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Executive summary 

In this report, the potential role of large-scale thermal energy storages (TES) in the FLEXYNETS concept 
has been analyzed. The report focuses on four storage types; tank, pit, aquifer and borehole storage 
(TTES, PTES, ATES and BTES respectively). The storage time scales, temperatures, volume, storage 
medium and investment costs have been described and quantified in the context of FLEXYNETS. The 
required storage volume and investment costs are highly dependent on the temperature difference in 
the storage. As the FLEXYNETS concept works with very low temperature differences between forward 
and return temperatures (approx. 5-15 K difference), this would require any TESthat work at the 
FLEXYNETS network temperature to be larger and more expensive than storages of the same energy 
storage capacity working at conventional district heating temperatures. However, if the amount of 
surplus heat is significantly higher at low temperature, it may be more feasible to choose a connection 
to this low temperature heat source. Also in this case it may be feasible to include a storage. The 
description of TES technologies also includes sections on spatial requirements and considerations on 
heat losses. 

The utilization of surplus heat is an important aspect of the FLEXYNETS concept. Transmission pipeline 
costs for the utilization of surplus heat have been analyzed in connection with the thermal storages. 
The results suggest that sourcing surplus heat at even several kilometres away from the FLEXYNETS 
network can be economically feasible, as long as the surplus heat source is sufficiently large compared 
to the network demand and as long as the assumptions of the model are applicable. In reality the 
actual feasible transmission distance depends on local conditions and boundary conditions and must 
be evaluated individually in each case. 

Situations have been identified in which large-scale TES could be most relevant in the FLEXYNETS 
concept. This is in case surplus heat is available at temperatures higher than the FLEXYNETS network 
temperature, and this heat is directly transferred, via a transmission pipeline, to a TES. The storage can 
in that case take advantage of the larger temperature difference between the surplus heat 
temperature and the FLEXYNETS cold pipe temperature, which lowers the required storage volume 
and investment compared to operating only at FLEXYNETS temperatures.  

This system has been modelled in the simulation software TRNSYS. The simulations have been carried 
out for all four TES types and for three reference cities; Rome, London and Stuttgart. The simulations 
have been performed for different operating temperatures and for different amounts of surplus heat 
availability. The results of the simulations have been evaluated based on two indicators: the average 
ǘƘŜǊƳŀƭ ŜƴŜǊƎȅ ƎŜƴŜǊŀǘƛƻƴ Ŏƻǎǘ ƛƴ ǘƘŜ ǎȅǎǘŜƳ όƛƴ ϵκa²Ƙύ ŀƴŘ ǘƘŜ ŀƴƴǳŀƭ /h2 emissions arising from 
satisfying the heating and cooling demand in the system (in kton/year). Additionally, the Sankey 
diagrams of the energy flows for different locations and different TES technologies are shown, to 
quantitively describe how the energy is transferred between the different components of the system. 

A storage can in general balance fluctuations in surplus heat supply and network heating and cooling 
demands, thereby facilitating more efficient usage of the incoming surplus heat and reducing the 
required auxiliary energy supply to the network (and any associated CO2 emissions). 

The results of the simulations show that especially ATES but also PTES and BTES can be very relevant 
as seasonal storage in the FLEXYNETS concept, in case surplus heat at temperatures above the 
FLEXYNETS operating temperature is available. Investing in such large-scale TES can significantly lower 
ǘƘŜ ǎȅǎǘŜƳΩǎ ŀƴƴǳŀƭ /h2 emissions associated with heating and cooling (by up to 95% in investigated 
scenarios), and either lower the thermal energy price (in investigated scenarios up to 50%) in the 
system or at least keeping it at a similar level compared to a system without the storage. The storage 
types all have different benefits and drawbacks depending on the system they are a part of. The 
conclusion is therefore that although large-scale thermal energy storages are not always relevant for 
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the FLEXYNETS concept, they can be very beneficial to the system in certain cases, in particular if 
surplus heat above the network temperature is available in large quantities, and are therefore worth 
considering when evaluating specific cases in more detail.  
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1 LƴǘǊƻŘǳŎǘƛƻƴ 

This report describes how large thermal storage systems (TES) can be used not only in general for 
district heating and cooling (DHC) networks, but also in the context of the lower temperature levels of 
a FLEXYNET. The aim is to provide answers to the question if and in what contexts large-scale thermal 
storages could be beneficial for the FLEXYNETS concept. The analysis includes both spatial 
requirements, energy performance (temperature dependency) and economic aspects of such 
storages. 

