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It was the French physicist and chemist
Lavoisier, who installed a thermometer
in the deep vaults beneath the Paris
Observatory in the 17th century and
proved the constant temperatures at
approximately 20 m below street level.
Many years later, in 1778, Buffon
published observations with that
thermometer, and Humboldt noted in
1799 a mean temperature of 12°C with
annual variation of not more than
0.024°C in the Paris underground. In
the 19th century, many more
measurements followed, the most
notable those at the Royal Observatory
in Edinburgh, UK. The decrease of
seasonal temperature variations with

depth and the constant temperatures in
the subsurface had been demonstrated.

Since ancient times, people have known
how to make use of the earth’s thermal
storage capacity to keep food fresh in
pits or caves, or to build houses
underground in areas with intemperate
climates, achieving warmth in winter
and coolness in summer. Until the first
decades of the 20th century, most
breweries in Europe used ice cellars,
where blocks of ice from winter were
stored below ground level to allow
cooling during the summer months. The
upcoming refrigeration technology put
an end to this tradition, and today
artificial cooling has become standard.
However, older farm houses still have a
cellar to store apples and potatoes, and
the most intriguing use of natural
subsurface storage has a long tradition
and a bright future in the vaults of
vineyards and chateaux.

Historical development
Technical underground thermal energy
storage has a 30-year history, which
began with cold storage in aquifers in
China. Outside China, the idea of UTES
started with more theoretical work in the
early 1970s. Kazmann (1971) describes
various uses of aquifers and states after
dealing with heat pumps: “This would
utilise the aquifer for the storage of heat

on a cyclic basis and would improve the
thermodynamic efficiency of the process
by salvaging waste heat”.

In the 1980s interest in UTES skyrocketed,
and several pilot and demonstration
plants were built, in combination with
solar thermal energy, with waste heat or
heat pumps. Table 1 lists some important
examples. Some of the plants listed were
purely experimental, others operated
successfully for some years and a few are
still in use today. The temperature level
ranged from around 0°C to more than
150°C in some experiments.

Classification
UTES systems can be classified
according to:
• storage temperature (low or high);
• storage purpose (heating, cooling, or

combined heating and cooling);
• storage technology (open/aquifer,

closed/boreholes, or other techniques
such as caverns);

• application (residential, commercial,
industrial).

The two basic types of storage
technology are shown in Figure 1:
aquifer thermal storage (ATES) and
UTES with borehole heat exchangers
(BHE). For ATES, two concepts are
possible:
• alternating the flow for loading and
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The technology of underground thermal energy storage (UTES) has evolved considerably over the past 25
years. This article reviews this development and summarises the latest technologies and current trends for
UTES with heat pumps. UTES is widely used for cold storage and combined cold and heat storage,
particularly in Sweden, Canada and the Benelux countries (i.e. Belgium, the Netherlands and
Luxembourg). Some new applications are also discussed: industrial process cooling, road de-icing, heat
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▼ Offices with aquifer storage and heat
pumps at Scarborough Centre, Toronto,
Canada.
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unloading the store, thus exchanging
production and injection wells and
creating ‘warm’ wells and ‘cold’ wells
(see the lower part of Figure 1); or

• a continuous flow in one direction,
with varying temperatures at the
injection well and mean temperatures
at the production well. This is used
for cooling applications.

UTES and heat pumps
‘Low-temperature UTES’ means that
storage temperatures range from around
0°C to a maximum of 40-50°C. The tech-
nology comprises thermal energy storage
for cooling, combined heating and
cooling, and low-temperature heating
(e.g. as heat source for heat pumps). The
boundary between this type of storage
and mere ground-source heat pumps
(GSHP) is vague. Large GSHP
installations with a central borehole- or
well-field are in fact special types of
UTES plants. To be considered a UTES
system in this overview, a GSHP system
should have a heat dissipation to (or
extraction from) the surrounding ground
of no more than 25% of the annual
thermal energy turnover. UTES exhibits
substantial environmental advantages in
reducing greenhouse gases and noxious
emissions.

