
 

TESSAS - Final Publishable Report  June 2004 

 
 

FINAL PUBLISHABLE REPORT 
 
 
 

CONTRACT N°:     ERK6 – CT – 1999 – 00016     
 
PROJECT N°:     NNE5 – 1999 – 00474   
 
ACRONYM:     TESSAS 
 
TITLE:      High Temperature Thermal Energy Storage in Saturated Sand Layers with 
 Vertical Heat Exchangers 
 
 
 
 
PROJECT CO-ORDINATOR:  Vito (Vlaamse Instelling voor Technologisch 
 Onderzoek)  
 
PARTNERS:    Bayerisches Zentrum für Angewendte Energieforschung, ZAE 

Bayern  
  IF Technology bv - Arnhem 
 
 
 
 
 
 
REPORTING PERIOD:  FROM    01-04-2000        TO    31-03-2004 
 
PROJECT START DATE:     01-04-2000     DURATION:     48 months 
 
Date of issue of this report:     01/06/2004 
 
 
 
          Project funded by the European Community 
      Under the ‘NNE5’ Programme (1998-2002) 
 

 



 

TESSAS - Final Publishable Report  June 2004 

FINAL PUBLISHABLE REPORT 
 
 
1  Table of contents  
 
2 Executive publishable summary ……………………..…………1  
 
3 Objectives of the project ……………………………….………..3 
 
4 Scientific and technical description of the results …….………4 
4.1 Preliminary investigations …………………………………………………4 
 4.1.1 Information collection ……………………………………………………………4 
 4.1.1.1 Relevant experiences ………….......………………………………………………………..4 
 4.1.1.2 Simulation tools ……………………………………………………………………………4 
 4.1.1.3 Technical parameters ………………………………………………………………………5 
 4.1.2 Thermal characteristics of the underground…………...…………..………………..5 
 4.1.2.1 Geology / Hydrogeology…………………....………………………………………………..5 
 4.1.2.2 Measurement technologies ……………..………………………………………………….5 
 4.1.2.3 Thermal Response Test ………………..……………………………………………..…….6 
4.2 Design of the storage system ………………………………………………..7 
 4.2.1 Determination design parameters ……….………………………………………....7 
 4.2.1.1 Choice of materials …………………………………………………………………….……7 
 4.2.1.2 Configuration of the store …………………………………………………………………..7 
 4.2.1.3 Control strategy …………………..…………………………………………………………8 
 4.2.2 System simulation with TRNSYS ….………………………………………….….8 
 4.2.3 Borehole storage system …………….……………………………………………9 
 4.2.4 Underground temperature monitoring …………………………………………….10 
 4.2.5 System integration to the building ……………………………………………….12 
4.3 Preparation of construction ………………………………………………..12 
 4.3.1 Technical specifications …………………….…………………………………...12 
 4.3.2 Administrative preparation ………………….……………………………….….13 
 4.3.3 Call for tender …………………………………………………………………….13 
4.4 Construction phase ………………………..………………………………..13 
 4.4.1 Borehole storage system ………………………………………………………….13 
 4.4.2 Technical equipment ……………………….…………………………………….14 
 4.4.3 Testing procedures and start up …………….……………………………………14 
4.5 Monitoring programme ………………….…………..…………………….14 
 4.5.1 First year of operation ………………………………………….…………………14 
 4.5.1.1 First loading period ………………………..……………………………………………..14 
 4.5.1.2 First unloading period …………………..……………………………………………….16 
 4.5.2 Meantime evaluation ……………………..………………………………………18 
 4.5.2.1 Conclusions on performance ………….………………………………………………..18 
 4.5.2.2 System adaptations ……………………….……………………………………………….18 
 4.5.3 Second year of operation …………………..……………………………………..18 
 4.5.3.1 Second loading period ………………….………………………………………………..18 
 4.5.3.2 Second unloading period ……………….……………………………………………….20 
4.6 Evaluation …………………………………………………………………..21 
 4.6.1 Simulation validation …………………….………………………………………21 
 4.6.1.1 Load profile …………………………….………………………………………………….21 
 4.6.1.2 Comparison of design and measurement ………….………………………………….22 
 4.6.1.3 Energy allocation in the storage field …………………………………………………24 
 4.6.1.4 Adaptation of the simulation model ………………..…………………………………..25 
 4.6.1.5 Side effect on high return temperatures ………….……………………………………26 
 



 

TESSAS - Final Publishable Report  June 2004 

 4.6.2 Long term storage performance …………………….……………………………27 
 4.6.2.1 Load profile ………………………………………….…………………………………….28 
 4.6.2.2 Dependency on boundary conditions …………………………………………………..28 
 4.6.2.3 Influence of supply temperature of district heating ……….………………………….28 
 4.6.2.4 Influence of heat demand of the consumer ………………….…………………………29 
 4.6.2.5 Influence of supply/return temperature of the consumer ……….……………………29 
 4.6.2.6 Ideal boundary conditions ………………………………………..……………………..30 
 4.6.3 Economical evaluation …………………………………………………………...31 
 4.6.3.1 Global energy analysis …………………………………………….…………………….31 
 4.6.3.2 Global cost analysis ……………………………………………….……………………..32 
 4.6.3.3 Cost reductions ……………………………………………………..……………………..33 
 4.6.3.4 Cost-effectiveness ………………………………………………….…………………..…34 
 4.6.3.5 CHP-UTES combination …………………………………………..……………………..34 
 4.6.3.6 Project cost comparison …………………………………………..……………………..35 
 4.6.4 Environmental impact ………………………………………….…………………36 
 4.6.4.1 Greenhouse gas emission ………………………………………………………………..36 
 4.6.4.2 Groundwater analysis …………………………………………………………………...37 
 4.6.5 Conclusions ………………………………………………………………………38 
 
5 List of deliverables ……………………………………………..40  
 
6 Comparison of initially planned and accomplished work ……41 
 
7 Management and co-ordination aspects ………………………43 
 
8 Results and Conclusions ……………………………………….46 
 
9 Acknowledgements ……………………………………………48 
 
10 References ………………………………………………………49 
 
11 Annexes ………………………………………………………….50 
 



1 

TESSAS - Final Publishable Report  June 2004 

2. Executive publishable summary 
 
A continuous heat flow from the centre of the earth to our living environment, represents 2,5 times 
more energy than total mankind consumption at the moment.  Enough energy is available inside the 
earth mass, in order to cover total human energy consumption for the rest of the life span of our planet.  
Regrettably, the available temperature level of this giant heat release, is too low for use in typical 
human heat demanding processes to exploit for the production of materials, heating houses, etc. This 
illustrates how availability and use of thermal energy doesn’t (always) match with each other. Every 
year, huge energy amounts are lost just by this typical mismatch.  When thermal energy supply and 
demand is not balanced, storage is necessary. For long-term storage of a high quantity of thermal 
energy (MWhs – GWhs), ATES (Aquifer Thermal Energy Storage) or BTES (Borehole Thermal 
Energy Storage) will be the most favourable technique. An ATES system uses groundwater as a heat 
transfer medium to bring heat or cold into the underground. A BTES system uses vertical heat 
exchangers in order to heat up or cool down the sediments.  
 
The general objective of TESSAS (High Temperature Thermal Energy Storage in Saturated Sand 
Layers with Vertical Heat Exchangers) was to perform research on an underground thermal energy 
storage system, on a real scale. The system will be constructed in a water-saturated sand layer, and 
equipped with vertical heat exchangers (U-pipes). The store will be charged during summertime, at a 
temperature of (approximately) 90°C, by means of a district heating system (waste heat from a coal 
fired power plant). During winter, the stored heat will be recovered and used for heating a building of 
3,700 m².  Storage of heat at high temperatures has the advantage that heat can be used directly, 
without heat pumps. 
 
The project started with preliminary investigations on relevant experiences all over the world, in order 
to obtain a solid point of departure. All the boundary conditions were carefully examined, and several 
thermal response tests were performed in order to define the thermal characteristics of the underground 
on the project site. In order to install a storage system on a real scale (most important project goal), an 
intensive design phase was set up with a dynamic simulation of the underground storage system, in 
combination with an office building, the practical development of the storage field, and an extensive 
monitoring system. Finally, the administrative preparation was performed, including the description of 
the technical work (technical specifications), demand of building and environmental permits. In 
January 2002, the construction work started and eventually in April 2002 the TESSAS installation went 
into operation. Afterwards, an intensive monitoring program was executed with two complete operation 
cycles of one year each. Each operation cycle existed of a charging period (during summer time) 
bringing heat into the underground storage field, and a discharging period during the heating season for 
heat recuperation.  
 
A careful preparation of the construction works resulted in a short-time installation of the borehole 
storage field, and a smooth starting-up phase. The first year of operation was characterized by several 
system improvements and optimization actions in order to meet with system growing pains. 
Nevertheless, the storage system was charged very successful (1065 MWh heat input). On the other 
hand, the first discharging process was rather disappointing (only 47 MWh heat recuperation). Several 
measures were taken regarding the improvement of the storage discharging. The main obstacle for an 
efficient discharging process was the existing building heating system that wasn’t suitable for low 
temperature heating. High return temperature inhibited the capture of storage heat although huge 
energy amounts were available. Even though the boundary conditions were not ideal, the second year 
of operation evolved to satisfaction, with 712 MWh of heat input stored, and 211 MWh of heat 
discharged from the storage. The storage efficiency increased by 30% and the COP exceeded 14.  It’s 
important to note that steady state conditions are not yet reached, at least two more years are necessary 
to reach this.  
 
In order to predict the long term performance of the TESSAS installation, and to evaluate system 
performance with ideal boundary conditions, the simulation model was validated according to the 
monitoring results. Storage efficiency will rise in steady state to 46%, and for ideal boundary 
conditions to almost 70%. Cost savings on the exploitation costs reach 46% (TESSAS steady state) and 
74% (ideal conditions). Investment cost for the entire installation amounts 296.000 € (storage field, 
technical equipment, monitoring, etc). Several efforts can be made in order to reduce the initial 
investments significantly. An extensive underground logging system will not be necessary and drilling 
cost can be brought down due to market competition. A complete project review with system 
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optimization and a new economical market study, lead to remarkable results. Combined, about 35% of 
cost reductions can be obtained when installing the TESSAS system today as an economical justified 
installation without redundant expenses (on monitoring, etc.). The simple payback time for this type of 
installations with comparable size (± 1GWh of stored ‘waste’ heat), amounts to about 10 years. Large 
scale projects and financial support from the government (due to extensive energy savings), will lead to 
very promising economical situations. 
 
A combination of an underground thermal energy storage system and a cogeneration plant, brings on 
new opportunities that can result in a new stimulus for increased utilization of combined heat and power 
(CHP). The control strategy for TESSAS was developed as a simulation of a combination with CHP. 
An analysis of this UTES-CHP interaction is made based on the results of the TESSAS operation. An 
important increase in the running hours (year in, year out), in combination with the avoidance of an 
additional heating system, provides good economic perspective on this unusual combination. Applied to 
the TESSAS situation, a simple payback time of 6 year, a net present value (NPV) of 77.000 €, and an 
internal rate of return (IRR) of 15%, can already be achieved. 
  
The benefits for the environment are undoubtedly very promising. Based on the experiences of this 
research project, systems of 1 GWh storage capacity can reduce emissions of greenhouse gasses (CO2) 
between 75 and 125 ton each year. In combination with a CHP plant, a total emission reduction up to 
300 ton/year can de obtained in comparison with a standard heating system. 
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3. Objectives and strategic aspects 
 
The general objective is to examine a thermal energy storage system on a real scale. The storage will 
be constructed at the site of Vito, and connected and integrated with the existing heating system of a 
building of 3700 m². 
 
Objectives in more detail: 
 
- Realization of a thermal energy storage system with vertical heat exchangers in water-saturated 

soil: 
- 144 boreholes 
- 30 m depth 
- storage temperature: 85 – 90 °C 

- Connection of the energy storage to the heating system of a building (3.700 m²) to demonstrate the 
possibilities of a thermal storage system under realistic working conditions. 

- Measurement of the conductivity of the underground by means of an in-situ thermal response test. 
- Testing of different borehole fillings (borehole resistance). 
- Investigation of the superposition of natural water flow and convection due to temperature 

gradients and the effects on the storage efficiency. 
- The optimum concept (distance between VHEs, double/single U, etc.) of the storage system will be 

calculated with a computer modelling software, using the figures obtained from the conductivity 
measurements. 

- Inserting several temperature sensors in the ground to measure the temperature at different depths 
(temperature profile, effect of groundwater, influence radius, convection).  

- Measurement of changes in heat conductivity in connection with the time and temperature level of 
the store. 

- Evaluation and optimisation of the construction cost in view of the economic applicability of the 
system. 

 
Energy storage technology can improve the utilization of renewable energy, in particular solar energy 
and the better utilization of waste heat from industrial processes. Energy storage in connection with 
Combined Heat and Power plants (CHP) will further improve this energy saving technique. 
 
