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ABSTRACT

There is an increasing interest in Low Temperature Underground Thermal Energy Storage
(LT UTES) for the purpose of space cooling. Some of the different types of UTES systems,
with an anti-freeze heat carrier in a closed pipe system, tolerate injection temperatures below
freezing. Thus, seasonal storage of cold with injection temperatures below freezing would be
possible in large Borehole Thermal Energy Stores (BTES). The most obvious cold source is
the cold winter air. There is however very little experience of low temperature cold extrac-
tion from air for injection into the ground.

A low temperature cold injection field test was performed during the winter of 1997/98 at
Luleå University of Technology. The test was performed in one 65 m borehole drilled verti-
cally into the crystalline bedrock. Cold was extracted from the winter air at occurring air
temperatures - i.e. sometimes well below -30oC. The aim of this test was to obtain experience
of problems associated with cold extraction from the air and cold injection into the ground.

1.  INTRODUCTION

There is an increasing interest in Low Temperature Underground Thermal Energy Storage
(LT UTES) for the purpose of space cooling. The extracted cold would then be used as a cold
source in district cooling systems, which are now becoming more common in Europe. It
would be favourable to store the cold at lowest possible temperature to improve the effi-
ciency and to reduce the size of the storage volume. The most obvious cold source in cold
regions is the cold winter air but there is very little experience of low temperature cold ex-
traction and injection.

In many UTES systems (e.g. ATES) it is not possible to inject cold at temperatures below
0oC. Feasible systems require a closed pipe system with an anti-freeze heat carrier i.e. a pipe
system mostly used in Borehole Thermal Energy Stores (BTES). Thus, seasonal storage of
cold with injection temperatures below freezing would be feasible in a BTES. BTES has
been tested in a great number of other applications and has been found to be a most reliable
system.



Air convectors are often used to extract cold from the air and to transfer it to a heat carrier
and  there are a great number of applications where the air convector has proved to be a reli-
able system. So, both air convectors and BTES are well established technologies but there are
still un-answered questions when used together in low temperature applications.

Temperatures below freezing could cause problems because of the volume expansion of
freezing water in the storage volume. The problem with volume expansion of freezing water
occurs if water is trapped between the freezing boreholes. In such cases very high pressures
could occur (Nordell, 1990). For that reason it would be valuable to perform a small-scale
cyclic freezing and cooling test.

Another problem is related to the air convector. Usually when heat is dispersed into the air
via an air convector the temperature is high enough to avoid problems with snow. Also when
injecting cold from the ground heat is dispersed into the air but at a much lower temperature.
At the end of the injection period the temperature of the cold storage will be well below 0oC.
Then, snow would accumulate on the air convector which could cause air flow problems.
This is also a problem that could be understood and avoided in a smaller scale.

The objectives of this study were to:
1. construct a cold extraction/injection test plant
2. operate, measure and evaluate the thermal behaviour
3. identify related problems

The idea is to use one borehole of our old borehole heat store to evaluate problems occurring
with cold extraction from the air and cold injection into the ground.

2. FIELD TEST PLANT

2.1 Background

Large scale seasonal heat storage research started at Luleå University of Technology in 1979.
A small scale pilot plant was built in 1980 (Andersson et.al., 1983). The old large scale heat
store at Luleå University was in operation 1983-1990. This was the very first large scale
borehole heat storage system ever built. It consisted of 120 boreholes drilled to a depth of 65
m (of which +5 m penetrates the soil layer) in crystalline rock. It was charged with maximum
82oC water and it was utilised for space heating of one of the University buildings (Nordell,
1994). Today, after 8 years of not being used, the temperature of the storage volume is still
about 15oC to be compared with the undisturbed bedrock temperature of 3.2oC.

2.2 Description of the field test plant

The test plant is schematically shown in Figure 1 and Figure 2 shows a photo of the plant in
operation at Luleå University during the winter 1997/98.



