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What is a borehole thermal energy 

storage, and how does it work? 

Significant amounts of heat can be stored in ground materials like soils, rocks, and 

pore water due to their high volumetric heat capacity. Borehole thermal energy 

storage technologies uses this capability via an array of boreholes to store excess 

heat in shallow geological environments and can provide seasonal storage 

capability.  

As shown in Fig. 1(a), drilling boreholes reach a typical depth of 30-100 m (the 

borehole depth can be determined based on factors such as heating and cooling 

demands, geological conditions, etc.), are installed with single or double U-tube 

pipes or casing pipes mostly made from synthetic materials, and are filled by grout 

materials with high thermal conductivities. Boreholes are not usually grouted in 

Scandinavian countries, where the geology and hydrology are characterised by hard 

rock and high groundwater levels, and natural groundwater will fill the borehole to the 

groundwater table level (Gehlin, 2016). Significant amounts of heat can be stored in 

ground materials like soils, rocks, and pore water due to their high volumetric heat 

capacity. Water, which can be mixed with an antifreeze solution, usually circulates in 

pipes as a heat carrier. Heat predominantly transfers by conduction between the 

borehole fields and the surrounding ground. Borehole thermal energy storage 

(BTES) is usually used in combination with solar collectors, heat pumps, and a 

buffering tank, as shown in Fig. 1(b). The typical ground storage temperature in the 

core of the borehole field is 30-50 ℃, and the ground temperature at the periphery of 

the borehole field is much lower, for instance, the mean temperature at the depth of 

100 m below ground level in the UK is 13.6 ℃ (Busby et al., 2011), which makes 

borehole thermal energy storage especially beneficial for the heating demand of 

commercial and residential buildings in winter and cooling requirements in summer, 

as shown in Fig. 1(c).  
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Fig. 1 Schematic diagram of (a) a borehole with single U-tube pipe (Velraj, 2016), (b) a borehole 

thermal energy storage system (Mesquita et al., 2017), and (c) flow directions for heat and cooling 

demands and ground storage temperature distribution (McClenahan et al., 2006). 

Fig. 2 shows the temperature evolutions in a high-temperature borehole thermal 

energy storage system and an ambient (low-temperature) borehole thermal energy 

storage system serving balanced heating and cooling demands. As shown in the 

figure, for the high-temperature borehole thermal energy storage system, there is an 

initial transient “charging” phase during the initial years of operation, which often 

involves heat injection to the ground significantly more than is extracted, and the 

performance of the high-temperature borehole thermal energy storage system 

improves over time. Typically, after 3-6 years, a long-term steady state would be 

reached under the balanced heating and cooling demands. For the ambient borehole 

thermal energy storage system, a steady state would be reached when the extracted 

heat is comparable to the injected heat, and the long-term average temperature is 

stable and close to the surrounding ground temperature. 
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Fig. 2 Schematic diagram of temperature evolutions in a high-temperature borehole thermal energy 

storage system and an ambient borehole thermal energy storage system serving balanced heating 

and cooling demands. R = recharge of heating during summer and autumn; E = extraction of heat in 

winter and spring (Skarphagen et al., 2019) 

    Table 1 lists the operational performances of representative borehole thermal 

energy storage systems. In the table, the storage temperature varies widely from 

project to project: it can be around 10 ℃, such as in several projects in China, which 

belong to low-temperature borehole thermal energy storage systems, or as high as 

90 ℃, such as in the Crailsheim project, Germany, which is a high-temperature 

system.  

Techno-economic comparison with 

alternatives 

Table 2 compares key technical characteristics of different types of seasonal thermal 

energy storage systems.  Compared with tank thermal energy storage, which is the 

most popular approach for storing heat with the highest heat recovery efficiency, 

borehole thermal energy storage needs 2-5 times larger storage volume, but it can 

be used for supplying both heating and cooling and the heat recovery efficiencies 

can range from 70% to 90%. Pit thermal energy storage has almost twofold greater 

thermal density than borehole thermal energy storage, but it can only be used for 

heating and there is a risk of water leakage. Aquifer thermal energy storage, like 

borehole thermal energy storage, can be used for heating and cooling. However, it 

requires special geological conditions, such as a natural aquifer layer with high 

hydraulic conductivity and low permeability layers on top and below. It also has 

higher thermal loss than borehole thermal energy storage due to the lack of thermal 

insulation, and it is susceptible to clogging.  