Our objective is to demonstrate the possibilities of a high temperature thermal energy storage system 
with VHEs in a water-saturated sand layer, and to obtain a cost-effective technique that can contribute 
to the Kyoto targets in terms of greenhouse gas emission reduction.  
The type of storage and the kind of storage medium can be multiplied in a large part of the EC, namely 
areas covered with water saturated sandy Cenozoic sediments (including sandy parts of the alluvial 
zones of all major European rivers). 
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4. Scientific and technical description of the results 
 
4.1 Preliminary investigations 
 
Thermal energy storage in the underground can be realized in different ways. An ATES system uses 
groundwater as a heat transfer medium to bring heat or cold into the underground. A BTES system uses 
vertical heat exchangers in order to heat up or cool down the sediments. A CTES system makes use of a 
natural cavern similar to a large buried heat storage container. Within the TESSAS project, the BTES 
system is chosen for various reasons.  
The possibilities for installing CTES systems are limited because of absence of artificial openings. An 
ATES system can only be installed if the geohydrological parameters at the desired location are 
appropriate. A BTES system is less influenced by the specific location.  Although certain rules have to 
be complied with, the conditions are less stringent.  
The main difference with most of the known installed storage systems all over the world concerns the 
aim of this project to store heat on a high temperature level. This requires specific care, an ATES 
system is less evident for this purpose due to possible shaling and clogging problems. This gives 
another important reason to install a BTES system. 
In the first phase of this project, relevant information was gathered regarding the storage technique, 
material use, practical experiences and design aspects. These preliminary investigations can be split up 
in two main parts, an intensive information collection phase, and a determination of the most important 
characteristics of the underground.  
 
4.1.1 Information collection 
 
 4.1.1.1 Relevant experiences 
 Information on similar projects provided valuable information, careful analysis on the experiences 
generated a solid base to a successful approach of the TESSAS project. Over the years, several 
demonstration installations have been built in Europe for the storage of thermal solar energy, the so-
called CSHPSS-projects (Central Solar Heating Plants with Seasonal Storage). A total of eleven High 
Temperature Underground Thermal Energy Storage projects (HT-UTES) with vertical heat exchangers 
have been traced. The storage temperature must be higher then 50°C to be catalogued under HT-UTES. 
An overview of the projects: Luleå I (Sweden, 1981); Ispra (Italy, 1982); Kullavik (Sweden, 1983) ; 
Vaulruz (Switzerland, 1983); Luleå II (Sweden, 1983); Groningen (The Netherlands, 1984); Rümlang 
(Switzerland, 1986); Cormontreuil (France, 1989); Linköping (Sweden, 1992); Neckarsulm (Germany, 
1998); Attenkriche (Germany, 2001). In these projects, different circumstances were examined, such as 
type of heat exchanger (single-U; double-U; co-axial), subsurface (clay, gravel, rock, etc.), depth (from 
6 m to 65 m), number of boreholes (from 7 to 360), and temperature (from 50 to 82°C), etc. Project 
reports on realization and measuring campaigns have provided useful information.  
 
 4.1.1.2 Simulation tools 
 In order to predict the behaviour and the performance of the underground thermal energy storage, a 
simulation model can be set up. The two most important tasks in borehole thermal energy storage 
modelling are the pre-design of the borehole configuration, and the detailed simulation of the heat 
balance (system interaction). The difficulty lies in the numerical representation of the complex 
geometry of multi-borehole installations, and the interaction between the convective heat transport and 
the conductive process in the surrounding ground. The following thermal processes needs to be 
considered: heat conduction in the ground, thermal interaction between different boreholes, regional 
groundwater flow and natural convection induced by temperature dependent density differences. The 
design of the duct storage can be made with, for example EED, HST3D or TRNSYS models. TRNSYS 
is a very powerful software tool, designed to simulate the transient performance of thermal energy 
systems. TRNSYS relies on a modular approach to solve large systems of equations described by 
Fortran subroutines. Connecting different modules to each other can simulate complex energy systems. 
Specific modules for energy storage systems were developed/adapted in order to be compatible with 
TRNSYS. At the moment, these models are the best available simulation tools for this purpose. The 
models are also validated by measuring data on similar projects, yet specific differences in this project 
will lead to new model corrections.   
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 For modelling of the TESSAS pilot storage, the regular DST-Model (Duct Ground Heat Storage 
Model) was used with input data from the thermal response tests carried out. In a second step, the 
impact of groundwater flow was considered in the same way as done in the DSTP-Model. Thus 
monitoring data of the storage can validate the modified simulation model.  
 
 4.1.1.3 Technical parameters 
 The technology of installing vertical heat exchangers is known for many years, especially in 
combination with heat pump systems. Important differences can be pointed out in the aim of this 
project, namely the storage and extraction of heat on a high temperature level. Typically, heat pump 
systems only extract heat from the underground on a temperature of between 0 - 10°C. Although the 
drilling technique itself does not differ for this purpose, several consideration points need to be taken 
into account. Main technical items of concern are material selection (resistant to high temperatures), 
type of heat exchanger, execution strategy regarding drilling, preparation and insertion of the heat 
exchangers, testing procedures, control strategy, etc.  
 
4.1.2 Thermal characteristics of the underground 
 
 4.1.2.1  Geology/Hydrogeology 
 The Mol site is located 26 m above sea level, the tube length of 30 m is placed from 25 m above sea 
level to -4 m under sea level, and passes two sedimentary formations: 
- The Mol formation in the upper part consists of an 18 m Pleistocene well sorted fine sand (quarts), 
with a silt content of 4%, covered by 2 m of loamy overburden. 
- The underlying Pliocene Kasterlee formation of 12 m consists likewise of fine sand, with a silt/clay 
content and a (with depth rising) content of glauconite. 
 
 Locally, the Mol formation and the Kasterlee formation are jointly used by an unconfined aquifer, 
which is sealed by the lower Kasterlee formation. The average groundwater level is at 23,35 m above 
sea level (2.65 m below surface) and varies seasonally from 23,5 (February) to 23,15 m above sea level 
(September), regionally the variation is stronger (2 m). The hydraulic conductivity of the Mol 
formation averages 2 E-4 m/s, in the upper Kasterlee formation it decreases to 4 E-5 m/s. In the 
Miocene sediments a huge regional aquifer is located, which locally averages in the upper Diest 
formation a hydraulic conductivity of 1,6 E-4 m/s, and is disconnected hydraulically (semi confined) by 
the lower Kasterlee formation. The following groundwater velocities result from a maximum hydraulic 
gradient of 1‰: Mol formation 6,3 m/a, upper Kasterlee formation 1,3 m/a, upper Diest formation 5 
m/a. 
 
 The main thermal characteristics of the underground concern the thermal conductivity (expressed in 
W/(mK)), the thermal capacity (MJ/(m3K)) and the borehole resistance (K/(W/m)). There is much 
uncertainty about the thermal properties of the underground. In literature, many different values are 
stated for similar sediments. This results in a wide range inside which a choice has to be made.  The 
thermal conductivity of water saturated sand soil (typical at the TESSAS location in Mol) can be 
situated between 1,7 and 5 W/(mK). A recommended value can be determined at about 2,5 W/(mK).  
This value need to be handled with great care, important deviations on this indication value is possible 
locally, due to high groundwater flow or specific granulometric or lithological differences.   
 
 4.1.2.2 Measurement technologies 
 One way of measuring the thermal conductivity concerns a lab test. A sample is examined on heat 
transfer in a lab environment. Although the measuring techniques are reliable, the disadvantage of this 
test regards the (nearly) impossibility to imitate the real situation. Aspects as ground water level, ground 
water flow, temperature evolution of the environment, convection flow, etc. aren’t taken into account.  
The best way of measuring the conductivity is by performing an in-situ test on the heat exchanger itself.  
In this test a closed circuit is created with a vertical heat exchanger and a water heater. A constant heat 
is dissipated to the ground, and the evolution of the water temperatures makes it possible to calculate 
the conductivity. 
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 4.1.2.3 Thermal Response Test 
 The performance of the in-situ test was carefully prepared in order to obtain as much information as 
possible with the minimum effort. Therefore, three vertical heat exchangers with three different fillings 
were placed. This made it possible to evaluate not only the soil conductivity, but also the borehole 
resistance for the specific fillings. The suggested fillings were the sand of Mol, a calibrated sand 
mixture and a bentonite mixture. The first filling is the original present white sand (Mol), the second 
filling was expected to give a better packing and therefore lower borehole resistance. The bentonite 
mixture was used as an experiment on this site, this material is traditionally used for filling. It was not 
expected that this material would deliver the best results in a water saturated underground, such as is the 
case at the storage site, but it can provide good results in limiting the buoyancy effect (rise of heat in the 
borehole due to an induced convective flow).  

  
Figure 4.1 : Double-U vertical heat exchanger with distance holders : a. bottom sight ; b. preparation 

 For execution of the test, we used a double-U vertical heat exchanger made of polybuthene (PB) 
(fig. 4.1a). The pipes were installed at a depth of 30 meters. Two electrical socket welds were needed to 
allow the turn at the bottom of the U-pipes (see photograph). The pipes were kept together with the help 
of distance holders placed one meter apart. The diameter of the total construction is 128 mm, and was 
placed in a borehole with a section of 150 mm. Experience tells us that the lowest borehole resistance is 
reached when the pipes are placed as close as possible to the borehole wall.   
 

The conductivity measurement is performed with the help of a TED-apparatus based on a heat pump 
as heat source. A constant heat is dissipated in the underground. Therefore a constant flow and a 
constant temperature difference were established. The absolute temperature of the supply and return 
water did rise during the test period due to the warming up of the soil. The heat pump was placed as 
close as possible to the VHEs, all the connection pipes were well insulated. The distance between the 
installed vertical heat exchangers is 4 m. The measurements were performed for one borehole at a time 
for a period of 3 to 4 days for each borehole, during this time the temperature of the circulation medium 
rose from +12.5°C (at the start of the experiment) to ± 30°C. A cooling down period of half a day was 
integrated after each measuring period. 
 
 
Conclusion: the heat conductivity coefficient of the soil is about 2,45 W/(mK). The Mol sand 

gives the best results as to the borehole resistance, no extra costs must be made as to the 
application of other fillings. 
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4.2 Design of the storage system 
 
A detailed design was made of the storage system. At first, all the boundary conditions were 
determined. Then, computer simulations were performed in order to evaluate system performance. The 
results generated a base for further detailed design of the borehole storage system and the integration to 
the existing building. 
 
4.2.1 Determination design parameters 
 
Before the simulations could be set up, a number of choices had to be made regarding materials, 
geometry of the storage, system operation (control system), and length of vertical heat exchangers, etc. 
 
 4.2.1.1 Choice of materials 
 Vertical ground heat exchangers can be built in different ways, the construction determines the way 
heat is exchanged within the underground.  The most common types are the so called U-tubes, an 
alternative is the coaxial heat exchanger. In the U-pipes, both downward and upward flow channel 
participate in the heat exchange. With the pipe-in-pipe coaxial type, the heat exchange occurs either in 
the upstream or downstream flow channel. The preference was given to the U-tubes due to lower cost 
(easy to construct), and less internal heat transfer between the two flow channels. As already indicated, 
the choice of material was PB (Polybuthene). This material has the advantage of being resistant to high 
temperatures, is rustproof – neutral in groundwater – and enables welded connections in comparison 
with the current ground loop materials (PE, PP, SS, etc. The PB was not only selected as material for 
the vertical ground loops, but also for the horizontal connecting loops, the distribution collector and the 
supply and return pipes to the technical room.   
 
 In order to reduce the heat losses on top of the storage, the application of an insulation layer is 
indispensable. Due to the high temperature difference between the storage and the environment, a 
maximum heat transfer of 0,145 W/(m2.K) is allowed. Other important characteristics of the insulation 
material are high temperature (80°C), pressure resistance and a low moisture capture.  
 
 The best compromise between price and quality is the XPS (extruded polystyrene). The material has 
a very low moisture capture and is relatively well resistant against high pressures and temperatures. A 
rather low thickness is required, and the price is 1,5 to 3,5 times lower then the equivalent alternatives. 
 
 The supply and return PB-pipes to the technical room were insulated outside the storage field. All 
horizontal pipes on top of the storage weren’t insulated, as a top insulation layer was available with this 
function. A flexible, closed cell, elastomeric nitrile rubber insulation is used for this purpose.  It 
combines a low thermal conductivity with a good resistance against water penetration and high 
temperatures. The material is also suitable for insulation of buried pipes. 
 
 In the technical room, the PB-pipes are connected to standard welded steel pipes. This eases the 
integration of valves, sensors, heat exchangers, etc, which are all standard, made of steel or cast iron. 
 