Four types of large TES are considered in this report. These are tank storage (TTES), pit storage (PTES), 
aquifer storage (ATES) and borehole storage (BTES). These storages are considered to be relevant in 
the content of FLEXYNETS grids and/or DHC networks in general. In all analysed cases the energy 
storage medium is assumed to be liquid water, since water has a relative high heat capacity. A short 
section in the following chapter describes this choice.  

In chapter 2 of this report, some general principles of TES are introduced and discussed in terms of the 
FLEXYNETS concept. These are principles related to storage time scale, categorization, temperature, 
volume, storage medium and economics of scale. In chapter 3, a more detailed description of the 
physical and economical parameters for each storage type is given and discussed in terms of storage 
temperature levels as well as spatial requirements and considerations on heat losses. In chapter 4, the 
utilization of surplus heat e.g. from industrial sources is discussed, with a focus on the transmission 
pipeline costs related to this (i.e. how long a transmission pipeline could be feasible to connect the 
heat source and the storage). In chapter 5, a model system with surplus heat and large-scale thermal 
energy storages is described and modelled using the TRNSYS simulation software. Data from chapter 
3 and 4 are used as inputs for the model. The performance of the different thermal energy storage 
technologies in the modelled system is evaluated economically (in terms of the resulting energy price 
in the network) and technically (in terms of the CO2 emissions reduction). In chapter 6, the main 
findings of the report are summarized, which results in guidelines for use of large-scale TES in the 
FLEXYNETS concept. 
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2 DŜƴŜǊŀƭ ǇǊƛƴŎƛǇƭŜǎ ƻŦ ǘƘŜǊƳŀƭ ǎǘƻǊŀƎŜǎ 

2.1 Storage time scale, categorization, temperature and volume 

2.1.1 Time scale for storing 

The idea of a TES is to utilize energy being generated while the production conditions are as effective 
and favourable as possible. Examples include the production of solar thermal during the day, heating 
or cooling generation in heat pumps while electricity prices are low, and the production of electricity 
and heat in a CHP plant while electricity prices are high. 

Energy storage helps decoupling the production from the demand, which is useful in systems where it 
is difficult to regulate the production profiles. This is the case in systems with high shares of fluctuating 
renewable energy such as solar thermal. This can also be the case for systems with a constant inflow 
of surplus heat from industrial processes, which does not necessarily match the daily or seasonal 
variations in the heating and/or cooling demand. The storage thereby increases the flexibility to utilize 
sources of energy that cannot be regulated to fit the demand profile. 

The basic principle of separating the production and demand in time can be either on a short-term 
basis or on a seasonal time scale. While small-scale storages for very short periods (e.g. only on hourly 
basis) may be useful on local level, the term άshort-term storagesέ is used in this report for storages 
from daily variations up to weekly storage capacity. άLong-term storagesέ refer to storage capacities 
that can account for seasonal variations. The capacity of short-term and long-term storages in this 
regard, depends on the system properties (including production technologies and specific demand) to 
which the storage is connected. 

2.1.2 State of the storage medium 

Thermal energy storages can be divided into four physically different technologies according to the 
state of the storage medium: 

Sensible storage: Use the heat capacity of the storage material. The storage material is most often 
water due to its favourable properties e.g. having a high specific heat per volume, a low cost and being 
a non-toxic medium (see next section). 

Latent storages: MŀƪŜ ǳǎŜ ƻŦ ǘƘŜ ǎǘƻǊŀƎŜ ƳŀǘŜǊƛŀƭΩǎ ƭŀǘŜƴǘ ƘŜŀǘ ŘǳǊƛƴƎ ŀ ǎƻƭƛŘκƭƛǉǳƛŘ ǇƘŀǎŜ ŎƘŀƴƎŜ ŀǘ 
a constant temperature. 

Chemical storages: Utilize the heat stored in a reversible chemical reaction. 

Sorption storages: Use the heat of ad- or absorption of a pair of materials such as zeolite-water 
(adsorption) or water-lithium bromide (absorption). 

