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1. Introduction   

The Emmaboda borehole heat storage is not only an energy research project but also a way to 

achieve a more efficient industrial production and at the same time a more sustainable and 

efficient use of energy at the Xylem Water Solutions AB in Emmaboda. The company is the 

world’s leading manufacturer of submersible pumps and mixers. The plant handles the whole 

production flow, from molten metal to finished products. The plant is operated 4400 hours per 

year and large amount of waste heat is generated by the production e.g. cooling processes. 

The heat storage, which stores heat from the summer to the winter, was taken into operation 

during 2010.  

Current project, “Long term evaluation of the borehole storage at Emmaboda until 2015-05-

31” was supported by the Swedish Energy Agency (SEA) [Dnr:2012-001272, Pnr:35868-1]. 

Current half time report summarizes pre-investigations, design, construction, water chemistry 

measurements and measures during the first three years of operation. Next report, the final 

report, will be completed June 2015.  

 

 

Figure 1. The Xylem manufacturing plant at Emmaboda, Sweden. The location of the 
heat storage and its culvert is marked red 

SEAs motivation to support the evaluation was that this type of industrial waste heat 

application has a great energy saving potential (~1 TWh).  The storage which is mainly 

charged during the summer and discharged during the winter season, without any heat pump, 

has a great news value and has practically no negative environmental effects. Another reason 
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for the SEA interest was that the storage technology is also applicable on solar energy 

systems. SEA believes that it is important to collect, document and share knowledge about 

used storage technology.  

Objectives  

The overall objectives of current project are to document and analyze the function of the 

storage system by careful evaluation of its first five years of operation. More specifically, this 

means to: 

 Document original construction/design and measures taken to improve its operation 

during the same period all measurements and shall be documented (reported 

 Analysis of operation and function based on measured data and other observations, 

e.g. the water chemistry study that is carried out as a sub-project by external 

consultants.The Project Concept 

There are several waste heat sources, within the industrial process at the Xylem factory, 

which becomes a valuable resource with a well-functioning heat storage system. Andersson et 

al 2009 described this concept, including the anticipated economics and the result of 

environmental assessment issues. It was shown that a Borehole Thermal Energy Storage 

(BTES) would serve as way of conserve and utilize a substantial amount of waste heat from 

the industrial process. The idea was to store the excess heat for later use in space heating of 

the plant. Since no heat pump is used for the extraction of stored heat, the storage temperature 

must be relatively high before it can be used for direct heating. Most of the heat is generated 

by a foundry, directly from chilling melt ovens, and indirectly by extracting energy from the 

ventilation system and from a water basin used for cooling. Available energy sources are 

shown in Table 1.  

Table 1:  Annual heat sources for direct recovery and for storage 

Heat source 

Supply 

temp. (oC) 

Direct use 

(MWh/a) 

To BTES storage 

(MWh/a) 

From ovens   55-70 1 500 1 300 

Ventilation air 60 2 500 2 300 

Minor sources 65-70 200 200 

Totally - 4 200 3 800 

The storage design assumes a heat injection of 3800 MWh during the summer season of 

which some 2 600 is predicted to be recovered for space heating during the winter season. The 

working temperature is approx. 60/40oC. The system will reduce the Xylem’s dependence of 
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externally supplied heat, which is distributed by district heating. The system for extracting 

waste heat from different sources connected the BTES system in a way that all surplus waste 

heat can be stored and recovered is shown in Figure 2.  

 

Figure 2: Outline of how waste heat, from different sources, is connected to the internal 
heat distribution net from which it can be stored in the BTES.   

2. Design of the BTES system 

Location of the store 

At first the storage was planned to be placed inside factory area. Due to lack of space, it was 

eventually located to a garden outside the factory ground, see Figure 1.  It is seen that the site 

is close to a dam. To connect it to the internal DH system, an insulated culvert pipe (red line) 

was placed at the bottom of the dam. Apart from that disadvantage, moving the site from the 

factory ground has shown a number of advantages when it comes to construction issues, such 

as handling of masses and space for drilling equipment. 

Site investigations 

Site investigations and design of the project were carried out in 2009 with a partial support 

from The Swedish Energy Board (Andersson 2010). Initially two test drillings were made, 

each one 150 m deep in order to analyze the geological and drilling conditions at site. The 
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holes were drilled by the ODEX-method through the overburden and DTH with air through 

the rock. Samples were taken and structures of the rock were recorded as well as the hydraulic 

properties. After drilling, the straightness of the two test holes (TH1 and TH2) was measured. 

The results are shown in table 2. 

Table 2: Results from test drilling placed at the southwest corner 
(TH1) and NE corner (TH2) of the borehole field. 