 4.2.1.2 Configuration of the store 
 The storage system geometry had to be chosen in order to create a compact storage field with a 
large volume, and a limited edge surface area. The heat losses are determined by the surface/volume-
ratio, which should be optimal for a cylinder with a depth/diameter-ratio of 1. Regarding the 
geometrical shape of the storage, we chose to position the heat exchangers in a hexagonal shape (i.e. 
close to a cylindrical shape). The storage field can be installed in the front garden before the ENE-
building where it will be connected with. The front garden is 30 m wide. Due to the homogeneous sand 
layer 0–30 m below ground level, hence the storage depth is based on 30 m and the depth/diameter-
ratio is close to 1. 
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Figure 4.2 : Implantation storage field 

 
 4.2.1.3 Control strategy 
 At the moment Underground Thermal Energy Storage (UTES) is the only technology available for 
long term heat storage with very high capacity at reasonable costs. Combinations of seasonal heat 
storage with solar heat or waste heat from industrial processes, provide good perspective. Another 
possibility exists of a energy storage connection with a cogeneration unit (CHP or Combined Heat and 
Power). Over the past years, these units have taken an important place on the electricity production 
market in Belgium and all over Europe. At the moment, several encouragement measures are provided 
by different governments with the aim of a further increase of CHP applications in the near future. CHP 
provides a highly efficient alternative to classic electricity production systems, due to the useful 
valorisation of the produced heat. Until now, these systems were operated in such a way that as long as 
there is a heat demand, the system can run.  During summer time, most systems are no longer in 
operation (no heat demand). In combination with a (huge) heat storage system of the UTES type, the 
system is no longer dependent on the heat demand. Heat remainders can be stored in the underground 
system, and the engine can operate according to the electricity demand. The control strategy of the 
TESSAS system is based on such a combination. Although the heat supply is provided by a nearby coal 
fired power plant, the control strategy will be adapted as if there was a cogeneration unit as heat 
production system. This is possible as this heat supply is more than adequate at all times.  
 
4.2.2 System simulation with TRNSYS 
 
Within initial investigations the heating system was modelled in TRNSYS. The system comprises two 
circuits, the primary and the secondary one. In the primary loop, a variable energy rate (QAux) is added 
to the cold return water from the heat exchanger in order to provide a constant supply flow temperature 
of 95 °C. The flow rate of the temperature controlled pump P1 can be varied from 3 to 14 m³/h, in order 
to limit the supply flow temperature of the secondary loop to its required value. The flow rate of the 
secondary loop is constant at 14 m³/h. The heated fluid is supplied from the outlet of the heat exchanger 
to the thermal load (building). In order to shift the profile of the heating demand, the system is 
connected to an experimental duct storage. By means of two 2-way valves (V1 and V2), the storage can 
be operated in different operational modes. The hydraulics of the Tessas system is modelled in 
TRNSYS according to the hydraulics scheme below. 

ENE

Technical Room 

Underground Thermal Energy 
Storage 

District Heating 
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Figure 4.3 : Hydraulic scheme – TRNSYS-model 

The shown results are the outcome of steady state conditions. The first years of operation can be 
significantly different compared to long term (fig. 4.4).  
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Figure 4.4 : Monthly Energy Balance (Store 29.550 m2, B = 2,5 m) – control strategy 

  

Detailed simulation activities showed that a borehole distance of 2 m was appropriate, a single U-tube 
was preferred, and that the actual groundwater flow will increase the thermal losses with 4%.  

 
4.2.3 Borehole storage system 
 
Based on the simulation results, the characteristics of the storage field could be derived or calculated. 
This all within the limitations of the front garden of the ENE-building of Vito, and the budget. It’s 
important to create a compact storage field in order to limit the heat losses to the environment. 
 
The vertical heat exchangers are positioned in a hexagonal shape with a distance between them of 2 
meters (fig. 4.5). On a total of 144 boreholes, with a borehole distance of 2 m, the storage diameter is 26 
m. The storage area is divided in four sections of 12 circuits each. Each circuit is composed of three 
boreholes in series, connected (during loading mode) to a centrally placed supply collector and four 
outside placed return collectors.   
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Figure 4.5: Borehole configuration 

It’s important for energy charging and discharging to be done in the opposite direction.  While charging, 
the heat is brought in the ground from the centre to the edge of the storage field. In the discharging 
mode, heat is recuperated starting from the side of the storage to the centre. For this purpose, four 
collector pits are placed on the border of the storage, combined with one big central pit.   
 
 
4.2.4 Underground temperature monitoring 
 
In order to obtain a view of the temperature distribution in the underground it is necessary to install an 
extensive temperature monitoring system.   
 
In order to create a 3-D profile of the storage temperatures, it is necessary to place 66 temperature 
sensors at different places on various depths (Table 4.6 and Figure 4.7). For this purpose, 3-wire Pt-100 
sensors will be placed up to 41 meters below ground level in the saturated Mol-sand. They will be 
placed in a total of 12 boreholes.  
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 depth 
(m-GL) 

1,5 6 11 16 23,5 31 41 

borehole         
1  x x x x x x  
2  x x x x x x  
3  x x x x x x  
4  x x x x x x x 
5  x x x x x x  
6  x x x x x x  
7  x x x x x x  
8  x x x x x x x 
9  x  x  x  x 
10  x  x  x  x 
11  x  x  x  x 
12  x  x  x  x 

Table 4.6 : Overview temperature sensors 

 The sensors need to be waterproof at pressures of 3 - 4 bar. This can only be guaranteed if the 
sensor coating of stainless steel (φ 3 mm ; usually about 30 – 50 cm long) is increased to 30 – 40 mm in 
order to avoid water contact with wire connections. The different sensors will be taped against a PVC 
pipe in order to ease the insertion.   
 
All the sensors will be wired to a watertight casing in the centre of the storage field, with a specialised 
stand alone data acquisition and logging system (type: 2 * datataker 800 with the DeLogger Pro 
software).  This system fulfils industrial standards, it can log up to 36 x 2 = 72 Pt-100 signals (130.000 
data points) and have another 16 x 2= 32 digital channels. The communication interface is equipped 
with a RS-232, an Ethernet, a PC Card Modem and a USB connection in order to communicate with a 
computer (network).  
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Figure 4.7 : Location measurement boreholes 
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4.2.5 System integration to the building 
 
In the Tessas project, the most crucial aspect is the hydraulic integration of the storage field in the 
building system. Important aspects concern the heat supply system of the building (convectors), the 
hydraulic control, the applicable control strategy, the safety regulations regarding ventilation of lab 
environments, influence of existing bypass valves, etc.  
 
The hydraulic connection of the Tessas storage field with the building system is shown on Figure 4.8. It 
allows heat transfer between district heating, storage and building system in several directions. 
 
The control system can be in position or status 1 - 5 : 

 status 1  : charging without heat demand 
 status 2 : charging with low heat demand 
 status 3 : direct discharging (to the forward flow) 
 status 4 : indirect discharging (to the return flow) 
 status 5 : only district heating 

 
As stated before, charging only will be possible if there is no or low heat demand (temperature 
difference between outside/inside < 10K). At all times, discharging gets priority over charging, this 
leads to status 3 or 4. Status 5 is reached when discharging is impossible (temperature in the storage is 
too low) and the temperature difference rises above 10K.  
   

District Heating

TESSAS : hydraulic scheme

loading
unloading

Vertical
heat exchangers

1 : temperature controller (secundary supply) 
2 : flow controller (pressure controlled)
3 : weather-predicted temperature controller
4 : optimiser 
5 : limitation (on opening 3-way-valve) 
6 : primary loop charging flow controller

Connection with HVAC

HVAC
circuits

1

2

3

4

5

6

7

8

9

10

11

 
Figure 4.8 : Hydraulic scheme – connection with HVAC 

 
4.3 Preparation of construction 
 
4.3.1 Technical specifications 
 
The technical part of the tendering documents was prepared. The technical part consists of: 
 

 Civil part (ground works, boreholes, casing around the manifolds) 
 Mechanical part (vertical heat exchangers, insulation, manifolds, supply and return piping, 

piping in the technical room, measurement equipment) 
 Electrical part (cabling, housing) 
 Test procedures for the vertical heat exchangers and the piping 
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4.3.2 Administrative preparation 
 
VLAREM II (Flemish regulation regarding environmental allowance) specifies that storing energy in 
the underground by vertical heat exchangers, belong to section 55.1: Drillings. A report was drawn up 
(according to the regulation) and send to the government (19/03/2001). The permit was easily obtained, 
only a mentioning report or announcement was necessary in order to inform the local authorities. 
 
4.3.3 Call for tender 
 
Vito completed the tendering documents including the administrative part. This part consists of: 
 

 Way of tender 
 Place of realization 
 Legislation 
 Assurances 
 …. 

 
A description of the control system was also given, but the control system was not a part of this tender.  
Landis & Staefa developed the control of the heating system of the building, and because the TESSAS 
project will be part of this system, it was logically that they also developed the control system of the 
TESSAS-project. 
 
 
4.4 Construction phase 
 
The construction works could not start before the beginning of January 2002. After assigning the work 
to the contractor, all orders were placed by the contractor. The PB-piping was specially prepared for 
this work (special piping with a low bending memory in order to avoid insertion problems in the 
borehole). Again, it took two months before these pipes could be delivered.   
 
The construction works can be divided in two parts, the walled-in work (namely in the passage to the 
technical room, and the technical room itself) and the outside work (the installation of the storage field 
and the connecting pipes).  
 
4.4.1 Borehole storage system 
 
The construction works started with the outside part. One meter of ground was excavated in order to 
create a buffer zone (with ground and insulation), from the top of the storage field to the ambient (pict. 
1, pictures in Annex 1). The drilling pattern was then indicated on the field by Vito according to the 
design. The drilling of the boreholes had to be planned carefully. The insertion of the heat exchangers 
(pict. 2) must take place immediately after the removal of the drilling machine (pict. 3). The 
temperature sensors were placed around a PVC-pipe at different distances. This made it possible to 
bring the sensors in the underground at a particular depth (pict. 4). In three weeks time, all the drilling 
work was completed successfully (average of 7 boreholes a day). Afterwards, the vertical heat 
exchangers (VHE) were connected in 48 circuits of 3 VHE’s in series (pict. 5). The 5 collector casings 
were brought in place (pict. 6), and the manifolds were installed inside (pict. 7). Afterwards the 
different circuits were connected. The connections were all made with electrical socket welds (pict. 8). 
At the end, the supply pipes were installed (pict. 9). The next step involved the equalisation of the 
ground surface (pict. 10), with a small slope from the centre to the edge of the storage field.  
Afterwards the insulation material was installed. In total 20 cm (2 x 10 cm placed crosswise) of XPS 
(extruded polystyrene), with a surface of 900 m2 was put on top of the storage field and around the 
collector casings (pict. 11). The insulation plates were covered with a PE (polyethylene) foil (pict. 12).  
Finally, it was covered with ground and plants (pict. 13). The temperature sensors were placed in 
watertight casings above the ground level, these were connected to temperature transmitters (pict. 14) 
which in their turn were connected to the two data loggers (Datataker®) in the central pit.   
 
 
4.4.2 Technical equipment 
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Partially simultaneous with the outside work, the walled-in work was executed. At first, the mains in 
PB (polybuthene) were installed in the corridor to the technical room (pict. 15). In the technical room 
the installation of the technical equipment (plate heat exchangers, piping, pump, valves, etc.) and the 
connection to the existing building installation was made (pict. 16). The electrical cabinet was placed, 
and equipped with the control system (I/O modules, CPU,etc.) and the steering instruments (relays, 
etc.) (pict. 17). The electrical wiring (cabling) was made and the monitoring equipment was connected 
to a computer through an ethernet connection (pict. 18).   
 
4.4.3 Testing procedures and start up 
 
Pressure tests were performed at several points during the project progress. A first pressure test was 
done before the insertion of the U-tubes. A second pressure test took place after the connection of the 
VHE’s in series. After the completion of the practical work, at the beginning of April, a third pressure 
test was done to check the tightness of the entire installation. The correct functioning of all equipment 
(pumps, valves, etc.) was thoroughly controlled. Finally I/O tests were performed, and the control 
program was installed.   
 
 
4.5 Monitoring programme 
 
4.5.1 First year of operation 
 
 4.5.1.1 First loading period 
 On April 24, 2002 the Tessas process was brought in operation. The control strategy determined 
when the loading or unloading process could take place, depending on a number of parameters 
(temperatures, time, etc.). Since the average storage field temperature at the time was the natural 
ground temperature (12°C), only a loading process could take place.   
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Chart 4.9 : evolution of flow and energy when loading 

  
 In total, until the end of January 2003, 3239 hours were spent on the loading process. This made it 
possible to charge 1040 MWh of heat in the underground storage field of 16.000 m3. A total of 49.843 
m3 of water was pumped around to achieve this amount of heat exchange (Chart 4.9).   
 
 Most of the charging or loading hours (over 3000 hours) were made during the first six months of 
operation (from the end of April to the end of October). From then on, the heat demand of the building 
was too high to allow further loading. Only during nights and weekends, when outside temperatures 
were high enough, could the loading progress be possible. A monthly overview is shown in Chart 4.10.   
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Chart 4.10 : monthly overview loading process 

 In this chart the monthly average loading power is also shown. Logically, it dropped when the 
storage temperature raised. At the beginning it was possible to obtain a power value of over 450 kW. 
This value decreased to 235 kW at the end of October. In general, the charging process went well 
despite the fact that there were several periods of breakdown caused by various reasons (bolt of 
lightning, malfunction motorized valves, logging failure, etc.). The periods of inactivity can be located 
on Chart 4.9 as the horizontal parts on the curves.   
 