Cold storage systems with heat pumps
were already described in the IEA Heat

▼ Figure 1: Layout or UTES with BHE and ATES. ▼ Figure 2: Realised underground cold storage alternatives.

Pump Centre Newsletter in 1992.
Figure 2 shows the various alternatives
of underground cold storage. These
systems always substitute chillers
which, compared to thermal storage,
have a relatively high energy demand to
drive compressors or absorption cycles.

When using heat pumps in combination
with underground cold storage, three
operation modes are possible (see
Figure 3). They use either modes one
and two (direct cooling only), mode one
and three (cooling with heat pump

only), or all three modes (direct cooling
in spring and during low demand,
cooling by heat pump in summer or
during peak demand).

Underground heat storage in the
temperature range below 40°C is
usually done to increase the heat-source
temperature of heat pumps. Charging
the storage can be done by surface
water, solar collectors, pipes below
paved surfaces, hot air in glassed
spaces, low-temperature waste heat, or
by other sources. High-temperature

▼ Table 1: Milestones of UTES development and realisation (the first year of  operation
is listed).

Year Name Remarks
since  mid  1960s several huge ATES plants in China (Shanghai, Changzou)
1976 Auburn Univ., Mobile Al., USA Aquifer experiment, abandoned
1981 “Sunclay”, school, Kungsbacka, SE BHE, solar coll., diesel engine heat pumps
1981 12 houses, Cortaillod, CH BHE, solar collectors, heat pump
1982 “SPEOS”, Lausanne-Dorigny, CH ATES experiment, waste heat, abandoned
1982 Yamagata Univ., Yonezawa, JAP ATES experiment
1982 Waste Incineration, Hørsholm, DK High temp. ATES experiment, abandoned
1982 Univ. Minnesota, St. Paul, USA High temp. ATES experiment, abandoned
1982 Hokkaido Rehabily, Sapporo, JAP ATES, heat storage
1982 Univ. Alabama, Tuscaloosa, USA ATES, cooling
1983 Lulevärme, Luleå, SE Boreholes, high temp., operat. suspended
1983 224 flats, Aulnay-sous-bois, FR ATES, with heat pumps
1984 CSHPSS, Groningen, NL BHE, solar heat
1985 Scarborough Centre, Toronto, CAN ATES, heating and cooling, heat pumps
1987 Le Plaisir, Thiverval-Grignon, FR High temp. ATES experiment, abandoned
1987 Head Office SAS, Frösundavik, S ATES, heating and cooling, heat pumps
1987 Perscombinatie, Amsterdam, NL ATES, cooling
1989 Jean Sieber SA, Geneva-Meyrin, CH BHE, solar coll., gas-engine heat pump
1991 Utrecht Univ., Utrecht, NL High Temperature ATES, waste heat

ATES: Aquifer Thermal Energy Storage
BHE: Borehole Heat Exchangers
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UTES systems have storage temperatures
above 40 to 50°C. Typical heat sources
are solar collectors or waste heat. Various
system layouts are possible. Heat
pumps are either used at the end of the
storage unloading period, when
temperatures drop, or for achieving
higher supply temperatures. With
increasing temperatures, hydrochemical,
biological and geotechnical problems
increase. Experiments with supply
temperatures above 100°C were not
successful. Methods for water treatment
have been developed for high-
temperature ATES, but further work is
required. The new Annex 12 of the IEA
programme on Energy Conservation
through Energy Storage (IEA ECES)
addresses the specific problems of high-
temperature UTES.