Test Hole No 
Soil Depth 

(m) 

Casing   

(m b gl) 

Airlift capacity 

(l/min) 

Deviation/direction 

at 150 m depth 

TH1 9.4 18.0 800 3.5 m NE (2.3 %) 

TH2 5.0 9.0 Dry 7.5 m   W (5.0 %) 

 

TH2 turned out to be almost dry and had a limited number of week zones, while TH1 entered 

a fracture zone at 33 m that showed a substantial flow capacity. This test hole also showed   

weathered and unstable conditions in the upper part of the bedrock. Based on that information 

the borehole field was somewhat adjusted, hoping to avoid as much water holding fracture 

systems as possible and deep drilling with casing.   

The drillings indicate an overburden that mainly consists of glacial till. With the thickness of 

soil decreasing towards the eastern border of the borehole field makes the underlying bedrock 

surface to slightly dip towards the west. The samples show a rock that mainly consists of 

reddish grey to light grey granodiorite. However, and especially towards the bottom of the 

holes there are an increasing number of amphibolite dykes. These are commonly 2-5 m in 

thickness, but both holes ended within a thicker bed of black to greenish black amphibolite. In 

average, the content of granodiorite is in the order of 22 %, while the reddish grey 

granodiorite (contains red feldspar) represents 33 % and the light grey granodiorite 45 %.  

For an optimal function of the BTES system it is of interest to have as straight holes as 

possible. For this reason the two boreholes were drilled with different setups of steering 

equipment. In borehole TH1 a 3-point deviation control was used and in TH2 a 2-point 

control. As shown in table 2 the deviation is less with the 3-point system. However, the 

assembly, a specially made flange on the outer tube of the down-the- hole-hammer, showed to 

be very expensive and was for that reason not further used. Instead, the 2-point system was 

chosen and it was assumed that a minor deviation, such as 5-10 %, would be acceptable from 

functional point of view. The reason for that is that boreholes normally tend to be influenced 
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to follow the same week structures in the bedrock, keeping the deviation practically the same 

for all the boreholes.   

Finally a TRT-test was performed in order to verify the results from two older tests in the 

same rock some 70 m away at the other side of the dam. The value of obtained thermal 

conductivity in TH2 was 3.0 W/m, K. This was in the average of the two older tests that 

showed 2.8 and 3.2 respectively and as basis for design the value from TH2 was used. The 

test also showed an average rock temperature of +8 oC. The test was performed with a 

prototype of the new borehole heat exchanger (BHE) in the borehole, see further next chapter. 

The test indicated a low thermal resistance of that prototype to be 0.02 K/ (W/m) and this 

value was used for the design.   

New BHE  

As part of the project Pemtec AB developed 

two different borehole heat exchangers (BHE) 

that were tested in the test holes. The BHE that 

was decided after this test consists of a double 

tube solution with inner and outer spacers, 

every 10 m, see Figure 3. The annular space 

between the two tubes is filled with water that 

is separated in shorter sections by swelling 

rubber. In this way the confined water will help 

in insulating the BHE.  

In Figure 4 some details of the BHE is shown. 

The function of the flanged connection is 

believed to make the water to rotate in the 

annular space supporting an efficient heat 

exchange with the borehole wall.  

 

Figure 3. In this open circulation 
system the circulated water (the 
heat carrier) is in direct contact 
with the borehole wall. 
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Figure 4. Construction details of the new BHE. The outlet joint at the bottom of BHE-
string (left). A dual pipe connection with a swelling rubber seal (blue band) on the inner 
pipe (right).  

 

Simulation of the storage 

The design of storage i.e. number of boreholes, borehole depth, borehole spacing and 

borehole configuration, was based on simulations by the Duct Storage Model (DST). 

Different size of storage was analyzed as well different depth and distance between the 

boreholes. In these simulations an annual heat injection of 4000 MWh was assumed. If this 

heat is injected at a temperature of 60oC then 2200 MWh can be recovered at an initial 

extraction temperature of 55 oC, which gradually falls to 40 oC at the end of the recovery. By 

lowering the extraction temperature to 30 oC the extracted heat would increase considerably. 

In this simulation all the stored energy is seasonally stored i.e. the storage is not used for short 

term injection and extraction. By using the storage also for short term storage the injected and 

extracted heat would increase considerably. 

At the time for the calculations no attention was given to insulation of the storage, or that it 

also would be used for short term storage during the winter season. Another change of system 

after the simulations is that the storage is operated in two flow directions with storage from 

the bottom and upwards and withdrawal from the top and downwards. In this way the 

temperature of the heat carrier will be favored. Taken these three additional factors into 

account it has later been estimated that the recovery factor would be in the order of 70 % after 

the storage has matured. This estimate is based on the results from a similar HT-BTES storage 

in Luleå (Nordell 1994), that has been used as a reference in this project.      
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Storage Configuration 

