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1 THERMAL STORAGES 

This fact sheet summarizes the key technical information about the construction and principles 

of operation of thermal storages that find an application in the district heat supply. The findings 

are based on the experience from the Danish projects representing the Northern European 

market. 

1.1 TECHNOLOGY DESCRIPTION 

1.1.1 TYPE OF THERMAL STORAGES 

Four storage concepts are in focus for the ongoing engineering research on sensible large-

scale TES (see Fig 1). Each storage has different capabilities with respect to storage capacity, 

storage efficiency, possible capacity rates for charging and discharging, requirements on local 

ground conditions and on the system boundary conditions (e.g. temperature levels), building 

costs, etc. The best solution for a specific project must always be found with a technical-

economical assessment of the possible storage concepts. 

 

Figure 1 Main concepts for seasonal thermal energy storage (Solites). 

For the construction of buried thermal energy storages there are no standard procedures 

regarding wall construction, charging device, etc. available. Aquifer thermal energy storages 

(ATES) and borehole thermal energy storages (BTES) normally require permissions from 
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water authorities for heat storage application. For tank thermal energy storages (TTES) and 

pit thermal energy storages (PTES) a clarification with authorities is recommended. 

Due to the size and geometry and due to the requirements in terms of leakage detection and 

lifetime, many techniques and materials have their origin in landfill construction. However, with 

respect to high operation temperatures, materials and techniques cannot be simply 

transferred. Dimensions of pilot and research large-scale TES that have been realized within 

the last 25 years for solar assisted district heating systems ranging from 100 m³ up to more 

than 200,000 m³. 

1.1.2 TANK THERMAL ENERGY STORAGE (TTES) 

Tanks are well-insulated systems that generally use water as storage medium. They can both 

use an open or closed circuit for heat exchange. Large and ground-based seasonal storage 

tanks are generally made of concrete. 

TTES storage systems are commonly built above-ground but sometimes the tanks are built 

partially above and partially below ground level. TTES that are partially or fully buried in the 

ground rely on certain (hydro-)geological conditions such as ground stability and absence of 

groundwater. Applications above the ground are less site dependent. For reasons of better 

storage performances and aesthetics, it is often recommended to integrate the above-ground 

storages into the visible environment to reduce the visual obstruction. Underground 

construction via the conventional building method is more expensive than building above-

ground, which is why tanks are rarely built completely underground. 

 

Figure 2 Partially buried concrete dug-in water storage tank (PlanEnergi). 

Steel tanks should be designed with ratio between diameter and hight at 2:3 to enable a good 

stratification. This means meaning a high temperature difference in the tank from top to bottom, 

to avoid having a large volume of too low temperature to be utilized directly in the network. 

Heat layers with different temperature level make it possible to extract heat at different heights 

at the desired temperature. 
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Heat losses depend on the volume and the surface area of the tank and are estimated to be 

in the order of 2% per week for 500 m3
 storages and 1% per week for 5,000 m3

 storages.   

Tanks are generally smaller in terms of storage volume than installations of the other 

technologies. They are most often used to store hot water for times of peak demand but can 

also serve as seasonal storage (in smaller systems). Using a tank as peak-buffer makes the 

business case easier to close as there are much more (dis)charge cycles per unit of time 

(compared to seasonal storage). This comes in handy for high CAPEX tank systems. 

1.1.3 PIT THERMAL ENERGY STORAGE (PTES) 

The concept of Pit Thermal Energy Storage (PTES) follows a relatively simple principle 

consisting of a ground excavation which is covered by a watertight liner; the sides of the pit 

may or may not be insulated. The pit is filled with water and covered by a floating insulated 

cover – using water a pit store will have a similar energy density to tank-based systems. 

The pit heat storage can be designed with different shapes but the simplest is an excavation 

shaped as a truncated pyramid placed upside down in the ground as shown in Figure 3. To 

minimize the cost of soil handling and transportation the excavation is made with soil balance 

which means that the soil excavated from the bottom part of the storage is used as 

embankments around the upper part of the storage. 