International trends
Seasonal cold storage is now
commercialised in some countries. A
recent database made under IEA ECES

Annex 7 lists approximately 90 realised
projects in the four participating
countries (Canada, Germany, the
Netherlands, Sweden). Forty of these
projects include heat pumps. The total
cooling capacity is estimated at 95 GW.
In Switzerland and the USA, other
projects have been implemented. The
size and capacity of cold storage UTES
varies widely. A trend towards very
large systems can be seen. The district
cooling system under construction in
Malmö, Sweden, with a capacity of
around 10 MW is an example.

Many large capacity GSHP systems
built in North America that provide
heating and cooling, are UTES
installations according to the definition
given above. Large central BHE fields
(“well-fields”) do not have enough
interface with the surrounding ground
or the ground surface to extract the
majority of heat from the area outside
the storage volume, or to dissipate a
large percentage of the heat to that area.

Many of the commercial GSHP install-
ations in the US fall into this category.
The database of the Geothermal Heat
Pump Consortium in Washington (see p.
22) currently documents over 1,200
commercial GSHP installations.

Regional market penetration of UTES is
increasing. The first UTES with heat
pump was realised at the Australian
Geological Survey, using some 350
borehole heat exchangers 100 m deep
and heat pumps. In Poland a group has
been formed to study possible UTES
applications. Similar activities are
taking place in Korea, Indonesia, and
Greece. Opportunities for UTES can be
found in the Mediterranean region: a
feasibility study for Turkey was
conducted by IEA Energy Storage
Annex 8, and plans for a similar study
for Egypt are under consideration. A
plan for a cold storage plant for the
Çukurova University teaching hospital
in Adana, Turkey has been prepared. In
a warmer climate it may be difficult to
find a cold source for charging the
store; in Adana this is provided by the
Seyhan river, which brings cold water
from the Taurus mountains to the
Çukurova lowland in the spring.

Another trend is the use of a single
UTES design in series of similar
applications, such as a chain of petrol
stations, shops, or telecommunication
stations. Most interesting are petrol
stations in the USA, where borehole
heat exchangers are applied to store
heat from space cooling, refrigeration,
ice-making, etc. and to extract heat by
heat pumps for space heating, water
heating for car washing, de-icing the car
wash area, etc. In February 1998 the
Geothermal Heat Pump Consortium
documented 11 petrol stations of three
oil retail companies that use this system.

R&D within the IEA
The development of UTES was strongly
supported by IEA cooperation, as Table 2
shows. Today Annex 8 (Energy Storage)
is the focal point for all activities
related to UTES (see box on the Annex
organisation and participants), and new

    Figure 3: Operational
modes of cold storage
UTES with heat pumps.
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▼ Table 2 IEA-Annexes dealing with UTES or related technologies

Renewable Energy Working Party:

IA Solar Heating and Cooling
Task 7: Central Solar Heating Plants with Seasonal Storage (closed)

Energy End Use Working Party:

IA Heat Pumping Technologies
Annex 2: Development of a Vertical Earth Heat Pump System (closed)
Annex 8: Advanced In-Ground Heat Exchange Technology for Heat Pumps (closed)

IA Energy Conservation through Energy Storage
Annex 1: Large Scale Thermal Storage Systems Evaluation (closed)
Annex 3: ATES-plant SPEOS, Lausanne-Dorigny, Switzerland, and other activities (closed)
Annex 6: Environmental and Chemical Impact of Water Treatment for Aquifer Storage (closed)
Annex 7: Innovative and Cost-Effective Seasonal Cold Storage Applications (closed)
Annex 8: Implementing Underground Thermal Energy Storage Systems (ongoing)
Annex 12: High Temperature UTES (ongoing)
Annex 13: Design, Construction and Maintenance of UTES wells and boreholes ongoing)
Annex 14: Low Temperature UTES (in preparation)

▼
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Annexes aimed at developing specific
technologies have just been launched.
The regular training activities in Annex
8 include seminars for engineers and
architects in combination with experts
meetings. The first software course for
modelling UTES systems was given in
March 1998 following the Geothermal
Heat Pump Conference at Richard
Stockton College, USA. Educational
material, such as overhead sheets, is
currently being prepared and will be
available from the Annex Internet site.