 The problems occurred at various moments 
and took some time, this resulted in an alternating 
loading result for the summer months. Typically, 
the loading should be maximal for the first month, 
and decreases with higher storage temperatures. 
Several breakdowns resulted in a loading time of 
69% (May), 57% (June), 74% (July), 78% 
(August), 93% (September). As a global result, the 
charged heat is almost equal for the months July, 
August and September. 
 
 On September 26, the maximum storage 
temperature was reached. At the time, the average 
storage temperature was 54,3°C with a maximum 
of 71°C at a depth of 1,5 m below the ground 
surface. In order to measure the average storage 
temperature, the storage field was divided in parts 
of 1 m3.  Several temperature sensors were located 
on different places and at different depths, a 
temperature value could be given at each m3 
storage volume by interpolation between the 
measuring points.   

Chart 4.11 : temperature profile in storage  
field (cross section) 

 
The individual temperature measurements at different depths (field sensors) are shown in annex 2.  

A simulation view at the end of September (maximum storage temperatures) over the cross section of 
the storage field, is shown in Chart 4.11.  
 
 In spite of several technical problems, the loading process evolved successfully. This can be 
confirmed by comparing the results with the simulation . 
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 4.5.1.2 First unloading period 
 According to the control strategy, the unloading process could take place every time the return 
temperature of the building heating circuit is lower then the supply temperature from the storage field. 
Two cases are possible, either the heat is completely supplied by the storage system (this is indicated as 
a direct unloading cycle) or the storage system only delivers part of the heat demand (this is called 
indirect unloading cycle). In the second case, the district heating supplies the additional heat.   

 
 What strikes one most, is the rather limited total discharging time. From the first of October until 
the end of November only 325 hours of unloading occurred (22% of total time). In December this 
percentage went down even further to 3%. The monthly values are shown in Chart 4.12. 
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Chart 4.12 : monthly overview unloading process 

 
 The average unloading power droped from 56 kW to 33 kW in November due to two main reasons. 
At first the temperature demand rises as it gets colder (weather dependent control system). At low 
outside temperatures, the heating circuit asks for higher water temperatures. A second reason is the 
decrease of the average storage temperature as time passes. Chart 4.13 gives some figures about the 
total unloading energy quantity until the end of March. 
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Chart 4.13 : evolution of flow and energy when unloading 

 There were some reasons for this low utilization of the stored heat. The main reason concerns the 
existing heating system of the ENE-building, to which the storage system is coupled to. The heating 
system exists of convector elements. In order to get enough heat supply to the building, the system 
requires a high supply temperature. An optimisation of the weather dependent control system was made 
in advance, but it was clear that this wasn’t enough to cope with this problem. Further more, the return 
temperature of this heating system is much too high. Most circuits function with temperature 
differences of only 10 degrees C. These problems are illustrated in Chart 4.14.  The average return 
temperature increased from 50°C at the beginning of November, to 60°C at the beginning of January. 
The combination of a high supply temperature, and a low temperature difference, results in a high 
return temperature of the building system which is pernicious for the discharging process of the 
storage. A decrease of the supply temperature seems to be impossible. Tests showed that the current 
settings are necessary for assuring the inside temperatures.   
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Chart 4.14 : temperatures secondary circuit (heating system) during November 2002 
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4.5.2 Meantime evaluation 
 
 4.5.2.1 Conclusions on performance 
 After a successful charging period, the unloading process didn’t evolve as expected. Certain 
problems with the building system were expected but the impact was bigger then foreseen. Also, some 
changes we made in advance, seemed to be not effective (e.g. speed controlled pump, etc.).  The 
unloading process is an essential part of the experiment, so efficient solutions are needed.  Since mid 
January 2003, an additional attempt for improving the discharging process was made.  The stored heat 
was brought into the building during night and weekend time. In the past, the control system allowed 
the temperature to drop to 16°C (energy savings) during these periods. Nowadays the system is forced 
to unload during those periods in the direct discharging procedure. Unfortunately the unloading power 
remains rather small (approx. 60 kW by temperature difference of 3,5 K), so further efforts are 
considered. During the months February and March, the unloading power remained approximately 60 
kW with a supply temperature of about 40°C, which indicates that despite the decrease of the average 
storage temperature, the unloading remains possible. In combination with a low temperature heating 
system, this temperature is sufficient for covering a total heat demand (even during winter). 
 
 During the month April, it was possible to unload another 10 MWh. The average storage 
temperature dropped to 36°C at the time. With this temperature it was not possible to create a 
convection heat flow inside the heating elements in the building anymore. 
 
 4.5.2.2 System adaptations 
 From May untill September, the loading process started up. Meanwhile, many unloading hours still 
occurred in May and a part of June due to the ongoing discharging experiments. During the months 
May and June, we were still looking at solutions for increasing the difference between the supply and 
return temperature. The HVAC control system was unable to log the individual heating circuits (10 in 
total). An intensive investigation of all of these circuits showed that not all of the circuits were adapted 
to the (forced) unloading process during night time. Despite the fact that the pumps kept working, 
three-way-valves at the beginning of some individual circuits closed each night. This of course resulted 
in a limited heat transfer. These shortcomings were solved. 
 
 During the same period, a change of control strategy was made in order to avoid a simultaneous 
heating input to the building system from the underground storage system, together with the district 
heating system. This status (status 4) was integrated in the control strategy but seemed useless in 
practice (due to low temperature difference).   
 
 These two adaptations had their positive impact, it was possible to discharge the store with an 
average power of 84 kW (18 MWh) in the month of September. The additional remark can be made 
that in September the building heat demand was rather small due to high average outside temperatures. 
Since September we may say that the unloading process was optimized, and that the system was 
working as good as it could (regarding the boundary conditions of having convectors). From October 
onwards, the control strategy was rather simple because everything was now focussed on the unloading 
process. During the morning (from 6 to 10 a.m.) the building was heated by the district heating system. 
The TESSAS-system stayed out of operation. For the rest of the day (office hours as well as during 
night) there was a direct unloading of the store (as long as the outside temperature wass not below 2°C 
because of safety reasons of some cooling batteries). During the time, the district heating was not 
functioning. The switching point (now set on 10 a.m.) will change according to the reference room 
temperature. 
 
4.5.3 Second year of operation 
 
 4.5.3.1 Second loading period 
 From April till September 2003, the store was loaded again. Chart 4.15 shows the cumulative 
charged energy. A total of 1700 MWh was loaded since the start of the test. In 2003 around 600 MWh 
was loaded.   
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Chart 4.15 : Totalisation of the loading process (flow/energy) 

In Chart 4.16 you can see that the average loading power was less than in 2002. The reason is that the 
temperature in the store was not 12°C anymore but 25-30 °C at the start of the “charging season”. 
Another important factor is the fact that the supply temperature (from the district heating) during the 
months July and August was only around 75°C. In 2002, the temperature was around 82°C. It is heat 
coming from a district heating system and we can not control or interfere with the supply temperature 
(it’s the responsibility of the electricity company who runs the nearby power plant). Nevertheless, this 
situation lead to lower thermal power for the loading process. In September this supply temperature 
was brought up to 90°C, which resulted in an increasing average loading power from 205 kW (Aug) to 
244 kW (Sept) and this despite the fact that the storage temperature was higher in September than it 
was in August. 
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Chart 4.16 : Monthly stored energy amount + loading hours 

 The maximum temperature in the storage was around 68°C instead of 72°C last year. On the other 
hand, the average storage temperature reached about the same maximum (53,8°C) as last year (54,2°C). 
No specific technical problems occurred during the loading period. The final conclusion, according to 
the loading process, is that it was a success, with the remark that the low supply temperature was an 
obstruction in order to reach higher average storage temperatures. 
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 4.5.3.2 Second unloading period 
 Due to the described adaptations to the control strategy, a significant improvement of the discharging 
process was obtained. This is visualised in Chart 4.17. During the second year of operation (April 03 – March 
04) in total 211 MWh of heat was transferred from the storage field to the building. In the first year only 47 
MWh of energy was discharged. The storage efficiency (defined as the simple calculation of ratio input 
versus output of thermal energy) was thereby brought to almost 30 %; due to the constatation that steady state 
(see evaluation chapter) was not yet reached, there were still room for further efficiency improvement as the 
storage edges were not yet heated up properly.   
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Chart 4.17 : Overview discharging process (flow – energy) 

 The monthly overview of the discharged energy values and unloading hours confirm the improvement 
compared with the first year (see Chart 4.18). The discharging process evaluated with an average of 80 kWt 
during the first two months (sept / oct). The maximum capacity for this period was about 130 kWt. 
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Chart 4.18 : Overview discharging process (monthly values) 

 Within the existing boundary conditions caused by the building heating system, and important limitations 
to the discharging process, the discharge evolution is evaluated as very promising.   
 
 In annex 2, several Charts are added with an overview of the individual temperature measurements and 
the average storage temperatures. 
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4.6 Evaluation 
 
4.6.1 Simulation validation 
 
For system design the TRNSYS DST-model was used. Some input parameters like ground thermal 
conductivity and borehole resistance, were measured by site investigation (thermal response test), 
others had to be assumed or have changed through the construction and operation phase. Thus the 
model has to be validated against measured values from the monitoring phase.  
 
In general, this process of model validation is divided in several steps. In a first approach, the 
simulation is carried out with the design parameters of the system, but using measured load values 
(flow rate and inlet temperature) for charging and discharging. Absolute values, as well as the 
dynamics, were analysed and compared. 
In the next step, the model respectively relevant parameters are modified. This procedure is repeated 
until acceptable agreement is found concerning the energy balances for the observed period of time. 
Then this model can be used for further analyses and optimisation of the system behaviour and control 
strategy. 
 

4.6.1.1 Load profile 
 A reliable comparison of the simulation model and the real storage, has to be based on the measured 
load profile. The measured flow rate and inlet/outlet temperatures of the storage (T-storage-high and T-
storage-low) have been used as input values for the model. Occasional and obvious mistakes due to 
problems with the data acquisition in the raw data files were corrected. 
 
 The recorded charging and discharging power shows occasional peaks which were 4 times higher 
than the maximum charging power, which is approximately: 

KWKKKgKJskgTcmP p 105860)/(2,4/2,4max =⋅⋅⋅≈∆⋅⋅=
•

 
 Unrealistic positive peaks which exceeded this value, have been adjusted, negative values have 
been put to zero. Figure 4.19 shows the modified load profile of the charging process. Thus the total 
energy charged in the period from 25.04.2002 till 26.11.2003 has changed slightly from 1611 MWh to 
1567 MWh. 
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Figure 4.19 : Charge power out of measured volume rate and temperature difference 

 The measured load profile calculated from flow rate and temperature differences, does not comply 
completely to the energy balances measured with the heat meter. This measurement delivers 1710 
MWh charged energy for the same period of time. In order to analyse the storage behaviour, the inlet 
temperature and flow rate is required as these measurements have been used as input values for the 
simulation. Because of missing data for the inlet temperature during the period from 25.04.02 untill 
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4.07.2002, the inlet temperature for charging has been set to 60 °C. No discharging of the storage took 
place in this phase. 
 
 A similar correction procedure had to be applied for the discharging period as some unrealistic 
peaks were encountered there as well. The modified load profile for discharging is illustrated in Figure 
4.20. The total discharged energy from 25.04.2002 till 26.11.2003 has changed from 175 MWh to 179 
MWh.   
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Figure 4.20 : Discharge power out of measured volume rate and temperature difference 

 The discharging process also shows differences in the energy balances between the heat meter and 
the values calculated out of flow rate and temperature differences. The heat meter deliverd 169 MWh 
as discharged energy for the same period of time. The simulations have also been carried out with the 
measured flow rate and inlet temperature. 

4.6.1.2 Comparison of design and measurement 
 The system design is based on detailed simulations using TRNSYS implementing the “Duct ground 
heat storage model (DST)” from D. Pahud for the storage system. The same model with the real design 
parameters has been used to compare the simulation model and the real storage. The period of 
investigation starts on 25.04.2002 and runs till 26.11.2003. The total energy balances of measurement 
and simulation are listed in Table 4.21. 
 

 Charging Discharging 
 [MWh] [MWh] 
Measurement 1567 179 
Simulation 1304 327 
Aberration -17 % +83 % 

Table 4.21 : Measured and simulated energy balances from 25.04.2002 till 26.11.2003 

 The description of the charging process by the simulation model is acceptable, in contrary to the 
discharging process. While the charged energy in the observed period is 17 % less than measured, the 
discharged energy exceeds the measurement by 83 %.  
 
 The dynamics of the storage on a monthly time scale during charging is described quiet good, with 
an average deviation between simulation and measurement of 23 %. For discharging significant 
differences between simulation and measurement can be recognised. Although the general dynamical 
behaviour is described by the model the average deviation is 104 %. For discharging the model gives 
permanently higher values than measured. 
 