Figure 3 Pit Thermal Energy Storage (PlanEnergi). 

PTES costs are lower than tank costs and the systems are almost always used for large scale 

seasonal storage of solar heat in combination with a DH connection. However, larger district 

heating networks can see an advantage using PTES as a buffer to even out the difference 

between heat production and need for heat. The heat storage provides a more robust and 

flexible system for supplying district heating. 

For PTES systems, the maximum storage temperature and technical lifetime are related. 

Currently, there are no liner materials that have proved to withstand high-temperature (95 °C) 

exposure for a long duration (i.e., 10+ years) which are typically High-Density Polyethylene 

(HDPE) liners. Although some research is ongoing and new liner materials with a 20+ year 

lifetime at 95 °C are under development and are being applied in new projects, such as Danish 

project INTEGRATE 2 where in cooperation of University of Linz a new floating lid with a PP-

liner and a new generation of polymer mats as insulation is analysed. The expected losses are 

at circa 20%. 
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1.1.4 BOREHOLE THERMAL ENERGY STORAGE (BTES) 

BTES systems are closed only top insulated systems in which excess heat is stored into a 

formation of rock or sediment. Thus, BTES systems use the ground as a storage medium. 

They consist of multiple U-shape pipes housed in boreholes drilled in the ground through which 

water flows and exchanges heat with the surrounding ground. Heat is extracted from the BTES 

by pumping cold water through the pipes. Conversely, heat is stored in the BTES by letting 

warm water flow through the pipes, heating the surrounding soil. 

 

Figure 4 BTES cross view (PlanEnergi).  

In the in-series configuration, the warm heat carrier fluid during charging operation is circulated 

through the strings from the centre towards the periphery, to allow temperature stratification of 

the storage with the hottest part in the centre, thus reducing the heat losses and increasing the 

seasonal thermal efficiency. During the discharging phase, cold water is circulated in the 

opposite direction through the strings, i.e., from the periphery towards the centre. The BTES 

boreholes can also be connected in-parallel. In the latter case the heat losses increase but the 

pumping energy is reduced due to lower pressure losses. To reduce the heat loss from the 

storage the top of the storage is usually designed as an insulated cover. If the system is 

operated at high temperature, the cover will be exposed to both high temperature (80°C) and 

humidity, which must be considered in the choice of insulation material and the cover design. 

Two materials only have been found with high resistance to water absorption and high 

insulation properties. This includes foam glass gravel for circa 80 € pr. m3 and a little cheaper 

alternative of mussels’ shells for about 10 € pr. m3 
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1.1.5 AQUIFER THERMAL ENERGY STORAGE (BTES) 

Aquifer thermal energy storage (ATES) is a large open-loop system utilizing natural 

underground water-bearing permeable layers from which groundwater can be extracted using 

a well. The primary application for ATES is the extraction of cold groundwater from the aquifer 

for cooling of buildings during the summer (IRENA, 2013). However, ATES can also be used 

for storing heat whereby hot water is injected into the aquifer and extracted later. This is 

commonly built using bi-directional wells that can be used for both injection and extraction. 

Figure 5 illustrates how the extraction of heat and cold from aquifers can meet the respective 

demands of a building using a ground source heat pump. Warm water from the well is pumped 

up and applied as a low temperature heat source for the heat pump. Depending on the 

application, the heat pump will then supply all or part of the heat required by the building. At 

groundwater flow velocities of >25 m/y, heat losses due to the groundwater displacement 

become considerable, relative to the conduction losses. In areas with a high ambient 

groundwater flow velocity, thermal losses due to groundwater displacement can be prevented 

by installing multiple doublets, where at least two wells of the same type (warm- cold) are 

aligned in the direction of the ambient groundwater flow. 

 
Figure 5 Heat or cold are extracted from the aquifer through wells to meet the respective 

building demands during summer and winter (IF Tech 2012). 

 

1.2 TRL 

Thermal energy storage in larger scale has gradually become a well-proven technology. 

Furthermore, the involved components have been widely used for other applications. 