The simulations gave that the optimum storage 

design was 140 boreholes (10 x 14), 150 m deep, 

with a borehole spacing of 4 m. The holes are 

drilled within a rectangular field which is divided 

into seven sections A-F of each 20 wells, see Figure 

5. The sections of the storage enable a better 

temperature stratification through which it is 

possible to maintain a higher temperature in the 

center of the storage. Heat is injected or extracted 

from the storage by the two collecting pipes that are 

connected to each section. The top surface is 

thermally insulated with a 0.4 m thick layer of foam 

glass. The border of the storage area, confining the 

boreholes, is 36 x 52 m. The storage volume is 

defined by its rock volume i.e. the penetrated 

bedrock volume plus half a borehole distance (2 m) 

outside that volume. This means that plan area of 

the storage is 40x56 m. The depth of the boreholes 

is 150 m including 2-8 m soil drilling. However, the 

pipe system ends at the depth of 146 m. With a 

ground water table at 2 m below borehole heads, the 

effective borehole length is 144 m. By assuming 

that the storage volume reaches half a borehole 

distance (2 m) outside the penetrated volume also at 

the bottom the storage volume has a thermal active   

depth of 144 m. Consequently, the total storage 

volume is 40 x 56 x 144 m = 322,560 m3.  

The storage encounters seven parallel coupled 

sections, A-G, of which three forms an inner “hot 

core”, C-E. The latter is for short term storage at high temperatures during the winter season. 

Within each of the sections 20 holes are coupled in series two by two. Each section is 

 

Figure 5a. Plan showing how the 
storage area is divided into seven 
sections, each containing 20 bore- 
holes.   

 

 Figure 5b. Photo of the pipe 
system on top of the storage before 
the pipe system was covered by 
sand and thermal insulation.  
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connected to two manifolds, one for supply and one for the return. These are in turn 

connected to two main manifolds, se Figure 5b, which is now placed in a minor building.   

Control and Monitoring (CM-system) 

The system is designed in order to reverse the flow direction depending on mode of operation, 

charging or discharging the storage. The flow rate is frequency controlled to vary between 

approx. 5 and 20 l/s. The flow rate to each section can be altered by means of regulation 

valves and sections that shall be active can be chosen. The monitoring system contains a large 

number of temperature devices and also pressure recorders in order to automatically operate 

the storage, and to detect operational problems. There are also two monitoring boreholes of 

which one is placed in the storage and the other a few meters at the side the SW corner, see 

Figure 5a. There are also temperature measurements on top and bottom of the insulation in 

order to monitor the insulation efficiency. Finally there are also a couple of vacuum pumps 

installed with the purpose to continuously degas the water as it gradually is increased in 

temperature. 

The data from the CM-system is continuously recorded and can be plotted against time. By 

these types of plots the function of the system can easily be analyzed and based on that 

operational changes can be made. An example of plotted operational data is given in Figure 6. 

  

Figure 6: Plotted values of flow rate (blue), supply temperature (red) and return 
temperature (green) for seven days with storage of heat in August 2011.   
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3. Construction experiences 

Drilling of the borehole field  

All together 140 boreholes were drilled with 140 mm casing and 115 mm open hole. Three of 

these holes had to be abandoned because of drilling-failures, and new boreholes were drilled 

close to the failed holes.The drilling took place during the winter season 2009-10 and was 

finalized in late spring. For drilling the casing an air-driven hammer   with ODEX equipment 

was used, and a conventional DTH with button bits for the open hole. In average two rigs 

were used, but occasionally even three. The drilling contractor (Zublin Sweden AB) predicted 

time for the drilling to 8 or 9 weeks. However, heavy snow fall and low temperatures and 

other tuff conditions extended the actual drilling time to 11 weeks.  

One major delaying factor was a less drillable rock than expected. Water producing fractures 

and unstable cross zones became a time consumable factor for a large part of the boreholes. 

Some 30 % of the holes had an air-lift capacity of more than 500 l/min and had to be grouted 

to seal of the fractures. Some 5 % had to even be grouted twice, and another 6 % had to be 

redrilled due to problems at BHE installations, see Figure 8. In two cases a new borehole 

entered an already completed one, causing damages to the installed BHE. Still, the major part 

of boreholes, approx. 65 %, were drilled without major problems, see the statistics in Figure 

7.     

   

Figure 7: Drilling statistics obtained from daily drilling reports.      

 

Borehole deviation 

In 21 randomly picked boreholes, the straightness was measured by a gyro inclinometer. In 

this case the inclination was logged every 10 m. The plots, see Figure 8, show that most of the 

holes lean towards NE. However, there is a second group of holes that leans towards W-SW. 
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The latter direction occurs in NW area of the borehole field, and is probably due to a change 

in the rock structure at this part of the field. The drift at 150 m varies between 4 and 32 m, 

with an average of approx. 18 m. Since most of the boreholes are leaning the same direction, 

the thermal function of the storage is judged not to be seriously influenced by the deviated 

boreholes.  

Figure 8: Results of deviation measurements for 21 randomly chosen boreholes in W-E 
and S-N projections. 

