energy geotextile is beneficial, because both the function of a separation interlayer between outer and inner lining and the thermal function of a heat exchanger can be supplied. In order to prevent costly waterproof pipe ducts through the inner lining or another waterproofing layer, the heat exchanger connecting lines should run to the distribution blocks within the invert concrete of the tunnel tube. By this, the invert of the tunnel tube is thermally activated, too. All connecting pipes should be passed bundled through the waterproofing layer at adequate locations (e.g. niches, crosscuts). For these waterproof pipe ducts, well-proven solutions already exist.
As an example of tunnel energy plant within a cut and cover tunnel a structure with piles/diaphragm walls, a bottom slab and a top cover was discusses. Depending on the used structural elements piles, diaphragm walls and the bottom slab can be used as heat exchanger elements. These elements have both a static and a thermal function, thus providing considerably synergy effects.
Regarding the arrangement of heat exchanger pipes at piles and diaphragm walls it shall be considered, whether the connection with the connecting pipes should be situated at the top of the piles resp. diaphragm walls or at the bottom in the area of the bottom slab. For that in general the tunnel construction is decisive, moreover the location of the distribution block as well as the location of the energy user system. 
If the access of heat exchanger pipes to the connecting pipes is situated at the top of the piles resp. diaphragm walls, for instance all connecting pipes running to the distribution block can be placed alongside the top cover of the tunnel. In contrast to that, if the access of heat exchanger pipes to the connecting pipes is in the area of the bottom slab, the connecting pipes running to the distribution block can be installed below the bottom slab and passed through the bottom slab at a centrally located point. The advantage of this solution is that also the bottom slab will be thermally activated by the connecting pipes. However, the distribution block should be situated within the tunnel structure, in the best case directly above the bottom slab. 
Based on these studies the installation of a tunnel energy plant within typical German road tunnels has been investigated. Most common road tunnels in Germany are low mountain range tunnels with a shallow overburden. The average tunnel length is about 1 km and the structure consists mostly of two tubes that are connected by cross cuts. Furthermore, rescue tunnels are often part of a road tunnel.

NATM tunnels are most commonly constructed with an open invert and an umbrella sealing. In such tunnels heat exchanger pipes can be mounted in the roof area by placing an energy geotextile – as described in the example – or the pipes can be fixed directly to the outer lining. The heat exchanger pipes should be installed block by block, e.g. in accordance with the construction sequence of the inner lining. All heat exchanger pipes of one block should be connected to one in-flow and one return-flow pipe and then passed to the bottom of the tunnel only at one spot of each block. Within the bottom area of the tunnel the connecting pipes can be installed from each block to the distribution block alongside the tube. 
For open cut tunnels, e.g. constructed in a trough made of temporary sheet-pile walls and an underwater concrete slab the considerations of the described example can be used, too. However, it is favorable to situate the heat exchanger pipes between the underwater concrete slab and the bottom slab of the tunnel to serve as energy slab. To prevent (waterproof) penetrations through the tunnel structure the connecting pipes shall be installed outside the tunnel – for instance within a niche in the sheet pile wall running to the surface – and then be connected to a distribution block, which can be installed in a shaft. By this separated accesses of the tunnel and the geothermal energy plant are achieved and contractual or operational problems (e.g. access authorization in case of maintenance work) can be avoided. Otherwise the connecting pipes can be passed through the tunnel structure by waterproof systems and connected to a distribution block that is situated within a niche of the tunnel building.
However, it has to be pointed out that for typical German tunnels with a low overburden and a tunnel length of about 1 km in average the cost-effectiveness of a tunnel energy plant should be investigated in an early design stage. A location of the tunnel energy plant in the center of the tunnel should be aimed, even though the outside temperature will have an impact on the tunnel air temperature for a longer distance from the portal zones. In particular due to the comparatively short tunnel length it has to be expected that the tunnel air temperature will strongly depend on the outside temperature. Thus, only a low heat extraction rate is realistic for heat exchanger elements that are installed close to the tunnel air.
Regarding the building contract, it is recommended to integrate the works for a geothermal energy plant into the main construction contract. Thereby, the geothermal energy plant is tendered like a highly specialized geotechnical construction work (e.g. freezing of ground, uplift injection) that can be carried out just by a few qualified companies. 
A particular problem in the tender design of a geothermal energy plant is the regulation of the failing risk. Based on the experience of already constructed geothermal energy plants the tender conditions should both protect the interests of the client and be acceptable for the contractor. In general a defined failure rate (about 3% of the total heat exchanger pipe length as a tolerance range) can be accepted as inherent character of the system; if a higher failure rate occurs, the contractor has to provide compensation by installing additional heat exchanger elements or a reduction of the contractual fee has to be accepted. However, the contractor has to guarantee that a certain limit of failure (about 10% of the total heat exchanger pipe length) will not be exceeded.
All obstructions, delays and difficulties in context with the construction of the geothermal energy plant should be considered in certain difficulty items of the tender. For example, the construction of an energy diaphragm wall can be divided into the usual costs of a diaphragm wall and the additional costs due to obstruction, delay and difficulty regarding the installation of the heat exchanger pipes.
Calculation and design of a tunnel energy plant (heat exchanger design) are carried out separately from the HVAC design of the user system, whereby the distribution block should be chosen as the interface between the heat exchanger system and HVAC technology both in design and in construction. In the scope of the design phase, the HVAC designer has to define and provide certain energy parameters as a basis for the design and dimensioning of the tunnel energy plant. 
It is recommended to perform a rather detailed design of the total tunnel energy plant by the geothermal consultant of the client already during the setup of the building application (design approval), however, not later than in the tender design phase. During construction works the contractor provides the execution design, whereby certain adaptions due to the actual construction conditions have to be included. Finally, the execution design shall be approved by the geothermal consultant of the client. By this, the geothermal consultant of the client has to check, if the execution design of the tunnel energy plant is in accordance with the considered resp. designed heat exchanger plant as well as the intended power.
Finally, general and particular technical contract specifications for a tunnel energy plant have been established for the preparation of the bill of quantities, whereby both tunnel energy plants within NATM tunnels and cut and cover tunnels have been considered separately.