 Several reasons have to be considered to explain the much lower amount of discharged energy. First 
of all forced convection, due to the ground water flow through the storage in horizontal direction, could 
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have been underestimated. In this case this effect should be visible in the temperature measurements 
M1-M12 as a displacement of the isotherms with respect to the storage centre.  The second one is a 
buoyancy flow due to the big temperature differences especially in the first years of operation. Free 
convection shifts the hot water to the top of the storage and cold water flows back from the side and 
bottom of the storage. This leads to a faster energy distribution in the ground and therefore to a lower 
temperature level in the storage.  A third reason could be that the thermal conductivity of the ground 
has been underestimated. Higher conductivity also leads to a faster energy distribution and therefore to 
a lower temperature level in the storage especially in the starting phase where the surrounding of the 
storage is heated up.  A final reason could be higher losses through the top of the storage. In order to 
find reasons for this significant differences measured and simulated storage temperatures were 
compared. The aim is to adapt the model to reality so that a reasonable prognosis of the storage 
behaviour for different boundary conditions is possible. 
 
 The comparison of measured (black) and simulated (red) average storage temperatures in Figure 
4.22 shows always higher values for the simulation. This explains the differences of the energy 
balances. More energy can be discharged in the simulation due to the higher temperature level and the 
losses of the model must be lower than in reality in order to reach this higher temperature level. 
 

The seasonal dynamic behaviour of the storage is described really good.  
Even small changes of the storage average temperature  

can be detected in the simulated temperature curve ! 
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Figure 4.22 : Comparison of average storage temperatures 

 Two-dimensional temperature diagrams allow the analysis of the responsible effect for the higher 
losses. The temperature distribution and the changes in time allow the investigation of the effect of 
forced horizontal convection. The influence of the thermal ground conductivity and the losses through 
the top of the storage were analysed by computer simulation. Forced convection due to ground water 
flow can be identified. The form of the temperature field indicates that the buoyancy flow transports 
the heat to the top and than outside of the storage. An interaction of both free and forced convection 
takes place in the storage. 
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4.6.1.3 Energy allocation in the storage field 
 Besides the convection effects it has to be examined if other effects can also explain the differences 
between measurement and simulation. The examined storage has a volume of 14963 m³. Assuming no 
heat losses of the storage and a total charged energy amount of 1388 MWh (charging minus 
discharging from 25.04.02 till 26.11.03) into this volume with an volumetric heat capacity of 2,5 
MJ/m³/K the temperature in the storage would rise 136 K. The measured temperature rise is only about 
45 K so we conclude that about two third off the energy has been distributed to the surrounding. In 
order to validate this rough estimation the measured temperatures (M4, M5, M6, M7, M8) were taken 
and a temperature profile was drawn up of the storage as a function of the distance from the centre.  

 
 Assuming a cylinder symmetrical temperature profile the stored energy can be calculated. Taking 
the theoretical warmer side of the storage for this calculation an overestimation of the stored energy is 
expected.   
 
 The result is faced in Figure 4.23. The energy distribution complies to the first estimation. Only 
around one third of the energy in the region from 0 m to 30 m below surface is stored within a radius of 
12,6 m which is the actual storage radius. Most of the energy within the storage is located in the outer 
part as the capacity of the storage grows with a power of two with the radius. 
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Figure 4.23 : Average energy distribution in the storage and the environment 26.11.03 

 To get a total energy balance the losses through the bottom and the top of the storage have to be 
calculated.  The losses through the bottom of the storage can be calculated like in the upper part. For a 
depth of 36 m meter the temperature profile is created out of the measured data and the stored energy in 
the layer from 31 to 41m depth is calculated.  

 
 The stored energy beneath the storage is approximately 136 MWh. The losses through the top are 
about 43 MWh which has been calculated with the DST-model. In total the result is an energy amount 
of 1121 MWh, 267 MWh are still missing. The temperatures in the storage region are known best so 
that the value for the stored energy in this region should be quite accurate. It is about 24 % or 327 
MWh of the loaded energy. In Table 4.24 the measured and simulated losses of the storage are listed. 
 

 
 

side 
[MWh] 

bottom 
[MWh] 

Out of measured temperatures 615 136 
Out of simulation 501 96 

Table 4.24 : Storage losses from 25.04.2002 till 26.11.2003 
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 The losses calculated from measured temperatures are higher than the simulated values. These 
values even underestimate the real losses of the storage, as indicated before, thus it can be concluded 
that the DST-model underestimates the storage losses for the observed period of time. The fact that the 
discharged energy in reality is much lower than in the simulation supports this conclusion.  In the next 
step the model is adapted to adjust at least measured and simulated energy balances to each other. This 
adapted model can then be used to simulate the long term storage behaviour for different boundary 
conditions. 
 

4.6.1.4 Adaptation of the simulation model 
 Because of the big differences between the model and the measured data a dynamic fit has been 
carried out to identify the model parameters. This dynamic identification failed, as the short term 
dynamical behaviour of the model does not comply well to the real storage behaviour. The dynamic fit 
ended up in a mismatch of the energy balances. 
 
 A general problem of this procedure was the lack of data available. For a reliable identification of 
the parameters several charging and discharging cycles of the storage are necessary. The storage at the 
moment is still in a preheating phase so that not all relevant operational conditions are available  in the 
measured data set. As the energy balances calculated with the design parameters differ significantly 
from measured values (see Table) the main model parameters have been adapted so that model and 
measurement comply for the observed period of time. The identified parameter sets are listed in Table 
4.25. The new parameter is the design value multiplied by the concerning factor of each set.  
 

Quantity Unit Design 
value 

Factor 
Set 1 

Factor 
Set 2 

Factor 
Set 3 

Conductivity of ground W/m/K 2,45 1,16 1,0 1,15 

Volumetric heat capacity of the ground KJ/m³/K 2500 1,0 1,11 0,93 

Conductivity of borehole filling W/m/K 2,45 1,0 0,9 1,15 

Insulation thickness M 0,2 0,001 1,0 0,55 

Darcy velocity m/s 0,12*10 -6 10 18 19 

Table 4.25 : Adapted DST-model parameters 

 The energy balances for charging and discharging on a monthly time scale are described best by 
parameter Set2. They are shown in Figure4.26 and Figure 4.27. Although the adapted model fits well 
into the measurement on a monthly time scale, it could lead to an underestimation in the long term 
storage performance. The reason is that the effect of free convection (buoyancy flow) may get weaker 
due to smaller temperature gradients after the preheating phase. Therefore, a clear validation of the 
DST-model is only possible with long term measurements, over several storage cycles. The main 
question is whether geological design parameters best describe the long term behaviour of the storage, 
or if parameter adaptations are necessary to simulate such a storage in the water saturated sand. More 
detailed 3D models are of course available, but they are much more complicated to use, they can not 
simulate the whole heating system like TRNSYS, and therefore lead to a much higher effort during the 
design process. In order to keep system costs low, simple design tools are necessary. 
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Figure 4.26 : Comparison of measurement and simulation for charging of adapted model 
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Figure 4.27 : Comparison of measurement and simulation for discharging of adapted model 

 
4.6.1.5 Side effect on high return temperatures 

 An analysis of the temperature profiles of both ground temperatures and water temperatures flowing 
through the vertical heat exchangers, showed an additional possible cause for the discrepancy between 
the simulated and the measured discharged energy amount. Figure 4.28 provodes a closer look at these 
temperatures for a period of half a month (end October).  
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Figure 4.28 : Comparison of storage edge temperatures and heat transfer fluid temperatures 

 An analysis at a certain point in time, for instance on 23rd October marked with the point line on 
Figure 4.28, can give an explanation.  The fluctuating yellow and green lines show the supply and 
return temperatures of the storage field while discharging. The other lines, with a more or less linear 
course, show the ground temperature at different locations and at different depths. M9 and M12 are 
located on the edge of the storage field at approximately the same distance (± 13 m) to the center as the 
outer vertical heat exchangers (U-tubes). M2 is positioned closer to the center (± 10 m) in comparison 
with the outer ring of U-tubes. As mentioned before, the temperature on the top of the storage field is 
significantly higher than at the bottom.  Even on the edge of the storage field, the temperatures at lower 
depths are always 5K higher then the supply temperature to the field. But from a depth of 11m and at 
larger depths, a significant lower temperature is available at M9 and M12.  The discharging process 
takes place from the outside to the center of the storage field. The vertical heat exchangers are 
connected in series by three, and during discharge first the outer U-tubes are passed by, followed by the 
middle placed U-tubes, and finally the U-tubes in the center of the storage. As a result, it can occur that 
temperature drops while flowing through the first heat exchanger, and afterwards rises again, passing 
through the second and third exchanger. Nevertheless, the return temperature will be higher then the 
supply temperature, and heat is discharged from the storage just as expected, which may give the 
wrong impression that the discharging process is evolving well. But the efficiency of this discharging 
process will be much worse then expected.   
 
 DST calculates the global storage temperatures with a 2-dimensional mesh. The storage is assumed 
to be symmetrical cylinders, and the boreholes are assumed to be uniformly distributed. These are the 
simplifications. To calculate the local energy flow, DST takes the local fluid and the local ambient 
temperature of the storage so that at least qualitatively the 2-dimensional character of the temperature 
field is accounted for in the model. The problem which can lead to significant differences, is natural 
convection induced by density differences. This is not accounted for in the model, and leads to 
differences in the temperature distribution within the storage between model and reality. The 
conclusion is that, as already mentioned in this report several times, low return temperatures from the 
building heating system are very important.     
 
4.6.2 Long term storage performance 
 
A major question regarding the TESSAS project, is the long term performance of the storage in given 
boundary conditions. Different simulations have been carried out in order to investigate this 
performance. The first simulations have been made for the load profile of the Vito-building. Further 
more, an ideal load has been used to investigate the dependency of the storage efficiency on boundary 
conditions. Finally, ideal boundary conditions have been extracted to get an idea of the maximum 
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storage efficiency.  The storage efficiency has been defined as the ratio of discharged to charged energy 
amount for one year of operation. The efficiency is calculated for a whole charging and discharging 
cycle from beginning of May to beginning of May of the following year. 
 

4.6.2.1 Load profile 
 The real load profile of the Vito-building has been acquired. This load profile including the 
measured supply and return temperatures at the heat exchanger,, have been imported into the 
simulation model so that a forecast of the storage behaviour for real operation conditions was possible. 
The calculations have been carried out with parameter Set2 and the design values. The results of the 
system simulations are faced in Figure 4.29. 
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Figure 4.29 : Long term storage efficiency for real load profile 

 The efficiency of the storage changes very fast during the first 3 years of operation, as the 
underground around the storage has to be heated up. After the first year the storage efficiency is about 
15%. After the second year the storage efficiency is already around 36%.The long term storage 
efficiency is higher than 46%. 

 
4.6.2.2 Dependency on boundary conditions 

 The performance of the storage depends on two basic boundary conditions. The first one is the 
supply temperature of the district heating system. It determines the amount of energy that can be 
charged into the ground. It also has a big influence to the dynamic behaviour of the storage, as it 
determines the temperature field near the boreholes. The second one is the load profile of the building or 
process which should be provided. The load profile is characterized by the time dependent power 
demand and the necessary supply and system dependent return temperature. In order to keep the amount 
of simulations in an acceptable range, the following boundaries have been chosen : 

1. The storage is mainly used as a seasonal storage, the power demand of the consumer depends 
only on the ambient air temperature. There is only heat demand if the ambient temperature is 
beneath 12 °C. 

2. The storage will be charged if there is no heat demand by the consumer 

3. The supply temperature of the district heating is constant 

4. The supply temperature to the consumer is constant, the temperature difference between 
supply and return temperature is 15 K. 

5. Parameter Set2 has been used for all simulations 

 
4.6.2.3 Influence of supply temperature of district heating 

 The influence of the supply temperature of the district heating system on the storage efficiency has 
been investigated for three different values: 75, 85 and 95°C. The total heat demand of the consumer 
has been fixed on 2000 MWh/year, the supply temperature of the consumer has was set at 55 °C, the 
return temperature at 40 °C. The results are seen in Figure 4.30. 
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Figure 4.30 : Influence of supply temperature of district heating to storage efficiency 

 The long term storage efficiency varies from 46 up to 55%, due to the supply temperature of the 
district heating system. The storage supplies 31%/19% of the total heat demand. 
 

4.6.2.4 Influence of heat demand of the consumer 
 The influence of the consumer’s heat demand on the storage efficiency, has been investigated at 
three different values: 1000, 2000 and 4000 MWh/year. The reason for the influence of the total heat 
demand of the consumer on the storage efficiency was because at a higher heat demand, a significant 
part of the energy can be discharged at a lower temperature level. For these simulations, the supply 
temperature of the district heating system has been fixed on 85 °C, and the supply/return temperature 
has been fixed on 55/40 °C. The results of the simulations are shown in Figure 4.31. 
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Figure 4.31 : Influence of total heat demand to storage efficiency 

 The long term storage efficiency varies from 45 up to 56%, due to the heat demand of the district 
heating system. The storage supplies 41%/14% of the total heat demand. 
 

