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 Shallow geothermal energy in Denmark

 Thomas Vangkilde-Pedersen, Claus Ditlefsen and Anker Lajer Højberg

The use of shallow geothermal energy instead of fossil fuels 

can lead to substantial reductions in CO2 emissions. How-

ever, the use of shallow geothermal energy in Denmark is 

limited compared to, e.g. Sweden and Germany and we still 

lack know-how and experience with its use in Denmark. In 

co-operation with research and industry partners, the Geo-

logical Survey of Denmark and Greenland is conducting a 

three-year project GeoEnergy, Tools for ground-source heating 

and cooling based on closed-loop boreholes (www.geoenergi.org). 

The objective of the project is to acquire knowledge and de-

velop tools and best practice for the design and installation 

of shallow geothermal energy systems. 

 Exploitation of shallow geothermal energy
 In the shallow subsurface, solar energy absorbed and stored 

in the ground determines the temperature, whereas the tem-

perature gradient is determined by the heat flux from the 

interior of the Earth. In Denmark the net insolation is c. 

400 kWh/m2/year and in the upper few hundred metres, the 

heat flux from the interior is c. 0.20 to 0.35 kWh/m2/year 

(Balling et al. 1992). The geothermal gradient in Denmark 

is 25–30°C per kilometre (Mathiesen et al. 2009) with an 

upper zone of seasonal variations. The thickness of this zone 

has not been investigated in detail in Denmark, but a general 

thickness of 10–20 m may be expected (Fig. 1; Banks 2008). 

The shallow geothermal energy is exploited in combination 

with heat pumps bringing the temperature to the desired 

operating temperature of the heating (or cooling) system. A 

ground-source heat pump, however, requires energy in the 

form of heat or cold from the ground as well as electricity for 

the operation of the pump itself.

The energy extraction from the ground can be based on ei-

ther open-loop systems or closed-loop systems. In open-loop 

systems, groundwater from a production well is used directly 

as an energy source for the heat pump and returned to the 

aquifer via an injection well. The efficiency is high due to a 

constant and relatively high temperature of the water (typically 

8–10°C), but a suitable aquifer with sufficient yield is required 

and conflicts of interest with neighbouring installations or 

nearby drinking water catchment may arise. In closed-loop 

systems, water with antifreeze is circulated in the ground in 

high-density polyethylene pipes and acts as a heat exchanger. 

The heat capacity of soil and groundwater is relatively high, 

whereas the thermal conductivity is moderate and dependent 

on the local hydrogeology. Therefore the heat exchanger must 

be relatively large, i.e., the polyethylene pipes relatively long. 

They can either be installed horizontally at a depth of c. 1 m 

(horizontal closed-loop systems), or vertically in a borehole 

(borehole heat exchanger or vertical closed-loop system; Fig. 2).

Vertical systems are only influenced by seasonal tempera-

ture variations in the upper zone down to 10–20 m and have 

a higher efficiency than horizontal systems due to a higher 

and constant ground temperature. On the other hand, the 

temperature regime around a vertical system is only slowly 

re-generated and careful design with respect to the energy 

demand is necessary, and an accurate estimate of the energy 

consumption is needed to optimise the design of the system. 

Alternating operations with heating during winter and cool-

ing during summer, supplemented with seasonal storage of 

Fig. 1. Schematic block diagram showing the geothermal gradient and 

magnitude of geothermal heat flux and insolation with average values for 

Denmark as well as the seasonal zone of fluctuation in temperature (modi-

fied from Banks 2008).
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heat from, e.g. solar panels, can optimise the efficiency of 

vertical systems.

 Groundwater and environmental 
protection 
 Protection of the environment and groundwater is of para-

mount importance in shallow geothermal projects. The 

main issues are leakage of water with antifreeze, cross-con-

necting different aquifers, seepage of surface water along the 

borehole, drilling into artesian aquifers and unwanted ther-

mal effects. All steps in the production and installation of 

a ground loop must be designed for optimum tightness and 

longevity of the loop. Installation procedures must minimise 

the risk of damaging the pipes, and a pressure test of the pipes 

must be carried out. The legislation also specifies which anti-

freeze agents can be used in the ground loop – only non-toxic 

and easily biodegradable fluids are allowed.