This report focuses on sensible heat storages only, since the typical use of storages in DHC networks 
does not involve latent, chemical or sorption heat storages. Furthermore, the aim of the FLEXYNETS 
concept is to use existing and proven technology if possible, and latent, chemical and sorption heat 
storages are still being developed and have not been widely demonstrated or adopted for large-scale 
heat storage. 

2.1.3 Temperature level and volume requirements 

The temperature level in storages can range from cold storages used for cooling purposes to hot 
storages, where the temperature in the top of the storage corresponds to the supply temperature of 
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the DH network. The heat storage capacity depends on the temperature levels in the storage. The 
energy storage capacity for sensible heat storage is 

 1 ά Ͻὧ Ͻ ЎὝ (Equation 1) 

where m is the mass of the storage medium, cp is the specific heat capacity of the storage medium and 
ЎὝ is the difference between the maximum and minimum operating temperature of the storage. The 
larger the temperature difference, the higher the heat storage capacity is for a fixed mass of the 
storage medium. Using Equation 1, the volume ὠ required for storing one unit of energy ὗ (i.e. the 
specific volume) can be written as 

 
ὠ

ὗ

ὠ

ά Ͻὧ Ͻ ЎὝ

ρ

” Ͻὧ Ͻ ЎὝ
 (Equation 2) 

where ” is the density of the storage medium (” άȾὠ). The absolute volume required for storing 
the energy content ὗ with a temperature difference of ЎὝ is thus 

 ὠ  
ὗ

” Ͻὧ Ͻ ЎὝ
 (Equation 3) 

These results apply to a storage medium at ambient pressure, regardless of the storage technology, 
and excludes any additional volume required for containing the storage medium (i.e. storage walls and 
insulation). 

2.2 Water as a storage medium 
Existing Danish heat storages for DH systems are usually with water as the storage medium. The 
reasons include that water is non-toxic, allows for temperature layering (stratification), can provide 
large effects when charging and discharging, has good heat transfer properties, has a high specific heat 
capacity and is relatively cheap. The specific heat capacity of water is approximately 4.18 kJ/(kgϊK), 
which is higher than that of most other low-cost, abundant materials such as sand, iron and concrete. 
Some examples of specific heat capacities are given in Table 2.1. 

 

Table 2.1 ς The volumetric specific heat capacities of a few inexpensive, abundant materials (PlanEnergi, 2013). 

Material Capacity (kWh/m3/K) 

Water 1.16 

Steel 1.07 

Concrete 0.58 

Soil 0.8 - 0.9 

 

In some systems, a mix of glycol is used in order to avoid freezing. That is for instance seen in solar 
thermal fields, cooling systems and (shallow) geothermal systems. However, the use of glycol is not 
without drawbacks; the heat capacity is lower than water and the viscosity and density is higher than 
water, which results in a need for higher pumping energy in the system, compared to water. Properties 
of water and different mixes of propylene glycol is seen in the following table for comparison. 
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Table 2.2 ς Properties of water and different mixes of propylene glycol. 

 

 

Due to its advantages, water is the most widely used storage medium for storing heat at temperatures 
below 100 °C. If pressurized, water can also be used for storing heat at temperatures above 100 °C. In 
Figure 1, Equation 2 has been used to plot the dependence of the specific energy storage volume on 
ῳὝ for the case of water as the storage medium. Due to the inverse proportionality of the specific 
volume and the temperature difference between the storage inlet and outlet (ῳὝ), it is considerably 
ƳƻǊŜ άōǳƭƪȅέ ǘƻ ǎǘƻǊŜ ƘŜŀǘ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ǿŀǘŜǊ ŦƻǊ ǎƳŀƭƭ values of ῳὝ than for large values of ῳὝ. 