Based on existing projects, Fig. 3 compares the economic characteristics of different 

types of seasonal thermal energy storage in terms of storage volume cost (SVC) and 

storage capacity cost (SCC), which are calculated by dividing the cost of storage by 

the thermal volume and thermal capacity, respectively. From Fig. 3, it can be seen 

that tank thermal energy storage has the highest average values of storage volume 

cost and storage capacity cost (over 1790 €/m3 and approximately 3 €/kWhth, 

respectively), followed by pit thermal energy storage (around 135 €/m3 and 2 
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€/kWhth, respectively), and borehole thermal energy storage and aquifer thermal 

energy storage are equivalent and the lowest, with storage volume costs of less than 

13 €/m3 and storage capacity costs lower than 1 €/kWhth. 

 

Fig. 3 Economic viability of different types of seasonal thermal energy storage: storage volume cost 

and storage capacity cost (2019 €, Yang et al., 2021)
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Table 1 Operational performance of borehole thermal energy storage systems  

Project 

Temperature (ground 
storage 
temperature/heating 
supply temperature) (℃) 

Details of borehole thermal energy 
storage 

Storage 
volume (m3) 

Storage 
capacity 
(MWhth) 

Heat recovery 
efficiency (%) 

Reference 

Neckarsulm, Germany 15-65/- 
528 boreholes, 15 cm diameter, 30-100 m 
depth 

63360 – 50-65 
Nußbicker-Lux et al., 
2009; Schmidt et al., 2004; 
Bauer et al., 2010 

Crailsheim, Germany 3-90/- 
80 boreholes, 55 m depth (mudstone and 
limestone) 

37500 – 50 Bauer et al., 2016 

Attenkirchen, Germany  85/- 90 boreholes, 30 m depth 10500 – 55 
Reuss et al., 2006; Shah 
et al., 2018 

Brædstrup, Demark 17-50/80  

48 boreholes, 3 m spacing, 
45 m depth, 16 parallel, 
6 series, mussel shells used 
for top insulation (clay/till) 

19000  400  37 
Schmidt and Sørensen, 
2018 

Anneberg, Sweden 30-45/32-55  
99 boreholes, 11.5 cm diameter, 65 m 
depth, 3 m spacing (crystalline rock) 

60000  – 58 
Nordell and Hellström, 
2000 

Emmaboda, Sweden 40-45/-  
140 boreholes, 150 m depth, 4 m spacing 
(glacial till, granodiorite, amphibolite) 

280800 –  72 Nordell et al., 2015 

Torino, Italy –  
1 double-U piped borehole, 3 single-U 
piped boreholes, 27 m depth (gravel, sand, 
pebble) 

180  –  – Giordano et al., 2016 

Andalusia, Spain –  – 18000  375  60 Lizana et al., 2017 

GEOSOL, France 4-16/- 
2 boreholes, 90 m depth (limestone with 
marl veins, no underground water flow) 

–  –  –  Trillat-Berdal et al., 2006 

Melbourne, Australia 30-45/- 2 boreholes, 11.5 cm diameter, 40 m depth 554 – 30 
Lhendup et al., 2012; 
Lhendup et al., 2014 

Okotoks, Canada 30-75/37-55  
144 boreholes, 35 m deep, 
24 parallel, 6 series (sand silt, clay) 

34000 –  54 
McCleanahan et al., 2006; 
Sibbitt et al., 2012; 
Mesquita et al., 2017 

Oshawa, Canada -/52.5 
384 boreholes, 213 m deep (limestone, 
hard rock, and water-filled) 

– – – Wong et al., 2006 

Sussex, Great Britain – (low-temperature storage) 30 boreholes, 100 m deep (chalk) – – – 
Witte and van Gelder, 
2007 

Harbin, China 3.4-7.7/27.1  12 boreholes, 50 m depth –  –  76 Wang et al., 2010 

Shanghai, China 15–37.4/23.6–50  130 boreholes, 10 m depth, 1.4 m spacing 4970  –  62.9 Xu et al., 2014 