 

Installation and functional test of BHE 

For the installation of the BHE, special installation equipment had to develop. The target was 

to set 10 BHE each day (3 weeks). However, initial lack of skill, cleaning of boreholes, and 

other types of interruptions made the installation to take 5 weeks. Still, at the end all BHE but 

two were installed to the target depth, 148.5 m for the bottom-weight and 146 m for flow 

slots.    

The function of the boreholes was tested during and after installation by flushing water 

through the borehole string. The water was pumped from and to a container at a flow rate of 

0.5 l/s. The inlet and outlet pressure was measured by manometers. All together 132 boreholes 
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were tested and 73 % of them indicated tight conditions while 16 % lost some of the flow and 

11% had no return at all, see Figure 9.   

 

 

 

Figure 9: The functional tests of the borehole by flow and pressure measurements 
indicated that several boreholes are hydraulically connetcted to each other. 

The flow tests revealed that the flow resistance for boreholes with full return was in the range 

of the predicted one (40-50 kPa at a flow rate of 0.5 l/s). In the holes with no or partly return 

the injected water entered one or several nearby boreholes. This cross-flow of the heat carrier 

between minor parts of the holes is not expected to harm the storage function.  

Finalization of the construction phase and functional tests    

Finally the boreholes were connected with a DN40 surface pipe system of the same material 

as the BHE (polypropylene). Some 3 000 m of pipe were connected to 14 field manifolds and 

500 m of DN90 pipe were laid on a surface of medium sand. As shown in Figure 5b the DN90 

pipe was finally connetcted to two main manifolds. In the next phase the system was water-

filled and air was removed from the pipe system by flushing each of the seven sections. It was 

experienced that removal of air was not that easy. However, by installing ventilation valves 

on the field manifolds the system was successfully put into a first functional operation in early 

July 2010.         

The rest of the summer 2010, the surface pipe system was left uncovered. The idea was to 

perform all functional tests before the insulation and soil layer was covering the pipe system.  

It was also of importance to have the pipes adjusted to thermal expansion due to high 

temperatures before the coverage took place.   

Zero return

Partly return

Full return
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Eventually, in early August 2010, the system was put into production and the flow of each 

section and each pair of boreholes were tested during the rest of the summer. It was found that 

four out of 70 borehole doublets were inactive at surface due to “hydraulic shortcuts”. This 

was shown by using a heat camera and by manual measurements directly on the pipes. In 

general, the different sections seemed to function as expected as shown by the infrared photo, 

Figure 10.  

 

 

 

 

 

Figure 10: Thermal photo during charging section D (and A in the back left), Aug 2010. 

 

In the early winter season the storage eventually was covered by 0.75 m of overburden. At 

bottom there is 15 cm of sand and on top of that 40 cm layer of foam glass. This insulation 

material consists of expanded recycled glass with a thermal conductivityof 0.13-0.15 W/mK. 

On top and bottom of the foam glass a geotextile was placed.  The final layer consists of 

approx. 20 cm organogenic soil - today forming a flat lawn.          

4. Operational experiences  

Starting up the year 2010 

Due to a late start and operational problems with gas in system, the storage of heat during the 

summer season was limited to approx. 600 MWh. This caused the storage temperature to   

increase by approx. 5 oC. The plant had a number of shut downs already in late September due 

to cold nights (no available heat to inject) with failed restarts in the mornings.  

During the winter 2010-11 steps were taken to solve the gas problem by installing a 

temporary working degasser. This was run for a month till the plant was shut down for the 

winter. Meanwhile investigations were carried out in order to find a permanent solution for 

handling the gas problem. It was recognized that gas will be produced at least until the storage 
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reach its highest temperature. This is due to the decrease of solubility of gas with increased 

temperature (Henrys law). It was also shown that the vacuum pressure (-0.4 bar) under which 

the system is run enforce the stripping of gas. Based on these experiences it was decided to 

install permanent vacuum pumps and to start up a chemical monitoring program the following 

year.     

Operation the year 2011    

In March 2011 the charging of the storage was started up again, still with severe circulation 

problems. To avoid the loss of circulation city water was added in order to keep the pressure 

at functional level. It was established during the spring 2011 that the chemistry of the water 

being circulated in the storage loop was of uttermost importance not only for gas stripping but 

also for potential problems with clogging and corrosion. Adding city water to the heat carrier 

showed to cause high concentrations of oxygen. For this reason a chemical monitoring 

program, which meant monthly recording of relevant data, was started. Measured data of pH 

and content of oxygen are shown in Figure 11.  

In May 2011 permanent vacuum degassers were installed. These are placed at the two main 

manifolds; see P1 and P2 in Figure 5a. The volume of gas is automatically recorded as the 

numbers of gas release, see Figure 11.       

   

Figure 11: The content oxygen in heat carrier was critical at the start of 2011 (left) as 
well as the volume of gas that was extracted (right).  