 

 

Figure 1 ς The required volume for sensible storage of one MWh of heat as hot water shown as a function of the 
temperature difference between the maximum and the minimum storage temperatures. 
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T ˊ ˊ ˊ ˊ cp cp cp cp ˄ ˄ ˄ ˄

[° C] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kJ/kg K] [kJ/kg K] [kJ/kg K] [kJ/kg K] 106 m2/s 106 m2/s 106 m2/s 106 m2/s

-30 1.074        3,26          180,00     

-20 1.056        1.069        3,54          3,31          48,00        75,00        

-10 1.040        1.053        1.064        3,75          3,57          3,35          13,00        23,00        35,00        

0 1.000        1.037        1.049        1.058        4,22          3,78          3,61          3,39          1,75          7,40          12,00        17,50        

10 1.000        1.033        1.044        1.053        4,19          3,81          3,65          3,43          1,30          4,80          6,30          10,00        

20 998           1.029        1.038        1.046        4,18          3,84          3,68          3,47          1,00          3,30          4,30          7,20          

30 996           1.024        1.033        1.040        4,18          3,88          3,72          3,52          0,80          2,40          3,00          4,30          

40 992           1.018        1.027        1.033        4,18          3,91          3,76          3,56          0,66          1,75          2,20          3,10          

50 988           1.013        1.020        1.026        4,18          3,94          3,80          3,60          0,55          1,40          1,75          2,20          

60 983           1.007        1.013        1.019        4,18          3,97          3,83          3,64          0,47          1,10          1,40          1,75          

70 978           1.000        1.006        1.012        4,19          4,00          3,87          3,68          0,41          0,90          1,10          1,40          

80 972           993           999           1.005        4,20          4,04          3,91          3,73          0,36          0,78          0,95          1,20          

90 965           986           992           997           4,21          4,07          3,94          3,77          0,32          0,70          0,81          0,99          

100 958           979           985           989           4,22          4,10          3,98          3,81          0,29          0,60          0,72          0,88          
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Large volumes are required to store large amounts of heat with a small difference between the 
maximum and minimum storage temperature. In Figure 2, Equation 3 has been used for plotting the 
required storage volume as a function of the required storage capacity for different values of ῳὝ. As 
can be seen in the figure, the difference in the required absolute volume can be very large when storing 
large amounts of heat in the form of water at different ῳὝ values. The benefit of an increased 
temperature difference becomes less pronounced at higher values (e.g. changing from 40 K to 50 K) 
compared to the lower examples (e.g. changing from 10 K to 20 K). In other words, at the low operating 
temperatures of FLEXYNETS, a slight increase in ЎὝ can have a big impact when it comes to storages. 

 

Figure 2 ς The required storage volume as a function of the heat storage capacity when storing heat in the form of hot 
water, shown for a few different values of ῳὝ. 

 

2.2.1 Network as storage 

As shown in the previous section, water can be used to store large rather large amounts of energy. 
However, the stored capacity is dependent on the temperature difference. A DHC network can in itself 
contain large amounts of heated or cooled water. This section serves to look into the potential of using 
the  network as a storage.  

For this purpose some basic assumptions have been made using the same amount of heat demand, as 
the TRNSYS calculations later in this report (see Section 5 and forward). The heat demand is in these 
calculations 100 GWh. Based on rough assumptions, like an average pipe dimension of 168.3 mm 
(corresponding to a DN150 pipe), the network volume has been estimated to around 2,000 m3. In the 
following, the total heat capacity of the network has been estimated based on the properties of water 
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and mixes of propyle glycol, showed in Table 2. The mix of propylene glycol depends on the specific 
system, normally more than 30 % mix is not necessary, but higher percentages is included here for 
demonstration. From the numbers in Table 2 it is evidence, that water has the highest storage capacity. 
If the 50 % propylene glycol mix should have the same capacity as water at a difference temperature 
of 45 K, the difference temperature should be between 48-49 K. 

It is also clear that the temperature difference is of highest significance, and not the supply and return 
temperature.  

Table 2.3 ς Estimated storage capacity of a network supplying 100 GWh. 

 

 

In some DH systems, the temperature differences in the network are used to reduce peaks. This 
method is forinstance seen in Denmark, where the DH plants use the method to reduce morning peak 
loads by raising the supply temperature well in advance to supply in the morning peak. In relation to 
the FLEXYNETS project ς it may not be possible to raise the supply temperature due to drawbacks such 
as increased heat los by use of minimum pipe insulation ς instead the return temperature can be 
lowered to increase the temperature difference. In this case, a mix with propylene glycol may be 
necessary, if the temperature is lowered to below the freezing point of water.  