 Closed-loop boreholes must be sealed with low permeable 

grout in order to prevent contact between the surface and 

aquifers or between individual aquifers and the quality of 

the sealing determines the protection of the groundwater, as 

for all other boreholes. Grouting is also necessary to improve 

the heat transfer from the ground to the pipes and in actual 

practice the entire borehole is sealed with grout.

Perforation of an artesian aquifer can cause large quanti-

ties of water to press through the drill pipe disrupting the 

grout. To avoid drilling closed-loop boreholes into artesian 

aquifers, local hydraulic heads must be checked prior to drill-

ing (Ditlefsen 2012).

Possible problems with thermal pollution for horizontal 

systems are described by Banks (2008). Extraction of heat 

may cause freezing of the ground and frost heaving, which can 

potentially damage surface structures, buried installations 

and plant roots. Warming of the ground may cause vapour 

migration and progressive drying and perhaps even shrink-

age of soils. Significant heating of the ground can also lead to 

consolidation and settling in clayey, unconsolidated soils and 

thermal interference between neighbouring ground-source 

energy schemes may occur. In the Danish legislation for 

closed-loop systems safety distances to other ground heat ex-

changers and to extraction wells for drinking water are speci-

fied, but not to buildings and other structures. For open- loop 

systems the limitations in the allowable thermal influence on 

the groundwater are rather strict.

 Evaluation of thermal properties of 
Danish sediments
 In Denmark vertical systems are normally drilled to depths of 

50–200 m. In order to evaluate the possible energy extraction 

from a specific new site and estimate the required depth and 

number of boreholes, information about the geology and hy-

drogeology is crucial. The greater part of Denmark is under-

Fig. 2. Principles of horizontal (A) and vertical (B) closed-loop, ground-

source heat-pump systems.
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lain by a sedimentary basin dominated by shallow marine to 

deep marine clastic and biogenic sediments (Fig. 3A), overlain 

by Quaternary deposits. In some areas the Quaternary cover 

is thin and limestone or Tertiary sand, silt and mud are found 

close to the surface. Thick successions of Quaternary sedi-

ments are common in the northern and south-western part of 

the country (Fig. 3B). In these areas the Quaternary sediments 

are dominated by marine and glaciomarine deposits. Thick 

successions of Quaternary deposits are also found in buried 

valleys (Jørgensen & Sandersen 2006). The geological varia-

tion within the Quaternary sediments is high and regional-

scale geological models are not sufficiently detailed to estimate 

the possible energy extraction from a vertical system. Local in-

formation from boreholes and geophysical data are necessary to 

map the Quaternary strata and the elevation of the water table.

The potential flow of energy in and out of a vertical system 

is determined by the heat capacity and the thermal conduc-

tivity of the sediments or rocks surrounding the borehole. 

The process is dominated by heat conduction, but advective 

transport in the groundwater also plays a role. The thermal 

conductivity of geological materials depends on the porosity, 

water content and mineral composition. Rocks and sediments 

with a high content of quartz have high thermal conductiv-

ity, whereas porous, unsaturated sediments have low ther-

mal conductivity due to the presence of air in the pore space. 

Thermal conductivity values for different rock and sediment 

types are compiled in Table 1 and show large variations for 

saturated clay and silt as well as for till deposits, which are 

common sediments in Denmark. Most of the values are from 

Germany and the UK and to get more information about 

common Danish lithologies new measurements are required.

 Modelling of near-surface heat flow 
in a Danish context
 Various model systems are available for calculating the ef-

ficiency of vertical systems in terms of energy extraction, 

ranging from simple and easy-to-use models to complex nu-

merical models. The easy-to-use models consider the long-

term aspects assuming homogeneous and constant subsur-

face thermal properties, whereas the complex models also 

take into account the effect of alternating system operation, 

heterogeneity in thermal properties as well as groundwater 

flow. Assuming standard design and 1800 hours of produc-

tion per year, specific heat extraction rates for selected sedi-

ment and rock types have been estimated for German (VDI 

2001) and British (MCS 2011) conditions based on verti-

cal systems with double- and single-loop pipes, respectively 

(Table 1). The values indicate large variations between dif-

ferent sediment types and within specific geological facies as 

well as between the German and British studies, stressing the 

importance of establishing valid standard values applicable 

for Danish conditions and different systems. The possible 

energy extraction for 100 m vertical, closed-loop boreholes 

has been calculated for four simple geological successions 

(Fig.  4). The estimated energy extraction for the most un-

favourable of the geological scenarios (7560 kWh) is only c. 
60% of the energy extraction for the most favourable (12 537 

kWh), thus giving an indication of the possible effect of dif-

ferent geological settings.