The potential for connecting to larger DH network with several heat sources has increased for 

securing a robust and flexible system for district heating. 
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The challenge is to find suitable locations (space, geological conditions, distance to 

consumers) that will make the use of energy storages economical attractive. 

1.3 CAPEX AND OPEX NOW AND EXPECTED DEVELOPMENT 

The investment costs (CAPEX) and maintenance costs (OPEX) for the thermal energy storage 

depends on the type of storage concepts, transmission and the local conditions.  

The investment costs for thermal energy storages consist of the following overall parts:  

• Geological investigations and study 

• Excavation / well drilling 

• Lid and Liners for PTES / Concrete/Steel/Insulation for TTES 

• Transmission pipeline incl. installation 

• Heat exchangers, pumps, valves etc.  

• Control and electricity work– integration with existing plant.  

• Design and project management, start-up regulation and documentation 

The technical lifetime is expected of more than 20 years. 

Figure 6 illustrates how the CAPEX varies with the capacity. The OPEX is generally low due 

to minor maintenance and electrical costs only for pump operation. 

 

Figure 6 Investment costs of TES demonstration plants (cost figures without VAT) (Solites). 
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NORTHERN EUROPE 

Table 1 Investment costs and operation costs per unit capacity of the technology in Northern 

Europe. 

Thermal storage system  CAPEX (€/m³) OPEX 

(€/MWhoutput) 

TTES > 2 000 m³ 100 - 200 - 

PTES > 50 000 m³ 20 - 40 - 

BTES > 50 000 m³ 20 - 40 - 

ATES 6 - 35 - 

SOUTHERN EUROPE 

Table 2 Investment costs and operation costs per unit capacity of the technology in Sothern 

Europe. 

Thermal Storage System CAPEX (€/m³) OPEX 

(€/MWhoutput) 

Thermal energy storage (water tank) < 5 000 m3 1000 - 

Thermal energy storage > 10 000 m3 500 - 

1.4 REGULATION CAPACITY AND VELOCITY 

The control ability of thermal energy storage is very slow. However, the volume and capacity 

are well-known so planning regarding charging and discharging can be done day by day. 

Regulation with regards to electricity is not relevant for thermal energy storages. 

High regulation capacity can be reached by choosing sufficiently large inlet and outlet 

arrangements. Like this, an e.g. 1-500,000 m3 PTES that may be considered a seasonal 

storage for many midsize- district heating plants with e.g. excess heat or a large solar thermal 

plant with a charging period of months will become a diurnal/weekly storage for a larger district 

heating plant. 

1.5 TEMPERATURES AND CAPACITIES 

1.5.1 INPUT  

Hot water (see technology descriptions for operational temperatures of the different storage 

types). Typical sources for heat: Cheap heat from excess heat, solar thermal etc. or from CHP 

produced in hours with low costs (high revenues from electricity sales). 
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1.5.2 OUTPUT  

Hot water. 

1.5.3 TYPICAL CAPACITIES  

Storage capacity for TTES and PTES 60 to 80 kWh/m³, 15 to 30 kWh/m³ for BTES and 30 to 

40 kWh/m³ for ATES. Storages come in various sizes as they always match the local conditions 

for heat production and heat sink. 

1.6 SUPPLIERS 

The largest thermal energy storage manufacturers and suppliers popular in different parts of 

the world are described below. 

NORTHERN EUROPE 

The thermal energy storage will normally be made by cooperation between several 

suppliers/manufacturers. 

• Excavation Any land contractor 

• Lid (PTES) Aalborg CSP, PBJ Miljø, ACRU, SOLMAX 

• Tanks (TTES) A-consult, Spæncom, Steeltank A/S, Bilfinger Industrial Services GmbH 

• Well drilling PRO-INVEST SOLUTIONS Sp.z.o.o 

1.7 DEMO EXAMPLES 

This section presents examples for the installed and running systems with large thermal energy 

storages in varying environmental conditions collected from experience in different parts of the 

world.  
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NORTHERN EUROPE 

1.7.1 DRONNINGLUND  

 

Figure 7 Dronninglund: Pit Thermal Energy Storage with connecting solar collector field. 