Figure 1. Outline of the test plant. A pipe system (Single U-pipe) is installed in the borehole.
The pipe system is connected to the air convector. Heat is extracted from the borehole and
cold air cools the heat carrier which cools the bedrock. See also Figure 2.

Borehole and Pipe Installation
The borehole depth is 65 m and the diameter of the borehole is 0.152 mm (6”). The silty soil
cover overlaying the bedrock has a depth of 5 m. A single U-pipe of polyethylene is installed
in the borehole. The plastic pipe diameter (PN32 DN6) is 32 mm and its wall thickness is 2
mm. This is the most common type of pipe system in Swedish energy wells. Lately 40 mm
pipes and also double U-pipe systems are more frequently used to reduce the pressure drop
when circulating the heat carrier. The boreholes (in Sweden) are usually filled with ground-
water only i.e. no filling material is used.

Heat Carrier Fluid
The heat carrier (SVEDOL KBS) consists mainly of ethanol (30%) with a freezing point of
about -15oC. The fluid flow rate was about 0.7 l/s and the air flow rate through the air con-
vector 1.3 m3/s.

in ou t

P

air

Computer Shed

Tent

Air Convector

Borehole 65 m

Outlet Air

Bedrock Surface



Figure 2. Photo of the test plant. (Peter Olsson, LTU), see Figure 1.

The Air Convector
This (mobile) air convector (LVM) was originally constructed for heating of air at construc-
tion sites. The idea was to connect the air convector to the district heating net. In such appli-
cation the heat power of the convector is 40-50 kW. In our case (heating cold winter air) with
much lower temperatures, performed measurements show that we can expect approximately
10 kW with an air flow rate of 1.3 m3/s and a water flow rate of 0.7 l/s.

Local Climate
The annual mean air temperature in Luleå is 2.2oC and during the long winter the tempera-
ture is below -30oC a few days each year. Figure 3 shows official hourly temperature meas-
urements for typical months during the last 30 years. For that reason we have chosen to show
the hourly temperature measurements of Dec. 96, Jan. 90, Feb. 71, March 86 and April 76.

Bedrock
The type of bedrock at the test site is medium grained gneiss. Laboratory tests on rock cores
resulted in a thermal conductivity of 3.42 W/m,K and a thermal capacity 2.28 MJ/m3,K. Per-
formed in situ measurements (thermal response test), show that an effective thermal conduc-
tivity of 3.9 W/m,K. Such in situ values of the thermal conductivity always give a higher (or
the same) value because it includes all heat transport mechanisms from the borehole while
the laboratory test only evaluates heat conduction. The ground water level is 1-4 m below
ground surface.



Figure 3. Hourly air temperatures in Luleå for typical months.

Operation
The operation of the pump is continuos since it is necessary not to stop the fluid circulation
because of the risk of freezing. The pump with the power of 1050 W gives a maximum flow
rate of 50 l/m. To avoid that cold is extracted from the borehole - when the air temperature is
higher than the borehole temperature - the fan is shut off if the fluid temperature is lower
than the air temperature.

3. MEASUREMENTS AND EVALUATION

The cold extraction from the air and the cold injection
into the ground is monitored. Hourly temperature meas-
urements are recorded and the constant heat carrier flow
rate is read manually (Flow meter: Valmet ( No: 76734,
4K10).

The measurements are controlled and recorded by a data logger located in the computer shed
at the site, see Figure 1 and 2.

At the end of the cold injection period the groundwater of the borehole will be frozen to ice.
Then we will perform a heat injection test by using TED (Gehlin, Nordell 1998). In this test
the temperature of the borehole will stay at a constant temperature 0oC as long as ice still ex-
ists in the borehole. So, this test will give an in situ value of the thermal resistance between
the heat carrier and the ice-water mixture.

The measured data will be used to simulate and evaluate the thermal behaviour of this cold
extraction/cold injection system. Engineering problems and problems resulting from the cold
winter climate will be observed and examined.