In the following example it is shown that a change in the temperature difference can increase the 
capacity of a network. As illustration for a FLEXYNETS system a supply temperature of 20 °C isused, 
and the temperature difference is varied from 5 to 15 K. The demand of 100 GWh is still used and the 
network storage volume is the 2,000 m3. The results of the network storage capacity is seen in the 
following figure. 

It is seen that it is possible to dubble or triple the capacity in the network in this example. However, as 
it is also the case for DH plants in Denmark, there is not sufficient capacity to use the network as 
storage capacity in the purpose of optimizing production from for instance solar thermal plants, heat 
pumps, etc. Volume capacities used for the same heat demand in the TRNSYS calculations later on is 
for instance up to 1,0 mio. m3 water equivalent PTES. 

 

Tsupply [°C]Treturn [°C] Tdiff. [K] Water 

30% 

propylene 

glycol

40% 

propylene 

glycol

50% 

propylene 

glycol

20 10 10 24                   23                 22                 21                 

30 15 15 36                   34                 33                 31                 

40 20 20 47                   45                 44                 42                 

50 25 25 59                   57                 55                 53                 

60 30 30 70                   69                 66                 64                 

70 35 35 82                   80                 78                 74                 

80 40 40 93                   92                 89                 86                 

90 45 45 104                103               100               97                 

Storage capacity [MWh]
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Figure 3 ς Network storage capacities at different temperature differences for a supply temperature of 20 °C. 

 

A general remark on utilizing the network as storage is that, it seems to be necessary to have rather 
large dimensions in the network and the temperature difference is of significance to the network 
storage capacity. The network volume in itself is  not considered sufficient to have the necessary 
capacityto be used as storage for optimization, but can be used for peak shaving in some peak loads 
period (e.g. morning peak load). It should however be kept in mind, that the network should not be 
dimensioned for this purpose. Other things to keep in mind, is the possible higher heat loss ς especially 
in the FLEXYNETS and similar concepts, where the pipe insulation is kept to a minimum, the thermal 
stress of the pipes if the temperature is varied too much and the higher use of pumping energy if a mix 
of propylene glycol is used due to high viscosity of the fluid.  

 

2.3 Energy storage economics of scale 
Similar to most other energy conversion and/or storage facilities, the specific investment costs of heat 
storages (defined as costs C per unit of volume) are dependent on its dimensions in the form of a power 
law: 

 
ὅ

ὠ
ὥϽὠ  ὅ ὥϽὠ  (Equation 4) 

For a given type of storage, the constants ὥ and ὦ can be found by fitting a power-law to a data set 
containing investment cost data for an array of differently sized storages. 

By combining Equation 4 and the expression for the required storage volume from Equation 3, the 
following expression for the economics of scale as a function of the energy storage capacity and the 
temperature difference can be obtained: 

 ὅ ὥϽ
ὗ

” Ͻὧ Ͻ ЎὝ
 (Equation 5) 

This method of evaluating the economics of scale is used later in this report for the investigated storage 
types.   
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3 tƘȅǎƛŎŀƭ ŀƴŘ ŜŎƻƴƻƳƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǎŜƭŜŎǘŜŘ ǎǘƻǊŀƎŜ ǘȅǇŜǎ 

3.1 Investigated storage types 
The following large-scale storages are investigated: 

¶ Steel tanks (centralized άŘŀƛƭȅέ ǿŀǘŜǊ ǎǘƻǊŀƎŜǎύ 

¶ Water pit storages (centralized άŘŀƛƭȅέ ǘƻ άǎŜŀǎƻƴŀƭέ ǎǘƻǊŀƎŜǎύ 

¶ Borehole storages (centralized άŘŀƛƭȅέ ǘƻ άǎŜŀǎƻƴŀƭέ ǎǘƻǊŀƎŜǎύ  

¶ Aquifer storages (centralized άŘŀƛƭȅέ ǘƻ άǎŜŀǎƻƴŀƭέ ǎǘƻǊŀƎŜǎύ 

These storage types are analyzed and described in terms of energy density, costs etc. depending on 
the temperature levels. A thing to consider in a given context is whether it is more feasible to store at 

a) low temperatures (because the investment in insulation can be reduced and/or more surplus 
heat may be available at low temperatures)  

or  

b) high temperatures (because this will mean higher energy density and thereby a smaller storage 
volume for the same energy content).  

 

Figure 4 ς Concepts of four different thermal energy storages. Figure reproduced from (Mangold, 2007). 