Due to an initial high content of carbon dioxide and oxygen it was predicted that iron was 

dissolved in heat carrier (from the rock and the steel pipes). Samples taken from a filter 

indicated that iron precipitated in the heat exchanger. For this reason the exchanger was 

flushed a couple of time during the spring. In June it was taken apart and revealed a massive 

sedimentation of both dirt and iron hydroxide, see Figure 12. 
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Figure 12: The first cleaning of the heat exchanger revealed precipitation of dirt, 
cuttings and iron hydroxide 

Due to a mild autumn heat injection continued until December. At the end of the year 2,4 

GWh had been stored. This amount of heat increased the temperature of the store with approx. 

20 oC.   

Operation the year 2012   

During the winter months (at shut down) the heat carrier was continuously circulated, but only 

through the main pipe system and at the end of February the storage was put in operation. Due 

to high content of gas there were several occasions with loss of circulation. At the very start in 

February city water had to be added in order to have the circulation to run properly. Perhaps 

that was the reason for the extra gas release that occurred during the spring. In April, and as 

an extra ordinary measure, the field manifolds were used for degassing the total system. It was 

not until mid-May the system was able to run in a regular manner. 

As a maintenance action the heat exchanger was flushed at the end of July. This cleaning did 

not show any significant improvement but the flow resistance decreased with some 5 kPa at a 

flow of 18 l/s. 

From August up till the end of the year the system was run without any operational problems 

and during 2012 some 2, 2 GWh of heat was stored increasing the storage temperature to be 

slightly above +30 oC at the end of November.  

In Figure 13 the operational situation in early October is shown with five sections open for 

storage at a flow rate of 17 l/s.   



19 
 

 

Figure 13: Operational conditions in Oct. 3 showing a heat injection power of 750 kW. 
The inlet temperature is 42.1 and return is 31.5 oC. The monitoring wells show a storage 
temperature of 31 oC and 16.3 at a distance of approx. 10 m from the storage. Heat is 
only injected in the yellow sections at this ocassion.     

 

Operation the year 2013 

In late 2012 more heat sources were added to the storage system, i.e. a heat pump working 

with a pump test basin as the heat source. This increased the possibility to store heat during 

the 2013 season. However, due to a long and cold winter the storage of heat during the first 

months were at a very low rate at the beginning of the year.  It was not until April that a 

significant amount of heat was stored.  

For the first time since the start no severe problems with gas were encounter and the storage 

could run under practically undisturbed conditions the full year. Due to the enlarged system 

for heat sources considerable amount of heat could also be stored during the three weeks’ 

vacation shut down of the plant. 

As during 2012 the heat exchanger was flushed at the end of the vacation period. However, 

this time no improvement of the function was seen indicating that the no significant 

precipitation of solids had been taken place. 
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In late October the first operational recharge of heat from the storage was undertaken, but 

only over a weekend, see Figure 14. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: The first production of stored heat took place October 19-20.  Some 11 MWh 
was produced.   

 

Another production of heat was done the following weekend when another 10 MWh was 

extracted from storage. 

At the end of November approx. 2.5 GWh was stored during the year (2013) and a 

temperature slightly above +40 oC was reached.   

Storage Benefits for Xylem’s Production 

The construction of the high-temperature borehole heat storage has yielded several positive 

effects that were foreseen in early analyzes. Initial studies included mainly waste heat from 

the foundry and this energy statistics was the basis for the management’s approval to build the 

heat storage 

Flow rate  	

Supply temp.  	

Return temp.  	

l/s	oC	
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Along the way, we have seen increasingly more opportunities to use waste heat from various 

processes in the plant. It has in many cases contributed to increased process stability through 

more efficient cooling systems. Cooling machines (heat pumps) are now used to deliver a 

fixed low cooling temperature compared to the old system which was based on municipal 

water or outside air. 

This solution means the cold side of the heat pump is used for process cooling while the hot 

side is connected to our internal heating system and ultimately to the borehole storage (see 

Figure 15). This means that we can always take advantage of residual heat in an 

environmentally sound manner and to reduce water consumption for cooling processes. The 

COP in such processes is usually around 5 during favorable temperatures conditions.  

Some processes and systems, which were not included at the beginning, has become an 

integrated part of the energy system are e.g. server halls, storage zones in paintings, cooling of 

air compressors, switchgear, pump tests, etc. . 

 

Figure 15: Outline of various heat sources that (currently) are connected to the heating 
cooling system at Xylem in Emmaboda, Sweden. Increasingly more heat sources have 
been added during the years of operation. 
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Another great advantage of the storage is that we can produce comfort cooling to premises 

which had a high temperature in summer - mainly the foundry. This is possible by extracting 

heat from outside air during hot days while and the chilled air is then used for comfort 

cooling. This function has contributed to better work conditions on the premises with a history 

of high ambient temperature.  

In this type of applications, that uses both the cold and hot side of the heat pump, verified 

measurements show a gross COP of 9.  