4.6.2.5 Influence of supply/return temperature of the consumer 
 The influence of the supply/return temperature of the consumer on the storage efficiency, has been 
investigated for three different values: 45/30°C, 55/40°C and 65/50°C.  The total heat demand of the 
consumer has been fixed at 2000 MWh, the supply temperature of the district heating has been fixed at 
85 °C. The results of the simulations are given in Figure 4.32. 
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Figure 4.32 : Influence of supply/return temperature of the consumer to storage efficiency 

 
 The long term storage efficiency varies from 37 up to 61% due to the supply/return temperature of 
the consumer. The storage supplies 25%/33% of the total heat demand. Therefore, the heating system 
has the highest influence on the storage performance . 
 
 4.6.2.6 Ideal boundary conditions 
 The best storage efficiency can be achieved of high supply temperatures of the district heating 
system, a high heat demand of the consumer and a low essential supply temperature of the consumer. 
To get an idea of the maximum possible efficiency of the storage, the system has been simulated for the 
maximum supply temperature of the district heating of 95 °C, a heat demand of 4000 MWh/a and a 
supply/return temperature of the consumer of 45/30 °C. The efficiency for these boundaries as a 
function of operating years is given in Figure 4.33. The simulation has been carried out for the design 
parameters and the adapted parameter set which should characterize the real storage behaviour. 
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Figure 4.33 : storage efficiency for ideal boundary conditions 

 The long term storage efficiency is 67% for the adapted model, and 78% for the design parameters. 
In this case the storage supplies 23%/24% of the total heat demand. 
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4.6.3 Economical evaluation 
 
After the evaluation of the technical performance and characteristics of the TESSAS system, the 
economical aspects of this system were investigated. The TESSAS project is considered a 
demonstration installation. The investment cost of this specific installation cannot be justified due to the 
availability of heat (from a coal fired power plant) all year round at an adequately high power level. The 
main goal of the project concerns a demonstration of a high temperature underground storage field in 
connection with an office building. Nevertheless, the available information concerning investments and 
measured energy flows, can provide useful information in order to perform an economical evaluation.   
 

4.6.3.1 Global energy analysis 
 Fig 4.35 gives an overview of the yearly and monthly energy flows, necessary as a starting base for 
a financial analysis.  The first year concerns the period April 2002 – March 2003, the second year April 
2003 – March 2004. Table 4.34 shows the energy values for both years regarding the main energy 
flows. 
 

 district heating 
total supply 

district heating 
to storage field 

district heating 
to building 

storage field to 
building 

total supply to 
building 

Year 1 1704 MWh 1065 MWh 639 MWh 47 MWh 686 MWh 

Year 2 1321 MWh 712 MWh 609 MWh 211 MWh 819 MWh 

Table 4.34 : Yearly energy flows 
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Fig. 4.35 : Monthly overview of the main energy flows 

 As base for comparison of the TESSAS system, a reference installation is defined as a heating 
system with a gas fired water heater. Table 4.36 gives the summary of the energy flows for both 
installations. In this table,only the differences concerning the energy consumption are stated, identical 
electricity consumptions are not noted. 
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 Energy consumption 

YEAR 1 – [MWh] 
Energy consumption 
YEAR 2 – [MWh] 

REFERENCE INSTALLATION 
GAS 762 MWh 910 MWh 

TESSAS 
GAS 710 MWh 676 MWh 
ELECTRICITY 10 MWh 14,6 MWh 

Table 4.36 : Energy flows (reference vs TESSAS installation) 

 During the first year of operation, the discharging process advanced with difficulty (as explained 
before). The storage efficiency, calculated as the relation between the discharged against the charged 
energy amount, was less then 5 % for the first year.  The Seasonal Performance Factor SPF (seasonal 
COP) was only 4,6, due to many discharging hours at constant flow rate and very low energy transfer. 
This value gives the ratio between the delivered heat, and the consumed electricity amount (both during 
charging and discharging). The changed control strategy during the second year, lead to a significant 
improvement of these values (ηstorage=29% ; SPF=14,4). 
 
 The energy rate at Vito amounts to 20 €/MWht for gas consumption and 50 €/MWhe electricity 
consumption + 8 €/kWe installed electrical power. Based on these figures, the total energy cost can be 
calculated and compared to each other.  The energy cost is calculated in relation to three situations; a 
first, based on the values of the second year of operation; the second, situations regards a predicted 
steady state situation; and a third calculation based on a prediction with ideal boundary conditions. 
Table 4.37 shows the main values for the last two situations.  The calculations were made assuming an 
average climate year. 
 

 TESSAS 
Steady-state 

TESSAS 
Ideal boundary conditions 

REFERENCE INSTALLATION 
GAS 939 MWh 939 MWh 

TESSAS 
GAS 479 MWh 200 MWh 
ELECTRICITY 14,5 MWh 16 MWh 

SPF 28,6 41,6 
ηstorage 46 % 70 % 

Table 4.37 : Energy flows and performance parameters (steady state + ideal situation) 

 
4.6.3.2 Global cost analysis 

 Table 4.38 gives an overview of the comparison of exploitation costs (energy consumption 
and maintenance) in relation to the reference situation. 
 

 2nd year of operation Steady-state Ideal boundary 
conditions 

 reference TESSAS reference TESSAS reference TESSAS 
Gas 18.210 € 13.527 € 18.778 € 9578 € 18778 € 4000 € 
Electricity  751 €  745 €  820 € 
Maintenance 750 € 250 € 750 € 250 € 750 € 250 € 
TOTAL 18.960 € 14.528 € 19.528 € 10.573 € 19.528 € 5.070 € 
Benefit  4.432 €  8.955 €  14.458 € 
Cost savings  23 %  46 %  74 % 

Table 4.38 : Yearly exploitation costs regarding present, future and ideal TESSAS operation 



33 

TESSAS - Final Publishable Report  June 2004 

 
 
 The benefits must be compared with the initial TESSAS investments. Table 4.39 shows the total 
investment, divided into the main sub items. 
 

Ground excavation 11.155 € 

Installation VHE (drilling+U-tubes+filling) 134.352 € 

Collector pits 16.632 € 

PB-piping (horizontal) 24.896 € 

XPS-insulation 21.968 € 

TOTAL STORAGE FIELD 209.003 €

Steel piping technical room + insulation 15.859 € 

Valves (manual, motorized, modulating, etc 13.483 € 

Temp-, flow- and energy measurement 4.770 € 

Heat exchangers + circulation pump 5.078 € 

Electrotechnical equipment + control system 17.812 € 

TOTAL EQUIPMENT 57.002 €

Drilling boreholes (sensors) 11.249 € 

Temperature sensors + transmitters 10.180 € 

Data logging + electrotechnical equipment 8.304 € 

TOTAL TEMPERATURE LOGGING 29.733 € 

GLOBAL TOTAL 295.738 €

Table 4.39 : Investment in TESSAS installation 

 For the installation of the TESSAS installation (storage field, distance piping, connection to existing 
heating system, ground temperature logging system, etc.,, a total investment of 296.000 € was needed.  
 
 4.6.3.3 Cost reductions 
 In order to make a realistic cost-benefit-analysis, only strictly needed costs should be taken into 
account. The ground temperature logging system exists of 66 sensors, located at 12 different locations 
on various depths. This investment is very useful in this specific demonstration project, in order to 
evaluate the underground heat transfer, but it won’t be necessary to install these in future storage 
projects. This investment should be subtracted from the total project cost to obtain a realistic cost 
analysis. On the other hand, several cost reduction measures can be taken in order to decrease the total 
project cost. An important item concerns the installation of the vertical heat exchangers (drilling + 
insertion U-tubes + filling). In this case it represents 50% of the total project (excl. temperature 
logging). Due to the innovative character of the TESSAS installation, only one company made an offer 
(no competition). The installation of these U-tubes became more and more popular over the past few 
years with an increasing interest in high performance heat pump systems. Several drilling companies are 
nowadays specialized in the execution of this kind of work, although a large storage field is still very 
unusual. A price examination of the market today, confirms that rather spectacular price differences can 
be obtained in future projects. The installation of U-tubes can now be executed at a cost reduced by at 
least 40%. Furthermore, the collector pits (5 pieces which contain the hydraulic circuit collectors) are 
too expensive and big, they can be replaced by one or two pits with a cheaper construction. Table 4.40 
shows the result of this analysis which comprises other (small) cost reduction items. 
 
 
 
 
 
 



34 

TESSAS - Final Publishable Report  June 2004 

drilling + insertion VHE + refilling -56000 € 

collector pits -10000 € 

technical equipment -4000 € 

electrotechnical + control system -2000 € 

COST REDUCTION POTENTIAL - 72.000 € 
(-27 % of total cost without logging) 

Table 4.40 : cost reduction possibilities 

 
 4.6.3.4 Cost-effectiveness 
 In order to define the profitability of the TESSAS system, a comparison to the reference installation 
is made. Table 4.41 gives an overview. The financial figures show simple payback times of 16,6 years 
(in steady state according to the current system operation) and 10,3 years (in ideal boundary conditions). 
It’s important to point out that no financial support is included in this calculation. Due to the high 
energy saving potential, a support from the government of between 15 – 30 % of the investment cost 
can be expected. 
 

Investment cost 
Reference installation 45.000 € 
TESSAS installation 194.000 € 
Higher investment TESSAS 149.000 € 

Exploitation cost 
Reference installation 19.528 € 
TESSAS installation (steady-state) 10.573 € 
TESSAS installation (ideal conditions) 5.070 € 
Benefit TESSAS (steady-state) 8.955 € 
Benefit TESSAS (ideal conditions) 14.458 € 

Financial figures 
Simple payback time - TESSAS (steady state) 16,6 year 
Simple payback time - TESSAS (ideal conditions) 10,3 year 
Internal Rate of Return – TESSAS (steady state) 4 % 
Internal Rate of Return – TESSAS (ideal cond.) 8 % 

Table 4.41 : profitability overview 

 
 4.6.3.5 CHP-UTES combination 
 A combination of an underground thermal energy storage system, and a cogeneration plant can 
result in an interesting situation. The control strategy for TESSAS was developed as a simulation of a 
combination with CHP. An economic analysis of this UTES-CHP interaction is made based on the 
results of the TESSAS operation. A traditional CHP installation at the TESSAS-building would be 170 
kWt in order to obtain an optimal situation, with a maximum of heat deliverance.   
 
 An additional heater is necessary for peak demands. In combination with an UTES system the 
cogeneration unit can run all year round (8760 instead of 3115 hours), and the CHP-unit can be reduced 
to 140 kW. Fig 4.42 shows the monthly energy flows. Yet, this smaller installation is capable of 
covering the total heat demand of the building due to the CHP-UTES combination. The important 
increase of the running hours, in combination with the avoidance of an additional heating system, 
provides good economic perspective for this unusual combination. 
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Fig 4.42 : Energy flows in a combined CHP-UTES system 

 Table 4.43 gives an overview of the relevant parameters (energy consumption, exploitation cost, 
investments and profitability). Financial support from the government and the acquisition of CHP-
certificates are not included in this table, as it varies with the type of applicant and the system 
utilization. 
 

 Standard heating 
system Standard CHP Combined  

CHP-UTES 
Gas consumption 1230 MWh 1565 MWh 2228 MWh 
Electricity consumption - - 15 MWh 
Electricity production - 301 MWh 780 MWh 
Energy cost 24600 € 2404 € -29546 € 
Maintenance cost 1500 € 13000 € 12500 € 
Exploitation cost 26100 € 15404 € -17046 € 
Investment cost 40000 € 151250 € 305250 € 
CHP-UTES 
Vs Reference 

Ref = standard 
heating system 

Ref = 
standard CHP 

Simple payback time 6,1 year 4,7 year 
Net Present Value 77.200 € 97.700 € 
Internal Rate of Return 15 % 19 % 

Table 4.43 : Energy consumption and economical evaluation combined CHP-UTES 

 The negative exploitation cost for a combined CHP-UTES installation can be explained by the high 
amount of produced electricity, which is supplied to the grid and leads to a global benefit instead of a 
cost. Even without support, the economical evaluation of a combined CHP-UTES system shows good 
perspectives. The UTES technology can improve the CHP economics significantly, as the installation 
can run year in year out. With financial support, payback times can further decrease (more or less 
halved) and CHP-UTES systems will become a very interesting alternative to traditional heating 
systems, or to standard CHP installations.  
 
 4.6.3.6 Project cost comparison 
 Vertical heat exchangers for heating, cooling and combined heat and cold storage have experienced 
an accelerated development in Germany in the last years. For some of these projects an analysis of 
settled construction costs was carried out at ZAE Bayern. Detailed information is available for the 
seasonal storage in Attenkirchen with 90 VHE. The storage design of Attenkirchen is quite similar to 
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that of the TESSAS project. The borehole depth in Attenkirchen is 30 m. Here, polybuthene (PB) pipes 
were also used for the VHE’s, but as double-U while TESSAS has only single-U heat exchangers. 
Because of different geology in Attenkirchen (unsaturated) compared to Mol, a bentonite cement grout 
was used as borehole filling.  
 