Tianjin, China 8-10.3/43.2  580 boreholes, 120 m depth 2400000 133  –  Zhu et al., 2015 

Tianjin, China – 

60 double U pipes boreholes with 20 m 
depth, 48 double U pipes boreholes with 
120 m depth (8 boreholes for thermal 
storage) 

– – – Li et al., 2010 

Shijiazhuang, China 11-16/- 5 boreholes, 21 m depth, 5 m spacing – – – Xi et al., 2011 

Chifeng, China 10-55/20-30 
13-468 boreholes, 80 m depth (0-30 m: silt, 
30-40 m: silty clay, 40-110m: silty clay, 
gravel, and boulders) 

6652.8-
518918.4 

– – Guo et al., 2020 
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Table 2 Key technical characteristics of different types of seasonal thermal energy storage 

Category 
Borehole Thermal Energy 
Storage 

Tank Thermal Energy 
Storage 

Pit Thermal Energy Storage Aquifer Thermal Energy Storage Reference 

Storage medium 
Ground saturated or 
unsaturated rock/soil 

Water Gravel and water mixture Groundwater and ground material Schmidt et al., 2003 

Maximum storage 
capacity 

15-30 kWh/m3 60-80 kWh/m3 30-50 kWh/m3 30-40 kWh/m3 Schmidt et al., 2003 

Storage volume 
compared to 1 m3 water 

2-5 m3 1 m3 
1.3-2 m3 
 

1.5-3 m3 

Schmidt et al., 2003; 
Lanahan and 
Tabares Velasco, 
2017 

Heating/Cooling 
application 

Heating/Cooling Heating Heating Heating/Cooling 
Lanahan and 
Tabares-Velasco, 
2017 

Charing/discharging 
rate 

Low with buffer required 
High. Direct (pumping medium 
in/out); Indirect (heat 
exchanger) 

High. Direct (pumping medium 
in/out); Indirect (heat 
exchanger) 

Low/medium with buffer required Lyden et al., 2022 

Operating temperature 
5-90 ℃, limited by heat loss 
and source temperature 

< 100 ℃ (limited by insulation 
materials) 

< 80 ℃, limited by material of 
floating lid 

Low temp: 13-25 ℃, 

Medium temp: 25-50 ℃, 
High temp: > 50 ℃ 

Lyden et al., 2022 

Highest heat recovery 
efficiency 

70%-90% 90%-98% 50%-90% 65%-95% 
Lanahan and 
Tabares-Velasco, 
2017 

Depth below ground 30-100 m 
<50 m due to economic 
infeasibility 

5-15 m 
Typical aquifer thickness: 20-50 m; 
Typical aquifer depth: shallow (<30 
m) or deep (> 30 m) 

Schmidt et al., 2003; 
Lyden et al., 2022 

Geological 
requirements 

Drillable ground 
Favourable groundwater 
High heat capacity 
High thermal conductivity 
Low hydraulic conductivity 
(𝑘𝑓 < 1 ∙ 10−10 m/s) 

Natural groundwater flow < 1 
m/year 

Enough ground spaces 
Stable ground 
Preferably no groundwater 

Enough ground spaces 
Stable ground 
Preferably no groundwater 

Natural aquifer layer with high 
hydraulic conductivity (𝑘𝑓 > 1 ∙ 10−5 

m/s) 
Confining low permeability layers on 
top and below 
No or low groundwater flow 
Suitable water chemistry at high 
temperatures 

Schmidt et al., 2003 
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Performance and potential cost 

reductions  

The performance and feasibility of borehole thermal energy storage depend on 

several factors, including the design and arrangement of boreholes, material 

properties, ground properties, and operating parameters. A suitable geometric 

dimension and capacity of borehole thermal energy storage considering local 

geological conditions, such as groundwater flow and soil/rock characteristics will 

reduce heat loss (DEEL, 2016; Gehlin, 2016). A design with small surface-to-volume 

ratio is desirable, and the most commonly used storage geometries are the cylinder 

or parallelepiped shapes (Gehlin, 2016). To limit heat loss to the atmosphere, top 

insulation of boreholes is usually used (Reuss, 2020). In addition, as borehole 

thermal energy storage is a part of the network, the heat charging and discharging 

process should be operated considering the synergy between the network 

components, including utilisation of renewable energy sources, heating and cooling 

demand ratios, and electrical network balancing (Lyden et al., 2022). 