Many of these systems would have been difficult to justify if we had not had the opportunity 

to always have a provision for the residual heat in the form of seasonal storage in the borehole 

bearing. 

 

5. Measured Operation Data 

Energy 

Current half time report covers the period July 2013 - July 2013. As seen from the 

measurements in Figure 16 and Table 3, heat was injected all of these years but until July 

2013, no heat has been recovered. Totally, 5842 MWh was injected during this period. 

 

Figure 16: The bars show monthly heat injection at the Emmaboda Heat Storage from 
the start in July 2010 until July 2013.  
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  Table 3. Heat Injection during July 2010 - July 2013 

  2010 2011 2012 2013 2010 - 2013 
  Inj.Heat Inj.Heat Inj.Heat Inj.Heat Inj.Heat 

  MWh MWh MWh MWh MWh 
Jan 0 0 5 5 10 
Feb 0 1 18 4 23 
Mar 0 13 135 16 163 
Apr  0 101 111 165 377 
May 0 258 326 397 980 
Jun 0 279 341 364 984 
Jul 187 201 276 317 981 
Aug 238 360 352 0 951 
Sep 144 330 335 0 809 
Oct 7 193 177 0 377 
Nov 1 99 73 0 173 
Dec 4 9 0 0 13 

 Total 581 1845 2149 1267 5842 
 

It is also seen from Table 3 that the heat injection has increased for each year as Xylem has 

added increasingly more heat sources to the storage system, see the former chapter.  

The energy “measurements” are calculated values based on measurements of water flow rate 

and water temperature difference between inlet and outlet temperature to and from the storage 

system. These measurements are recorded at various intervals, usually every 5 minutes. 

However, there are a lot of missing data in the records. 

Temperature 

During current evaluation pertiod 2010 - July 2013 no heat has been extracted from the 

storage. So, instead of evaluating the operation of the plant we compare the measured and 

calculated consequences of three years of heat injection, i.e. the temperature increase of the 

storage volume. 

Three temperatures are measured in the bedrock inside and outside the storage volume. These 

temperature gauges are placed in two boreholes as indicated in Figure 17. Two ground 

measurements are made in a borehole inside the storage volume (GT1 at 117 m depth and 

GT2 at 70 m depth) and another is made in GT3, 10 m outside of the storage volume, at a 

depth of 100 m. 
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Figure 17. Storage configuration. 
The seven sections and the loca-
tion of the 140 boreholes and 
monitoring holes are indicated.  

 

 

As seen in Figure 18-20 the measured ground temperatures show sudden deviations from the 

expected slow temperature change that should take place. It is most likely a result of 

measurement errors, or recording errors, but there could also be natural explanations to this 

behavior.   

 

Figure 18. Measured ground temperature in the storage volume at a depth of 117 m 
from ground surface.   
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Figure 19. Measured ground temperature in the storage volume at a depth of 70 m from 
ground surface.  

 

Figure 20. Measured ground temperature in the storage volume at a depth of 100 m 
from ground surface, 10 m outside the storage boundary  

This kind of rapid temperature change cannot happen in the storage volume, if heat transfer 

takes place by heat condition only. However, similar rapid temperature changes in the 

bedrock were observed in the Luleå heat Store (Nordell, 1994). In that case it was found that 

the sudden temperature change at a depth of 35 m was to 100% correlated to precipitation in 

form of rain. This is probably not the case here but the open circulation system through the 

boreholes causes forced convection in the bedrock between the boreholes and also in fractures 

to the surrounding bedrock. This will be further investigated in order to find out if it is just a 

measurement error of something else that causes this problem.  
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Chemistry of the heat carrier 

The chemistry of the heat carrier has become an important issue to follow since an 

unfavorable development may cause operational problems in the form of corrosion, clogging 

and in worst case shut downs. 

By applying a special program for sampling and chemical analyses the objective is to have a 

full understanding on how the chemistry develops as a function of time, temperature and other 

conditions. In this way potential problems may be discovered and dealt with. 

So far there are indications that pH is decreasing and CO2 is increasing, see Figure 21.   

 

Figure 21. Analyzed values of pH and CO2. The high value of CO2 in 2012 is not yet 
understood 
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The development of these parameters increases the risk for corrosion of steel pipes in the 

system. So does also the content of dissolved oxygen. However, peaks that can be seen in 

Figure 22 are all connected to occasions when tap water had to be added in order to be able to 

circulate the fluid. 

     

Figure 22. Analyzed values of Oxygen and Conductivity. The peaks of oxygen are all 
related to adding tap water to the fluid.    

The conductivity is steadily increasing. This indicates that the fluid has an increased content 

of dissolved solids in general. This may eventually lead to precipitation of solids in system 

components (clogging) such as the borehole heat exchangers and the plate heat exchanger.  