In addition to heterogeneity in geology and thermal prop-

erties, the efficiency of vertical systems is affected by possible 

groundwater flow. If the system is operating only in heating 

or cooling mode, groundwater flow will have a positive im-

pact on the efficiency due to the continuous supply of energy. 

On the other hand, groundwater flow will have a negative 

Sediment/rock  Thermal conductivity  Recommended values Estimated specific heat extraction rate (W m–1)
  W mK–1 W mK–1 VDI (2001) MCS (2011)

*  VDI (2010). † Balling et al. (1981).  ‡ Porsvig (1986). § Banks (2008).

Clay and silt (dry) 0.4–1.0* 0.5* – –
Water-saturated clay and silt 1.1–3.1* 1.8* 35–50 21–34
Palaeogene clay, Denmark 1.34–1.56† – – –
Sand (dry) 0.3–0.9* 0.4* 25 –
Water-saturated sand 2.0–3.0* 2.4* 65–80 26–45
Water-saturated gravel 1.6–2.5* 1.8* – –
Till/loam 1.1–2.9* 2.4* – –
Clayey till, Denmark 2.00–2.31‡ – – –
Chalk, England 1.79 ± 0.54§ – – –
Chalk, Denmark 1.45–1.86† – – –
Quartzite 5.5–7.5§ 6.0§ – –
Granite 3–4§ 3.4§ 65–85 33–45

Table 1. Thermal conductivity of different sediment and rock types
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impact on systems using the subsurface for seasonal energy 

storage, because the flow will transport heat and cold away 

from the vertical system. To evaluate the importance of the 

hydrogeological heterogeneity observed in Denmark, model-

ling will be carried out based on a complex numerical model 

that allows the inclusion of subsurface heterogeneity as well 

as groundwater flow. The aim of the modelling is to identify 

the aspects that must be considered in the design phase of 

closed loop systems, and estimate the maximum energy that 

can be extracted under different hydrogeological conditions 

typical in Denmark.

 Perspectives for shallow geothermal 
energy in Denmark
 Shallow geothermal energy is a competitive, renewable en-

ergy resource as domestic heat pumps typically produce 3–4 

times the amount of energy they consume in the form of 

electricity. Depending on how the electricity is generated 

and taking the generation and transmission loss into con-

sideration, heating a building using ground-source energy 

produces only half of the CO2 emission of fossil fuels used 

directly for heating (Banks 2008). Nevertheless, the applica-

tion of shallow geothermal energy in Denmark is relatively 

limited. In 2008, the number of ground-source heat-pump 

installations was c. 25 000 (Willumsen 2008), with the vast 

majority being horizontal systems. So far, only a few hundred 

of the installed systems are based on closed-loop boreholes, 

and the number of groundwater-based open-loop systems is 

limited to a few tens. Hopefully the GeoEnergy project can 

pave the way for a wider use of shallow geothermal energy, 

but in order to fully exploit the resource, a systematic assess-

ment of the potential is needed, including the potential for 

seasonal storage of waste heat. With the continuous focus 

on climate change and energy consumption, the number of 

installations is likely to increase rapidly in the coming years, 

especially after a political decision has been made to phase 

out domestic oil burners starting in 2012. The manifold ex-

ploitation of various shallow geological resources, including 

shallow geothermal energy, drinking water and minerals, 

will increase the demand for resource management and data 

availability.
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Fig. 4. Four simple geological successions with average, specific heat-ex-

traction rates from Table 1 VDI (2001). The possible energy extraction 

has been calculated to 12 537; 10 373; 9576 and 7560 kWh (left to right), 

based on 1800 hours of production per year (borehole length × specific 

heat extraction rate × hours of production).
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