In terms of investment in borehole thermal energy storage systems, the upfront/initial 

investment is much higher than the operation and maintenance (O&M) cost. The 

annual fixed O&M cost is about 1%-3.5% of the initial investment (Yang et al., 2021). 

The borehole cost varies from site to site. The deeper the borehole, the higher the 

drilling cost; the harder the rock, the higher the drilling cost (Lanahan and Tabares-

Velasco, 2017; Welsch et al., 2018). Normally, the cost of boreholes can be as high 

as 50% of the total initial investment of the project (Lyne et al., 2019). For example, 

the borehole cost in the Neckarsulm project, Germany, which has 528 boreholes with 

depths varying from 30 m to 100 m, accounts for 45% of the project’s initial 

investment. The cost of a borehole varies and can range from £4000 to £6000 for 

small commercial applications (DEEL, 2016) and from £10220 to £16000 for a 60-m-

deep borehole in the UK (Checkatrade, 2022). Meanwhile, as shown in the 

Attenkirchen project, Germany (90 boreholes with an equal depth of 30 m), drilling is 

the most expensive composition of a borehole, which is more than 40% of the total 

cost of a borehole. Therefore, reducing the drilling cost of boreholes can significantly 

help reduce the cost of borehole thermal energy storage. The development of new 

and efficient drilling technologies will help reduce costs. For example, advances 

were made to air-lift reverse circulation drilling technology, which is commonly used 

in geothermal borehole drilling, to overcome problems along with drilling depth 

increasing. Using this new drilling technology, the drilling depth was up to 4200 

meters, the deepest recorded in China (Zhang and Zhang, 2014). Electro-Pulse-

Boring (EPB), a valuable option to Rotary drilling (modest minimum costs for a 

borehole in a sedimentary formation are usually estimated to be about 2000 €/m), is 

developed for industrialisation. EPB shows low costs for drilling: 100 €/m for a 

borehole with a large diameter of 50 cm, and it is independent of the borehole depth 

and applicable for sediments and crystalline rocks, such as granite (Schiegg et al., 

2015). In addition, the Down the Hole (DTH) method, which is based on the air-lift 
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reverse circulation drilling method, shows good results in drilling hard rock and a low 

environmental impact (Sliwa et al., 2020).  

Technology status in the UK? 

The ground temperature in the UK is suitable for low-temperature borehole thermal 

energy storage. The mean temperatures at depths of 100, 200, 500, and 1000 m 

below ground level in the UK are 13.6, 17.3, 24.7, and 38.7 ℃, respectively (Busby 

et al., 2011). It is estimated that there is a geothermal gradient of 28 ℃/km for the 

upper 1000 m of the sedimentary curst. Elevated temperatures have been observed 

in eastern and southern England, owing to convection within some of the thicker 

Permo-Triassic sandstones and the thermal blanketing effect of Triassic and 

Jurassic argillaceous rocks. In addition, the geological conditions in the UK are not 

inherently restrictive for borehole thermal energy storage, provided adverse 

geological conditions are avoided, such as fast groundwater flow (DEEL, 2016).  

However, compared to countries, such as Denmark, Germany, and Sweden, the 

deployment of borehole thermal energy storage in the UK is lagging in the context of 

low heat network deployment. Despite this, borehole thermal energy storage can be 

an affordable option, especially for large scale applications. Currently there are just a 

few installations in the UK, with around 10 projects for commercial and/or apartment 

buildings carried out each year (DEEL, 2016). The UK market status of borehole 

thermal energy storage technologies is between system prototyping and 

demonstration (Technology Readiness Level of 6-8). It should be noted that the 

development of borehole thermal energy storage in the UK is inseparable from the 

development of distributed heating and cooling networks, such as the deployment of 

solar collectors and heat pumps. Achieving the net zero target by promoting heat 

pumps across the country is a positive driver for the development of the borehole 

thermal energy storage market. 
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