Of special interest in the context of clogging is the content of iron that may oxidize and 

precipitate in the form of iron hydroxide. The content of dissolved iron started to be analyzed 
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0

1

2

3

4

5

6

7

Oxygen

0

200

400

600

800

1000

1200

Conductivity

2011 2013 2012 



28 
 

between 2 and 5 mg/l. The source of dissolved iron may be the rock (borehole walls) but also 

corrosion of the steel pipes in the system.  

The plate heat exchanger has been studied with respect to clogging by looking at temperature 

drops from the primary to the secondary side during the year 2013. This study showed no 

trace of clogging. 

Also the borehole heat exchangers have been preliminary studied with the objective to trace 

clogging by means of an increased flow resistance for the year 2013. The results from this 

study show that the friction losses varies with flow rate, number of active sections, supply and 

return temperature, ground water level and gas content in the fluid. With respect to these 

parameters the friction loss over the storage varied between 30.2 and 38.6 kPa at a flow rate 

of 16-19 l/s and at a supply temperature of 39-49 oC. 

The current conclusion from the chemistry program is that there is a tendency for an increased 

corrosion potential, mainly caused by a lowering of the pH value and an increased content of 

carbon dioxide in the heat carrier. The content of oxygen may also add to that potential if it 

increases more. Except for an initial clogging of the plate heat exchanger no further clogging 

has occurred so far. The risk for clogging by precipitation is still a technical threat if the 

content of dissolved substances continues to increase with temperature and time.      

6. Simulation of Measured Storage Temperatures 

The Numerical Model 

In order to simulate the behavior of the plant, a three dimensional model has been developed 

using the finite-element commercial package COMSOL Multiphysics (v4.2). 

The computational volume is formed by three different layers: the thermal insulation layer, a 

soil layer and the bedrock. The thickness and the physical characteristics of the different 

layers, as resulted from the model, are shown in Table 4.  

Only one quarter of the real storage volume is modeled, since the software allows to taking 

advantage by the symmetries. For this reason, only part of the sectors D and E, together with 

the whole sector G have been considered, for a total of 35 boreholes (7 x 5). 
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Table 4. Thickness and the physical characteristics of the different 
layers of the numerical model. 

  

Thickness λ Cs ρ 

[m] [W (m,K)-1] [J (Kg,K)-1] [Kg m-3] 

Insulation layer 0.4 0.1 800 230 
Soil 9.6 2 1995 1990 

Bedrock 140 3 900 2600 
 

The plant of the computational domain, with the boundary conditions, is shown in Figure 23a; 

in Figure 23b a magnification of the domain with the location of the measurement points is 

displayed, while Table 5 reported the depth of the measurement points. 

Table 5. Location of temperature measurement points 
Measurement Point GT1 GT2 GT3 GT1-mark 
Depth (m)  117 70 100 0,4 
 

The initial temperature of the whole domain is set at 8°C, according to the average rock 

temperature reported by Andersson et al. (2009). As boundary condition on the interface 

between the ground and the atmosphere, a Dirichlet condition is imposed. Therefore, the 

surface temperature is considered equal to a constant temperature, 8°C, which is assumed as 

the average air temperature during the year in that area. 

Figure 24 shows the heat flux function used on the boreholes surfaces to simulate the heat 

injection/extraction. 
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(a) 
 

 

(b) 
 

Figure 23. The plant of the computational domain, with indicated the boundary 
conditions (a) and a magnification with the location of the measurement points (b). 
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Figure 24. The heat-flux function (W/m2) with time 

 

This function is defined according to the injected heat monthly amounts indicated in Table 3. 

In order to avoid that the boundary conditions affect the calculations, the domain includes a 

surface about 70x80 m larger than the storage volume surface, for a total surface largeness of 

(100x100). 

The results obtained carried out simulation with a larger domain (150x150) indicate a 

maximum relative error between with respect to the smaller domain results, equal to 1.8·10-4 

(i.e. ~1.5·10-3 °C), considering the point indicated as GT3 (which is the measurement points 

closest to the boundary, as shown in Figure 23b). 

All computations were carried out on a mesh encompassing ~3.4·105 hexaedrical, fifth-order 

Lagrange elements.  
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Simulation Results 

In order to compare the numerical results with the measurements, the temperature variations 

on the control points are taken into account. 

Figures 25(a-d) show the temperature variations on time for the points GT1, GT2, GT3 and 

GT1-mark respectively, both measured (red line  s) and numerically calculated (blue lines). 

 

Figure 25a. Measured and calculated ground temperature inside the storage volume at a 
depth of 117 m. The location of the borehole is seen in Figure 17. 

 

Figure 25b. Measured and calculated ground temperature inside the storage volume at a 
depth of 7o m. The location of the borehole is seen in Figure 17. 

 

About the points GT1 and GT2 (Figure 25 a-b) it is noticed that despite a remarkable 

temperature difference between measured and calculated values (~4÷5°C), the calculated 

trend follows quite well the measured one. 