In ECES Annex 7, a report concerning
cold storage UTES was written in 1992
(PWC, 1992), and a state-of-the-art
report on all UTES in ECES Annex 8
was compiled in 1994 (Bahema et. al.,
1995). A system analysis using a
theoretical building and various
scenarios was carried out in ECES
Annex 7 in 1993, to select the most
promising cold storage concepts.
Environmental aspects were also
considered (see Figure 4). The highest
CO2 reductions can be achieved without
a heat pump, but in that case the level of
SO2 emissions is relatively high due to
the oil consumed in the heating system.
With heat pumps, most of the fuel oil
for heating is replaced by electricity,
resulting in lower SO2 emissions. This
calculation was made for an electricity
generation mix containing 65% fossil
fuels (coal and oil), and thus CO2
emissions are only reduced by
approximately 10%. For other mixes

with less CO2 generation from
electricity production (e.g. like in
Sweden or Switzerland), the emission
reductions would be much higher.

UTES without heat pumps
Except for the UTES applications with
heat pumps described above, a short
impression of the opportunities of
UTES applications without heat pumps
should be given here. These applications
either use high-temperature solar heat
or waste heat and retrieve heat from the
ground at temperatures that are high
enough for direct heating, or they use
low temperatures for cooling purposes.

Solar heating at high temperature levels
was investigated in the project on central
solar heating plants with seasonal
storage. Several demonstration plants
were built in the 1980s (Dalenbäck,
1990). New installations are planned or
under construction, e.g. the BHE-storage
in Neckarsulm-Amorbach, Germany,
where solar collectors will provide heat
that is stored for use in a small district
heating system in wintertime. A pilot
plant consisting of 36 BHE has been
operational since autumn 1997 to verify
the theoretical simulations before
proceeding with the large store.

Cold storage without heat pumps or
chillers has some advantages (for example
higher CO2 emissions reduction, see
Figure 4). It is best used with aquifers,
and operational experiences are rather
good. A combination of BHE and
cooling without chillers or storage is
achieved in TELIA’s telecommunica-
tions stations in Sweden. There are
1,200 stations of which 120, during this
initial stage, will be cooled directly by

100

80

60

40

20

0

In
 c

om
pa

ris
on

 to
 a

co
nv

en
tio

na
l p

la
nt

 (
%

)

1 2 3 4

Moderate climate

CO2

SO2

NOx

     Figure 4: Emissions of
CO2, SO2 and NOx in a
new building (theoretical
system analysis)
compared to a
conventional cold storage
plant (= 100%).

boreholes drilled into crystalline
bedrock. So far, some 10 plants with a
cooling load of 20-200 kW have been
built using 4-60 boreholes, each 150-
200 m deep. Another interesting
application is the cooling of TerraCom’s
56 ground-based TV stations which
have a continuous cooling load of
120 kW. In this case the water-cooled
TV transmitters accept a temperature of
40°C, which means that approximately
24 boreholes/station will be adequate.

A recent development is the use of
UTES for de-icing roads. After an early
test in combination with an ATES plant
in 1983 in Japan (Yamagata University),
the development continued around 1992
with several smaller applications
realised in Japan and a demonstration
system on a bridge in Därligen,
Switzerland. The solar radiation onto
the road surface is used as heat source
for a heat store. In Därligen, peak
temperatures of 60°C were found in the
pavement, and supply temperatures to
the store of up to 35°C were measured.
The plant in Därligen was carefully
monitored and operated successfully
throughout the winters since autumn
1994. The latest example is a motorway
bridge in Amarillo, Texas. A heat pump
keeps one of the traffic lanes ice-free, to
compare it with direct heating. In
particular, for bridges in cold regions,
UTES may be an environmentally
benign alternative to de-icing. Other
applications are also being studied, e.g.
airport runways or sports stadiums.