 

Figure 3 from (Mangold, 2007) is reproduced to illustrate the principles of tank storage, water pit 
storage, borehole storage and aquifer storage.  
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Storing at low temperatures will imply a limited ῳὝ and thereby a limited energy density in the storage. 
This will also depend on the available heat supply (i.e. if high temperature heat is directly available or 
not).  

Some large-scale storages occupy free space whereas others can be integrated with recreational areas. 
In case the storages must be located in the outskirts of (or outside) the city, transmission pipes have 
to be included. See more on spatial requirements of the different TES in section 3.7. 

3.2 Tank Thermal Energy Storages (TTES) 

3.2.1 TTES technology description 

Cylindrical steel tanks are also known as TTES, which is an abbreviation of tank thermal energy storage. 
This type of storage can be located above ground level, which is the most common case, but it can also 
be located below ground level. This is for instance seen in Germany, where tanks are sometimes used 
even as seasonal storages in connection to e.g. solar thermal, supplying smaller residential areas. If the 
storage is placed as steel tank above ground, it can be dominant in the landscape. If the storage is 
below ground level, it may be possible to use the area for other purposes. See more information on 
spatial requirements of TTES in section 3.7. 

Nearly 300 Danish DH plants have heat accumulation tanks. These are not buried underground, but 
are made as insulated freestanding cylindrical steel tanks located next to the DH plant. The average 
size is approx. 3,000 m3 (PlanEnergi, 2013). The cumulated storage capacity of all these tanks is 
approximately 50 GWh. The tanks were initially installed together with CHP-plants to enable flexible 
production, optimizing the revenues from the electricity production. Due to the increased electricity 
production from wind turbines in Denmark, the annual operation hours of the CHP plants are 
decreasing. Now these tanks are in many cases utilized for solar heating plants, where they are 
sometimes supplemented by additional tank capacity.  

The tank is typically made of stainless steel, concrete or glass-fiber reinforced plastic and contains 
water as storage material. Insulation of the storages is determined according to the environment and 
application. For steel tanks, 30 ς 45 cm of mineral wool is typically used to keep heat losses at an 
acceptable level. 

In most installations the temperature supplied to the storage is chosen to make it able to provide the 
supply temperature in the DH network. The temperature distribution in the storage is managed by a 
pipe system, shown in  Figure 4 by the blue pipes. This system strives to keep the efficiency of the 
storage as high as possible. A vertical temperature distribution is seen in the steel tank, where the hot 
water is in the top. This is referred to as thermal stratification. It is possible for some tanks (with several 
outlets, even though they are not as many as shown in Figure 4) to extract heat at different heights. In 
such tanks water at the desired demand temperature level can be used (e.g. from the middle part of 
the tank) while maintaining high temperature water in the top of the tank if the temperature in the 
top of the tank is higher than what is needed. This is especially useful when operating with very large 
storages, where it is important to maintain a good thermal stratification, meaning a high temperature 
difference in the tank from top to bottom, in order to avoid having a large volume of too low 
temperature to be utilized directly in the network. 

3.2.2 TTES economics of scale 

Figure 5 shows the specific investment costs for cylindrical TTES as a function of their volume. This 
storage technology shows very good economics of scale for tanks in the size of 0 ς 5,000 m3, but for 
much larger tank sizes the cost curve is quite flat. The data in the figure is for TTES in Denmark. No 
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data is shown for TTES larger than 10,000 m3 since this is quite uncommon although tanks up to 60,000 
m3 exist in Germany. The 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 
(PlanEnergi, 2013). 

Figure 5 ς Economics of scale for a few TTES storages in Denmark. Data from (Danish Energy Agency, 2014) and (PlanEnergi, 
2013). The data was fitted using a power curve (see Equation 4). The fit shows good agreement with the data points. 