Completely different the situation in points GT3 and GT1-mark (Figure 25c-d): neither the 

temperature values nor the trend, numerically calculated, follow the measurements. 
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Figure 25c. Measured and calculated ground temperature 10 m outside the storage 
volume at a depth of 100 m. The location of the borehole is seen in Figure 17. 

 

Figure 25d. Measured and calculated ground temperature at a depth of 0.7 m below the 
surface.This temperature sensor is located at the pipe system, below the thermal 
insulation.  

 

GT1 and GT2 

Since the trends follow quite well the measurements, the temperature differences may be 

caused from the deviation of the boreholes which in some case could be considerably high 

(Andersson et al., 2009). This fact could mean that the position of the measurement points in 

the plant, with respect to the boreholes, is closer than what is projected, with consequently 

higher temperature recorded by the probes. 

Another factor not considered in the numerical model, is that the heat injection has not been 

always occurred spread all over the storage volume but, when the heat amount was lower than 

a certain value, all the heat has been rerouted in the inner core (sectors C, D and E), causing 

higher temperature in the surrounding of the considered measurement points (GT1 and GT2). 
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In order to verify this last hypothesis, a numerical model which takes into account the heat 

injection diversified by sector could be set up. 

 

GT3 

From Figure 25c it is seen that the temperatures numerically calculated are lower with respect 

to the measurements and even the trend does not match. 

A possible explanation it that the measurement point GT3 is close to a fractured zone which 

allows the transport of heat by convection, resulting in higher temperature values and in a 

faster response to the heat injection. 

Moreover, also in this case, as well as for the point GT1 and GT2, the deviation of the 

boreholes, not taken into account in the model, could have an important role in the 

temperature differences. 

 

GT1-mark 

Figure 25d shows a very different pattern, considering measured and calculated temperatures. 

In this case, these differences have been expected, since the point is very close to the interface 

between the ground and the atmosphere (0.4 m deep, i.e. immediately below the insulation 

layer) and the boundary condition (Dirichlet, constant temperature equal to 8°C) may have 

affect the results. This large temperature variation occurs because the sensor is placed 0.7 m 

below ground surface and close to the pipe system.  

In fact, the fluctuations (daily, seasonal, annual) of the air temperature are not been taken into 

account in the numerical model, with a consequent miscalculation of the temperature close to 

the surface. 

Anyway, since the temperature fluctuations have very moderate effects below 10 m of depth, 

in the temperature calculation this assumption does not affect significantly the results. 

Future Improvement of the Model  

In order to improve the accuracy of the numerical model, some possible changes are 

suggested by the present results: 
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 define a better function for the heat injection, diversified by sectors; 

 set the boundary condition for the surface, considering the seasonal fluctuation of the 

air temperature; 

 Consider the geothermal heat flux. 

Eventually, according to the results of the modify model, it will be possible provide an 

additional model further refined. 

7.  Conclusions 

General  

One lesson learned is that the site investigations should contain an accurate number of test 

drillings. This will limit unexpected drilling problems caused by rock structures. Furthermore, 

and in the Swedish type of climate, the drilling should be executed during the summer season. 

This will decrease the cost of drilling with at least 10 %. 

Adding development of new components, such as the new BHE used in this case, should be 

more developed. In this case, problems mainly occurred with the installation that took much 

longer time than calculated and also added to the cost of the storage. However, the BHE used 

in this case functions successfully. 

Problems with dissolved gas would be a common problem for any fluid in a closed loop 

system that is exposed to an increased temperature. In this case the gas release is partly due to 

an operation under vacuum conditions (controlled by the groundwater level). To prevent from 

such problems, applications with totally closed BHE may be considered. 

The operational experiences so far indicate that it will take time to have the storage initially 

heated to a temperature level that allows recovery of useful heat for space heating. The delay 

before the first recovery was in this case due to the delays in construction and the initial 

problems with gas stated above. By proper planning and other BHE solutions such delays may 

be prevented.  

The large deviation (3-4oC) between measured and simulated storage temperartures in the 

bedrock has been analyzed. It was found that 340 MWh of heat that was injected into the 

storage in 2010 was not included in the measurement (Andersson O., 2010). The reason was 

that this heat injection was done with reversed flow direction which means that the flow meter 
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did not register this heat. The missed amount of energy accounts for more than half of the too 

low temperature.  

 

Thoughts for the Future 

High temperature borehole storage (HT-BTES) such as the one at Xylem may be considered 

not only as an efficient usage of waste heat. Potentially the same technology can be used for 

seasonal storage of solar energy in many types of climate.    

In the industrial sector the same type of storage may also be applied for process cooling. In 

the case of Xylem the concept has been developed this way. The reason is that any heat 

source now being used results in a more effective cooling than earlier. Moreover, the 

application of the storage as a “process chiller” has improved the indoor working 

environment. These benefits should also be considered in any future industrial applications.        
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