Outlook
The development of UTES in the near
future is expected to include the
following aspects:

▼

▼ Headquarters of SAS airline, Solna
Sweden.

Legenda:
1. Heating and cooling, BHE, with heat pump
2. Heating and cooling, aquifer, with heat pump
3. Heating and cooling, aquifer, no heat pump
4. Conventional reference case
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storage or heat/cold storage plants,
with heat pumps for all storage types
(as well as without heat pumps if an
aquifer is available). The develop-
ment in the Netherlands, with 50
aquifer cold storage plants, a growth
rate of 10-20 projects each year and
an increasing use of heat pumps in
smaller aquifer stores, may be
experienced in other countries too;

• a growing number of new
applications, e.g. de-icing of roads or
runways, will be realised;

• a new trend towards higher storage
temperatures can be seen, resulting
in a number of demonstration plants
and accompanied by further R&D to
solve specific high-temperature
problems.

In many UTES systems the heat pump
is and will continue to be the key factor
to successful operation. Improvement in
heat pump technology can make UTES
more efficient, and better UTES systems
can provide an optimum environment
for beneficial heat pump operation.

Burkhard Sanner,
Justus-Liebig-University,

Dietzstrasse 15, D-35390,
Giessen, Germany

Fax: +49-641-9936109.
Bo Nordell,

Luleå University of Technology,
S-97187, Luleå, Sweden

Fax: +46-920-91697.
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The topical articles in this issue have been prepared in cooperation with Annex 8
‘Implementing Underground Thermal Energy Storage Systems’ of the IEA Implement-
ing Agreement on Energy Conservation through Energy Storage (ECES). In this
Annex implementation of UTES systems is achieved through various activities, mainly
collection, evaluation and dissemination of information. The Annex issued a state-of-
the-art-report for 1994, UTES potential studies for some countries, and a design
software evaluation. Seminars to the industry are regularly organised in conjunction
with expert’s meetings. The first computer workshop was held in March 1998. An
inventory of project case studies is being prepared.

The participating countries and national teams are:

Belgium • Vlaamse Instelling voor Technologisch Onderzoek VITO,
  attn Dr Paul Dirven, Boeretang 200, B-2400 Mol

Canada • Environment Canada, attn. Mr Frank Cruickshanks,
  45 Alderney Drive, Dartmouth, Nova Scotia B2Y 2N6

Germany • Justus-Liebig-University, Institute of  Applied Geosciences,
  attn Dr Burkhard Sanner, Diezstrasse 15, D-35390 Giessen
• Technical University of Munich, Landtechnik Weihenstephan
  attn Mr Manfred Reuss, Voettinger Str. 36, D-85354 Freising
•  Stuttgart University Institute of Thermodynamics and Heat Technology
  attn Mr Seiwald, Pfaffenwaldring 6, D-70568 Stuttgart

Japan • Hokkaido University, Dept. Environmental Engineering,
  attn Prof. Kiyoshi Ochifuji, N13-W8, Kita-ku, Sapporo

Sweden • Luleå University of Technology, Water Resources Engineering,
  attn Dr Bo Nordell, S-97187 Luleå
• Lund University of Technology, Dept. Mathematical Physics,
  attn Dr Göran Hellström, PO Box 118, S-22100 Lund
• VBB VIAK AB, attn Dr Olof Andersson, Geijersgatan 8,
  S-21618 Malmö

The Netherlands • IF Technology,
  attn Mr Guido Bakema, PO Box 605, NL-6800 EA Arnhem

Turkey • Çukurova University, Chemistry Department,
  attn Dr Halime Paksoy, TR-01330 Adana

USA • Richard Stockton College of New Jersey, Natural Sciences,
  attn Dr Lynn Stiles, Route 575, Pomona NJ 08240

If you wish to learn more about the work of this Annex, please visit our Internet site
(http://www.sb.luth.se/vatten/projects/iea/a8.html)
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