 Construction costs are listed in the following Table 4.44 with respect to drilling work, piping 
material, connection of piping to the manifold and the technical room as well as planning.  
 

Borehole Storage Attenkirchen 

drilling                   49.700 €  
piping materials                   41.900 €  
connection of pipes incl. 20 cm XPS top insulation                   25.400 €  
pro rata planning                     7.100 €  

total costs                 124.100 €  

Table 4.44 : Settled construction costs of the seasonal storage 

 In comparison with other projects, the total costs of 124.100,- € can be related to borehole length 
and storage volume as shown in table 4.45. The specific costs amount to 46,- €/m borehole length or 
11,80 €/m³ storage volume. In comparison with other storage types like water pits, the storage volume is 
expressed in m³ water equivalent. According to the measured heat capacity of the soil in Attenkirchen, 
the storage volume corresponds to 6.800 m³-water equivalent and thus the specific costs to 18,30  €/m³-
H2O. 
 

Cost Relations of the Borehole Storage Attenkirchen 

physical properties specific costs 
total borehole length 2.700  m        46,00  € / m 
underground volume 10.500  m³        11,80  € / m³ 
water equivalent 6.800  m³-H2O        18,30  € / m³-H2O 

Table 4.45 : Cost relations 

The TESSAS storage show specific construction costs of 48.40 €/m borehole length, or 13.97 €/m³ 
storage volume or 23.50 €/m³ water equivalent, and thus is slightly more expensive. Both storages have 
a cost reduction potential for labor and materials which is in the order of 25 % for TESSAS, and 20 % 
for Attenkirchen.  
 
The evaluation of some other projects with VHE’s as low temperature heat source for heat pumps show 
higher construction costs despite the fact that cheaper materials were used. For VHE’s up to a length of 
100 m construction costs of 50, - to 60, - €/m were found. For boreholes deeper than 200 m an increase 
to 64, - to 70, - €/m was found. 
 
 
4.6.4 Environmental impact 
 

Underground Thermal Energy Storage (UTES) is an energy saving and environmental friendly 
technology, in comparison with traditional cooling and heating technologies. This applies to cold-heat 
storage (ATES or Aquifer Thermal Energy Storage with groundwater as a heat transfer medium), with 
large savings on cooling as well as for BTES or Borehole Thermal Energy Storage with savings on 
cooling and heating. 
 
 4.6.4.1 Greenhouse gas emission 
 For the calculation of the CO2 emission, the following values are used: 

• 624 g/kWhe (available electrical energy at user) 
• 181 g/kWht (available gas at user) 
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 The TESSAS installation will have a gas consumption of 480 MWh in steady state, against only 200 
MWh in ideal conditions. The reference installation (gas fired heater) needs 940 MWh to deliver the 
same heat amount. On the other hand, the electricity consumption rises with 14,5 and 16 MWh for the 
TESSAS - steady state, respectively TESSAS - ideal conditions in comparison with the reference 
installation. 
 
 In the reference situation, the CO2 emission is calculated as 170 ton/year. In steady state the 
TESSAS installation only emits 96 ton/year, for ideal boundary conditions this figure can be brought 
further down to 46 ton/year. This means that the TESSAS installation leads to a CO2 emission 
reduction of at least 74 ton/year, in ideal situations this can even be 124 ton/year. 
 
 An analogue calculation was made for the assumed CHP-UTES combination. In that case, the CO2 
emission reduction can reach almost 300 ton/year compared to the reference installation (standard 
heater). Compared with a standard CHP installation, and due to the significant increase of the operating 
hours, the CO2 emission reduction will be 170 ton/year. 
 
 4.6.4.2 Groundwater analysis 
 Due to the operation of the TESSAS project, a ground mass of 15.000 m3 was exposed to two 
heating up and cooling down cycles, with peak temperatures up to 70°C. In order to investigate the 
impact of these temperature profiles on the groundwater quality, an analysis was performed before and 
after the experiment (Table 4.46). 
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Table 4.46: Results groundwater analysis before and after TESSAS operation 

 An evaluation of this analysis needs to be done in a cautious way, due to numerous impact factors 
and the natural fluctuation of each concentration. In general, the local underground will be rather acid 
then neutral, due to the typical geology. Nevertheless, a further acidification of the environment can be 
noticed. Also, a deionization of the groundwater takes place, the overall conductivity decreases 
significantly. Further more, a precipitation of carbonates (calcium-) is recorded. This effect also occurs 
in some types of water heaters or boilers, namely scaling at the surface of the apparatus. In that case a 
heat insulation layer is built up inside the device, with negative impact on the heat transfer efficiency.  
In the storage field, at this moment, and based on these results, no significant negative impact to 
environment and heat transfer in the underground can be determined. However, this analysis concerns a 
more general water test with mainly an examination of ions and metals. Another important field of 
examination will concern microbiological impact. Due to the temperature profile in the underground, 
some bacteriological life is expected to grow significantly while others will vanish. The local impact on 
the groundwater composition and quality will be important at the location of the storage field. On the 
other hand, when this is a local impact and it can be proven that it stays local and it won’t expand to the 
surroundings (or it will only do so according to certain limits), then it can be tolerated by the 
environmental department of the government. It is logical that it won’t be tolerated near groundwater 
extraction wells for drinking-water. Further specialized research actions focusing the chemical, 
microbial and long-term impact on the environment, will be necessary in order to come to a reliable 
conclusion.  
 
4.6.5 Conclusions 
 
The actual best available storage model for borehole thermal energy storage under the geological 
conditions of Mol, is the DST storage model of D. Pahud. Although this is not the optimal description 
of the storage, this problem was managed by modification of the relevant system parameters to describe 
the measured storage behaviour best. It has been validated with monitoring data of the TESSAS-
storage at Vito in Mol. Deviations of up to 100% between measurement and simulation have been 
found, especially for the discharging process by using the parameters of the design model. The main 
reason for this significant deviation is free convection in the storage, called “buoyancy flow”, which 
could be identified by the measurements. This type of convection is not taken into account in the 
model, so that an adaptation of the parameters has been necessary in order to get an adequate tool to 
simulate the long term performance of the storage. As the new set of model parameters were obtained 
from transient data, there is a risk of underestimation of the storage performance. The effect of free 
convection could be reduced, as temperature gradients get smaller with operation time. 
 
System simulations have been carried out for different boundary conditions. For the load profile of the 
Vito building, a long term storage efficiency of at least 46% has been calculated,as the heating system 
(high temperature radiators) at Vito, is disadvantageous for the storage. This problem is solved by 
carrying out these efficiency simulations for ideal boundaries as well. In this case storage efficiencies 
of up to 67 % are possible. Further measurement and validation of the storage would be very helpful in 
order to get clarification on the model quality.  
 
Based on a global energy analysis, and on the current energy rates, an economical evaluation is set up.  
In steady state TESSAS will have a gas consumption of 479 MWh, and an electricity consumption of 
14,5 MWh, in relation to a total gas use of 939 MWh for the reference installation. Exploitation costs 
can be brought back with 9.000 € or 46% in steady state, and with 14.500 € or 74% under ideal 
boundary conditions. Investment cost for the TESSAS installation amounts to 296.000 € (storage field, 
technical equipment, monitoring, etc.). In order to make a realistic cost-benefit-analysis, only strictly 
necessary costs should be taken into account. Several efforts can be made in order to reduce the initial 
investments significant. A complete project review with system optimization and new inquiries for 
tender without engagement, lead to remarkable results. Alltogether about 35% of cost reductions can be 
obtained when installing the TESSAS system as an economical justified installation, today. The simple 
payback time (without financial support), for this type of installations with comparable size (± 1GWh 
of stored ‘waste’ heat) amounts about 10 year. Project setup on a larger scale will further improve 
system performance. 
 
In order to show possibilities of a combination between an underground thermal energy storage system 
and a cogeneration plant, a case study (as if it would be installed at the TESSAS site), is performed. The 
control strategy for TESSAS was developed as a simulation of a combination with CHP. An analysis of 
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this UTES-CHP interaction is made based on the results of the TESSAS operation. In combination with 
an UTES system, the cogeneration unit can run all year round (8760 instead of 3115 hours). Applied on 
the TESSAS situation and although a more investment of 265.000 € has to be covered, a simple 
payback time of 6 years can be reached (compared with standard heating systems). This results in a net 
present value (NPV) of 77.000 €, and an internal rate of return (IRR) of 15%. Compared to a standard 
CHP, a NPV of 97.000 € and an IRR of 19% will be achieved. 
  
An underground thermal energy storage system offers an excellent opportunity to make ‘lost’ energy 
valuable, which can lead to significant energy savings and large benefits for the environment. Based on 
the experiences of this research project, systems of 1 GWh storage capacity can reduce emissions of 
greenhouse gasses at ideal conditions, up to 125 ton each year. In combination with a CHP plant, a total 
emission reduction up to 300 ton/year can de obtained in comparison with a standard heating system. 
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5 List of deliverables  
 
Within the TESSAS project, eight (8) deliverables have been determined.  These deliverables concern 
important milestones within the project evolution and regards reports, available data or installation 
deliverance/start up. 
 
Table 5.1 gives an overview of the planned and accomplished deliverables of the project with indication 
on the date of issue, and the references. 
 

N° Description Planning Date of issue Reference 

1 Input data for computer simulations Sept 2000 25-10-2000 Management Report 
01/04/2000 – 30/09/2000

2 Design of the store Feb 2001 26-04-2001 Progress Report 
01/04/2000 – 31/03/2001

3 Report to apply for an allowance Feb 2001 26-04-2001 Progress Report 
01/04/2000 – 31/03/2001

4 Technical specifications for request 
for quotation Jun 2001 01-07-2001 Mid-term Report 1 

01/04/2000 – 30/06/2001

5 Delivery of the storage installation Feb 2002 25-04-2002 Management Report 
01/04/2002 – 30/09/2002

6 Report on first loading and unloading 
experiences Mar 2003 30-04-2003 Mid-term Report 2 

01/07/2001 – 31/02/2003

7 Report on second loading and 
unloading experiences May 2004 01-06-2004 Final Report  

01/04/2000 – 31/03/2004

8 Final report May 2004 01-06-2004 Final Report  
01/04/2000 – 31/03/2004

Table 5.1: List of deliverables 
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6 Comparison of initially planned and accomplished work  
 
Planned 
 

Duration/critical path 
Year 2000 Year 2001 Year 2002 Work package descriptions 

4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 

WP 0: Gathering of suppl. know-how                           
Task 0.1 Technical experiences                           
Task 0.2 Modelling                           
Task 0.3 Measuring technology                           
Task 0.4 Conductivity measurements                           
WP 1: Design of the store                           
Task 1.1 Computer simulations                           
Task 1.2 Configuration of the store                           
Task 1.3 Design/selection of materials                            
Task 1.4 Design of monitoring equipment                           
Task 1.5 Design of control heating system                           
Task 1.6a Selection of borehole fillings                           
Task1.6b Description of the specification                           
WP 2: Administrative preparation                           
Task 2.1 Demand environm. allowance                           
Task 2.2 Demand of building-licence                           
WP3: Technical specifications                           
Task 3.1 Request of quotation                           
Task 3.2 Evaluation of tenders                           
Task 3.3 Construction                           
Task 3.4 Test of installation                           
 

Duration/critical path 
Year 2002 Year 2003 Year 2004Work package descriptions 

3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

WP 4: Test and monitoring programme                          
Task 4.1 First loading period                          
Task 4.2 First unloading period                          
Task 4.3 Evaluation of tests                           
Task 4.4 Second loading period                          
Task 4.5 Second unloading period                          
Task 4.6 Evaluation of tests                           
WP 5: Technology transfer                          
Task 5.1 Evaluation of experiences                           
Task 5.2 Final report                           
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Accomplished 
 

Duration/critical path 
Year 2000 Year 2001 Year 2002 Work package descriptions 

4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 

WP 0: Gathering of suppl. know-how                           
Task 0.1 Technical experiences                           
Task 0.2 Modelling                           
Task 0.3 Measuring technology                           
Task 0.4 Conductivity measurements                           
WP 1: Design of the store                           
Task 1.1 Computer simulations                           
Task 1.2 Configuration of the store                           
Task 1.3 Design/selection of materials                            
Task 1.4 Design of monitoring equipment                           
Task 1.5 Design of control heating system                           
Task 1.6a Selection of borehole fillings                           
Task1.6b Description of the specification                           
WP 2: Administrative preparation                           
Task 2.1 Demand environm. allowance                           
Task 2.2 Demand of building-licence                           
WP3: Technical specifications                           
Task 3.1 Request of quotation                           
Task 3.2 Evaluation of tenders                           
Task 3.3 Construction                           
Task 3.4 Test of installation                           
 

Duration/critical path 
Year 2002 Year 2003 Year 2004Work package descriptions 

3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 

WP 4: Test and monitoring programme                          
Task 4.1 First loading period                          
Task 4.2 First unloading period                          
Task 4.3 Evaluation of tests                           
Task 4.4 Second loading period                          
Task 4.5 Second unloading period                          
Task 4.6 Evaluation of tests                           
WP 5: Technology transfer                          
Task 5.1 Evaluation of experiences                           
Task 5.2 Final report                           
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7 Management and co-ordination aspects  
 
Table 7.1 gives a global summary of the task and subtask contribution to the project by the individual 
project partners. Several meetings were set up in order to enter into consultation with each other. Any 
major project decisions were taken by mutual agreement, and were prepared by close consultation at 
regular times. The combined participation to the IEA IA “ECES” of each partner created extra 
consultation possibilities, relevant items were discussed at several IA Annexes. 