Dronninglund District Heating was in 2009 granted EUDP support for an energy production 

system consisting of 35,000 m² of solar panels, 60,000 m³ pit heat storage and a 3 MWheat heat 

pump. The construction phase was first initiated in the spring of 2013, partly due to that the 

storage had to be moved, partly because of neighbour’s objections to the plan authorization. 

The excavation for the heat storage was made from mid-March to mid-May 2013 and the liner 

work was completed in mid-June, where after the water filling began. The following precautions 

are taken to prevent corrosion: 

• The water is cleaned from limestone and salts (osmosis) 

• pH is kept at 9.8 

• Water quality is monitored regularly during and after filling 

• The storage was cleaned from dirt before the initial water filling 

• A diver cleaned from dirt when the lid closed the storage 

• Filters are placed before heat exchangers, to prevent clogging 

Inlet and outlet arrangement is made of stainless steel and shown in Figure 8.  
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Figure 8  In-/outlet arrangement led through the bottom of the storage. Three pipes ending in 

a diffusor in the top, the bottom and the volume middle of the storage. Photo from 

the implementation of the SUNSTORE 3 storage in Dronninglund. 

 

The proportion of investment cost elements for the seasonal storage at the example of the 

installation in Donninglund is shown in Figure 9.  

 

 

Figure 9 The relation of investment cost elements for the PTES in Dronninglund. 
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ASIA 

1.7.2  PTES IN CHINA TIBET 

The PTES in Langkazi is a 15,000 m3 water reservoir used as seasonal storage (Figure 10). 

The reservoir is lined with plastic linings to retain heat and prevent leakages, while the top of 

the storage is covered by a lid used to retain the heat and keep the storage tight from rainwater. 

Figure 10 Seasonal storage system coupled with SDH plant in Langkazi, Tibet in China. 

The purpose of the PTES in Langkazi is to store excess solar heat from a nearby 22,275 m2 

solar heating plant for later release into the district heating network. During summer, the 

amount of solar heat produced by the solar heating plant exceeds the district heating demand. 

The excess solar heat is therefore transferred to and stored inside the PTES warming up water 

in the storage to approx. 80°C -90°C. During winter, when the district heating demand 

increases and exceeds the solar heat production, hot water from the top of the storage is 

withdrawn, while cold water is passed into the bottom of the storage. The hot water from the 

top is then released into the district heating network supplying the city of Langkazi with both 

stable and sustainable heating (StateOfGreen 2022).  

The plant was designed to supply 90 % of the heat demand of the new district heating network 

in Langkazi. Via a 65 °C supply line and a 35 °C return line, the grid reportedly supplies thermal 

energy for 82,600 m2 of residential floor space. The joint venture of  

Arcon-Sunmark Large-Scale Solar Systems Integration Co., Ltd and Aalborg CSP in Denmark 

manufactured and delivered the storage and collectors and supervised the installation of the 

SDH plant which was commissioned in 2018. 3 MW electric boiler guarantees backup energy 

in times of low irradiation (SDH Solites 2018). 

The solar system and storage were placed at 4,600 m above sea level and costed 15.4 million 

EUR and was funded by China’s central government (SolarThermalWorld 2019). The project 

is part of a larger endeavour to popularise renewable heating in Tibet. Feasibility studies have 

been conducted in over 20 of the region’s counties and cities, and Tibet’s local government 

has approved funding for five of them. Arcon-Sunmark has installed a second similar plant in 

2019 in in Zhongba with 35,000 m2 of solar collectors and 15,000 m3 PTES storage 

(StateOfGreen 2022) at total investment cost of 22.3 million EUR. 
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SYMBOLS, ABBREVIATIONS, INDIZES 

ABBREVIATIONS 

Abbreviation Meaning 

ATES Aquifer Thermal Energy Storage 

BTES Borehole Thermal Energy Storage  

DH District Heating 

PTES Pit Thermal Energy Storage  

TTES Tank Thermal Energy Storage 
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