This field test is part of M.Sc Derya Dikicis PhD studies at Gukurova University, Turkey.
During her scholarship period (Oct. 97 - July 98) at Luleå University her main task is to find
a simple dimensioning method to estimate the possible cold extraction/cold injection from
common meteorological data. It is not appropriate to use daily mean temperatures and fur-
thermore the borehole (storage) temperature must be included. Our (present) approach is that
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a modified Degree Days (Hours) Method (DDM) is a feasible way to go. The problem is that
DDM assumes a fixed base temperature. Here the base temperature is the borehole (storage)
temperature which will be lowered as a result of injection. The difficulty of using winter air
as the source for cold storage injection is partly seen from the air temperature graph in Figure
3, which shows that the air temperature vary 40oC during the winter.

4. MEASURED DATA

The hourly mean temperatures of the air (Tair), injected fluid (Tin) and extracted fluid (Tout)
to/from the borehole were measured, see Figure 4. Because of initial data recording problems
the three first days of measurement are missing and the initial borehole temperature (15 oC)
is therefore not seen in the graph. The minimum air temperature was -27.4 oC with a mean
value of approximately -14 oC during the measurement period (16 Jan - 9 Feb 1998). The
borehole temperature was below freezing temperature about half of the time and at the end of
this test period the fluid temperature fluctuated around 0 oC. It is also seen that the thermal
response of the fluid gets slower by time. Figure 5 and Figure 6 show  that the cold injection
power varied between 2 and 6 kW (35 - 100 W/m). The total cold injection (by 9 Feb 1998)
was 2113 kWh.

Figure 4. Measured Hourly Mean Temperatures at Luleå University (16 Jan - 9 Feb 1998).
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Figure 5. The maximum cold injection power was about 6 kW (100 W/m borehole.)

Figure 6. Measured Cold Injection Power (kW) and Air Temperature.

5. DISCUSSION AND CONCLUSIONS
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During the short cold injection period there were no technical problems with the operation or
the measurements (except for the first three days). We have made two observations that have
to be further investigated:
• The assumed constant flow rate varied from 0.60 l/s to 0.83 l/s
• The preliminary analysis of the heat transfer coefficient of the air convector varies consid-

erably at the end of the injection period.

The flow rate increased with lower fluid temperature. This was not expected since the hy-
draulic energy loss should increase with lower fluid temperature and thus reduce the flow
rate. One possible explanation is that internal leakage in the pump was reduced when the
fluid became more viscous at lower temperatures.

The heat transfer coefficient (K) of the air convector was derived from the cold injection
power as:

    where

It was expected that the K value would be approximately constant but Figure 7 shows that K
varies considerably at air temperatures below -12 oC. At higher temperatures K is fairly con-
stant with a value of approximately 320 W/K. This value occurs however also at very low
temperatures but here the K value varies from 150 W/K to 320 W/K. Figure 7 shows that
there are four levels of K values like if the heat transfer of the air convector was step-wisely
changed. Therefore our first assumption was that the air convector was partly blocked so that
only part of the air convector was active in the heat transfer. This could have occurred on
both sides, that is both at the air side and fluid side of the air convector.
Since the freezing point of the heat carrier is about -15 oC it was assumed that the fluid was
partially frozen at the walls of the air convector, thus reducing part of the flow even though
the  fluid temperature from the convector was never below -3.4 oC.
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Figure 7. Heat transfer coefficient (K) of the air convector as a function of air temperature.
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The preliminary conclusion of this field test was that we should not expect any technical
problems with cold extraction from the air and injection into the ground. When using air
convectors the lowest temperature inside the air convector will partially be much lower than
that of the mean temperature of the fluid. Consequently, the allowed freezing point of the
heat carrier must be considerably lower than that of the expected mean fluid temperature.
This field test will continue throughout March and probably a few weeks into April 1998.
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