 
Table 7.1: Partner contribution 
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Meetings 
-     Kick-off meeting on 03/04/2000 at EC  

(ref. ETE/N3501/PDi/pdi/2000-016); 
- First technical meeting on 17/05/2000 at Vito 

(ref. ETE/N3509/HH/hh/00-068); 
- Second technical meeting on 19–20/02/2001 at BLLT  

(ref. ETE/N3509/HH/hh/01-008); 
- Third technical meeting on 14/03/2001 at IF Technology  

(ref. ETE/N3509/HH/hh/01-006); 
- Meeting on 23/05/2001 at Vito to discuss the draft of the tendering documents with IF-

Technology; 
- First Mid term meeting on 07/08/2001 at Vito  

(ref. ETE/N3509/HH/hh/01-013); 
- Progress meeting on 14/03/2002 at Vito  

(ref. ETE/N3509/HH/hh/02-012); 
- Meeting on 29/05/2002 at Vito regarding temporary delivery of the installation with IF-

Technology and contractor (Smet GWT); 
- Fourth technical meeting on 30/01/2003 at ZAE  

(ref. ETE/N3509/BG/bg/03-004); 
- Second Mid term meeting on 11/03/2003 at Vito  

(ref. ETE/N3509/HH/hh/03-009); 
- Fifth technical meeting on 17/12/2003 at ZAE  

(ref. ETE/N3509/HH/hh/03-037); 
- Final meeting on 22/03/2004 at Vito 

(ref. ETE/N3509/HH/hh/04-018). 
 
Attendance of conferences 
- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation 

through Energy Storage (ECES) of the IEA: 23-26/05/2000 Adana, Turkey; 
- Participation of the working group Annex 12 ‘High Temperature Thermal Energy Storage’ of IEA-

ECES: 18-19/05:2000 Arnhem, the Netherlands; 
- Terrastock 2000, presentation ‘Towards the Growth of ATES in Flanders (Belgium)’: 28.08-

01/09/2000 Stuttgart, Germany; 
- Underground Energy sources in Flanders, presentation ‘Hoge Temperatuuropslag in de Bodem: 

Ervaringen in het buitenland en relevantie voor Vlaanderen’: 15/05/00, Mol, België. 
- Participation of the working group Annex 12 ‘High Temperature Thermal Energy Storage’ of IEA-

ECES: 13-14/10/2000 Mol, Belgium; 
- Participation of the workshop on ‘Thermal response tests’ on 15/10/2001 Mol, Belgium; 
- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 

Energy Storage (ECES) of the IEA: 6-9/11/2000 Tokyo, Japan; 
- Participation of the working group Annex 12 ‘High Temperature Thermal Energy Storage’ of IEA-

ECES: 24-25/04/2001 Nijmegen, the Netherlands; 
- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 

Energy Storage (ECES) of the IEA: 16-18/05/2001 Ottawa, Canada; 
- Participation of the working group Annex 12 ‘High Temperature Thermal Energy Storage’ of IEA-

ECES: 08-09.11.2001 Neubrandenburg, Germany; 
- Otti-seminar on 19-20/02/2002 on “Shallow Geothermal Energy”, organised by Otti and ZAE-bayern; 
- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 

Energy Storage (ECES) of the IEA: 24-26.04.2002 Potsdam, Germany; 
- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 

Energy Storage (ECES) of the IEA: 21-22.11.2002 Turnhout, Belgium; 
- Conference “rationeel energiegebruik”, presentation “High temperature storage in the subsurface”, 

22.10.2002, Halle-Vilvoorde, Belgium; 
- International Conference on Future Energy Systems and Technology for CO2 abatement, presentation 

“High temperature storage in Flanders by use of vertical heat exchangers: reality or utopia”, 
18.11.2002, Antwerp, Belgium 

- Otti-seminar on 18-19/02/2003 on “Shallow Geothermal Energy”, organised by Otti and ZAE-bayern;  
- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 

Energy Storage (ECES) of the IEA: 12-14.05.2002 Oslo, Norway; 
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- Seminar ‘De Vlaamse ondergrond: 500 miljard m³ aan duurzame mogelijkheden’: 7-8.05.2003, 
Heusden-Zolder, Belgium (3 presentations – Vito ; 1 presentation ZAE ; 1 presentation IF); 

- Futurestock 2003, 9th International Conference on thermal energy storage: 1-4.09.2003 Warsaw, 
Poland (2 presentations – Vito) 

- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 
Energy Storage (ECES) of the IEA: 4-5.12.2003 Paris, France; 

- Meeting of the Executive Committee of the Implementing Agreement of Energy Conservation through 
Energy Storage (ECES) of the IEA: 13-14.05.2004 Montreal, Canada; 

 
Updated list of names of contact persons: 
 
Company Name Address Tel. Fax e-mail 

Vito Hans Hoes Boeretang 200 
2400 Mol, Belgium +32 14335914 +32 14321185 hans.hoes@vito.be 

ZAE Manfred Reuss 
Walther-Meißner-Str. 
6, D-85748 Garching, 

Germany 
+49 8935625030 +49 8935625030 reuss@muc.zae-

bayern.de 

IF Technology Guido Bakema 
Frombergstraat 1 
6800 AP Arhem 
The Netherlands 

+31 264431541 +31 264460153 office@if-tech.nl 
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8 Results and Conclusions  
 
When thermal energy supply and demand is not balanced, storage is necessary. For long-term storage 
of a high quantity of thermal energy (MWhs – GWhs), ATES (Aquifer Thermal Energy Storage) or 
BTES (Borehole Thermal Energy Storage) will be the most favourable technique. The general 
objective of TESSAS (High Temperature Thermal Energy Storage in Saturated Sand Layers with 
Vertical Heat Exchangers), was to perform research on an underground thermal energy storage system 
on a real scale. The system will be constructed in a water-saturated sand layer and equipped with 
vertical heat exchangers (U-pipes). The store will be charged during summertime at a temperature of 
(approximately) 90°C, by means of a district heating system (waste heat from a coal fired power plant). 
During winter, the stored heat will be recovered and used for heating a building of 3,700 m². 
 
The first two years of the project evolution were focussed on the design and the construction of the 
storage field, and the connection to an existing building heating system. The typical project steps in this 
evolution regards preliminary investigations on relevant experiences, defining all boundary conditions, 
performing dynamic simulations, developing the practical design of the installation and a monitoring 
system, an administrative preparation and finally the construction, testing and starting up of the real 
scale system. The last two years can be called monitoring and evaluation years. An intensive 
monitoring program was executed with two complete operation cycles of one year each. Every 
operation cycle existed of a charging period (during summer time) bringing heat into the underground 
storage field, and a discharging period during the heating season for heat recuperation.  
 
The first year of operation was characterized by several system improvements and optimization actions 
in order to meet with system growing pains. Nevertheless, the storage system was charged very 
successful (1065 MWh heat input). On the other hand, the first discharging process was rather 
disappointing (only 47 MWh heat recuperation). Several measures were taken regarding the 
improvement of the storage discharging. Main obstacle for an efficient discharging process was the 
existing building heating system that wasn’t suitable for low temperature heating. High return 
temperatures inhibit the capture of storage heat, while still huge energy amounts are available. 
Although the boundary conditions were not ideal, the second year of operation evolved to satisfaction, 
with 712 MWh of heat input to the storage and 211 MWh of heat discharged from the storage. The 
storage efficiency increased to 30% and the COP exceeded 14. It is important to note that steady state 
conditions are not yet reached, at least two more years are necessary to approach this.   
 
The actually best available storage model for borehole thermal energy storage under the geological 
conditions of Mol, is the DST storage model of D. Pahud. Although this is not the optimal description 
of the storage, this problem was managed by modification of the relevant system parameters to describe 
the measured storage behaviour best. It has been validated through monitoring data of the TESSAS-
storage at Vito in Mol. Deviations of up to 100% between measurement and simulation have been 
found, especially for the discharging process, by using the parameters of the design model. The main 
reason for this significant deviation is free convection in the storage called “buoyancy flow”, which 
could be identified by the measurements. This type of convection is not taken into account in the model 
so that an adaptation of the parameters has been necessary in order to get an adequate tool to simulate 
the long term performance of the storage. As the new set of model parameters have been gained from 
transient data, there is a risk of underestimation of the storage performance. The effect of free 
convection could be reduced as temperature gradients get smaller with operation time. 
 
System simulations have been carried out for different boundary conditions. For the load profile of the 
Vito building, a long term storage efficiency of at least 46% has been calculated, although the heating 
system (high temperature radiators) at Vito is disadvantageous for the storage. This problem is solved 
by carrying out these efficiency simulations for ideal boundaries as well. In this case storage 
efficiencies of up to 67 % are possible. Further measurement and validation of the storage would be 
very helpful in order to get clearness of the model quality.  
 
Based on a global energy analysis and on the current energy rates, an economical evaluation is set up. 
In steady state TESSAS will have a gas consumption of 479 MWh and an electricity consumption of 
14,5 MWh in relation to a total gas use of 939 MWh for the reference installation. Exploitation costs 
can be brought down by 9.000 € or 46% in steady state, and with 14.500 € or 74% under ideal 
boundary conditions. Investment cost for the TESSAS installation amounts to 296.000 € (storage field, 
technical equipment, monitoring, etc.). In order to make a realistic cost-benefit-analysis, only strictly 
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necessary costs should be taken into account. Several efforts can be made in order to reduce the initial 
investments significant. A complete project review with system optimization and new inquiries for 
tender without engagement lead to remarkable results. All together, about 35% of cost reduction can be 
obtained when installing the TESSAS system as an economically justified installation today.  The 
simple payback time (without financial support) for this type of installations with comparable size (± 
1GWh of stored ‘waste’ heat), amounts to about 10 years. Project setup on a larger scale will further 
improve system performance. 
 
In order to show possibilities of a combination between an underground thermal energy storage system, 
and a cogeneration plant, a case study (as if it would be installed at the TESSAS site) is performed. The 
control strategy for TESSAS was developed as a simulation of a combination with CHP. An analysis of 
this UTES-CHP interaction was made based on the results of the TESSAS operation. In combination 
with an UTES system the cogeneration unit can run all year round (8760 instead of 3115 hours).  
Applied on the TESSAS situation, and although a more investment of 265.000 € has to be covered, a 
simple payback time of 6 year can be reached (compared with standard heating system). This results in 
a net present value (NPV) of 77.000 € and an internal rate of return (IRR) of 15%.  Compared to a 
standard CHP, a NPV of 97.000 € and an IRR of 19% will be achieved. 
  
An underground thermal energy storage system offers an excellent opportunity to make ‘lost’ energy 
valuable, which can lead to significant energy savings and large benefits for the environment. Based on 
the experiences of this research project, systems of 1 GWh storage capacity can reduce emissions of 
greenhouse gasses at ideal conditions up to 125 ton each year. In combination with a CHP plant, a total 
emission reduction up to 300 ton/year can be obtained, in comparison with a standard heating system. 
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ANNEX 1 
 

PICTURES TESSAS CONSTRUCTION 
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Picture 1 : excavation  

  
Picture 2 : single-U vertical heat exchanger    

 
Picture 3 : insertion vertical heat exchangers 
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Picture 4 : temperature sensors attached to PVC-pipe 

 
Picture 5 : connections hydraulic circuit (3 heat exchangers in series) 

 
Picture 6 : placement collector pits (concrete casings) 
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Picture 7 : central pit with 4 manifolds (one for each storage section) 

 
Picture 8 : electrical socket welds 

 
Picture 9 : main pipeline from storage field to building 
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Picture 10 : equalisation ground surface (coverage tubes) 

 
Picture 11 : insulation layer (20 cm) on storage field 

 
Picture 12 : Polyethylene foil covers insulation (avoids water penetration) 
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Picture 13 : refilling area and covering with creepers 

 
Picture 14 : temperature transmitters in casing 

 
Picture 15 : mains in polybuthene in cellar corridor 
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Picture 16 : technical equipment and connection to building system 

 
Picture 17 : electrical cabinet with control system 
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ANNEX 2 
 

MONITORING RESULTS 
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Temperatures, 1,5 m below surface [°C]
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Temperatures, 6 m below surface [°C]
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Temperatures, 11 m below surface [°C]
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Temperatures, 16 m below surface [°C]
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Temperatures, 23,5 m below surface [°C]
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Temperatures, 31 m below surface [°C]
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Temperatures, 41 m below surface [°C]
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Storage field temperatures
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