 

3.3 Pit Thermal Energy Storage (PTES) 
There are different technical concepts for seasonal heat storage. One of the concepts is the pit thermal 
energy storage (PTES), which has been developed since the 1980s at The Technical University of 
Denmark where a test storage was built. The first pilot demonstration storage was established in 
Ottrupgård, Denmark in 1995 (1,500 m3) and the second pilot demonstration storage was constructed 
in Marstal, Denmark in 2003 (10,000 m3). The first full scale storage was built in Marstal 2011 - 2012 
(75,000 m3), and the second full scale storage in Dronninglund, Denmark during 2013 - 2014 (60,000 
m3) ς both in connection to large solar collector fields, covering around 40 - 50% of the DH demand in 
each network. PTES is a rather inexpensive storage form per m3, developed in conjunction with solar 
heating. In Denmark 6 PTES are already in place and more are expected to follow. 

3.3.1 PTES Technology description 

A PTES is a large pit dug in the ground fitted with a membrane, typically of plastic, on the bottom and 
walls of the pit to keep the storage from leaking. Like for the TTES, the PTES also uses water as the 
storage medium. The pit is covered with an insulating lid, which floats on the surface of the water, to 
reduce the energy losses. The side walls and bottom of the storage are often not insulated because 
the ground soil has an insulating effect itself and the additional costs for improving the insulation are 
not feasible considering the reduced energy losses. See more on heat losses in section 3.8. 

Figure 6 shows a cross section of the PTES and details of the construction. Liners are applied both as 
part of the lid and in the top of the PTES. The slope of the sides is relatively low, but depends on the 
local soil conditions. 

Similar to TTES, PTES also have a vertical temperature distribution in the storage to increase the total 
efficiency of the storage. The same kind of system to manage this temperature distribution is also 
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fitted here, and indicated in the blue pipes in Figure 3. The PTES requires a relatively large amount of 
area, compared to other thermal storage technologies. See more on spatial requirements of PTES in 
section 3.7. 

For large-scale thermal storages this is the most common technology in Denmark, though not a large 
number of them have been established yet. PTES is currently used and planned for use as seasonal 
storage, primarily (but not only) in conjunction to solar thermal DH production. In Marstal there is in 
total 85,000 m3 of PTES installed where the first 10,000 m3 have been operated for more than a decade 
and the additional 75,000 m3 was constructed in 2012. In the case of Marstal the solar fraction (i.e. the 
share of solar thermal energy for the district heating supply) is around 41% (Marstal District Heating). 

 

 

Figure 6 ς The principle of pit thermal energy storage (PTES). Figure by PlanEnergi (PlanEnergi, 2013). 

 

A PTES of 60,000 m3 has been constructed in Dronninglund and in Gram a large PTES storage of 122,000 
m3 is constructed recently. Today the largest PTES is constructed in Vojens, with more than 200,000 
m3 capacity in connection to a solar heating system with a total collector area of 70,000 m2. The 
seasonal storage ensures that around 40% of the annual DH demand can be covered by solar heat. 

For conventional DH temperature levels, the specific capacity of the storage is 60 - 80 kWh/m3 similar 
to TTES. The heat losses depend on the temperature level in the storage, the insulation of the lid and 
the volume/surface-ratio, and whether a heat pump is used to discharge the storage. In general, the 
dimensioning of insulation is subject to economical optimisation, i.e. does it make more sense to invest 
in insulation or more solar collectors. See more on heat loss considerations in section 3.8. Examples of 
storage efficiencies in the range of 80% to 95% have been seen.  

Key points for PTES are choice of material and water chemistry. Water treatment ς removal of salts 
and calcium, raise of pH to 9.8 ς is important to reduce/avoid corrosion. In addition, choice of steel 
quality of the pipes is crucial to ensure long technical lifetime. The insulation material in the lid should 
be resistant to water in case of a leakage, so that the insulation effect is not lost. Leakages can be found 
and repaired by divers. A key component of the pit thermal energy storage is the liner. The technical 
lifetime of the liner depends on the temperature of the water ς the higher the temperature the shorter 
the lifetime. 

3.3.2 PTES Geometry ς Considerations regarding design, soil balances etc. 

When establishing a very large pit heat storage, for instance of 1 million m3, it can be beneficial to 
consider establishing two pit heat storages of 0.5 million m3 each and located just next to each other. 
In this case, the two storages are connected in series, which will correspond to having the two storages 
on top of each other. Typically, once a year, the connection is reversed. The benefits of this include 

¶ Redundancy 
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¶ The two storages can be established and commissioned separately 

¶ One storage can be taken out of service in case of maintenance 

¶ The lifetime of the topliner increases 

¶ Improved stratification 

PTES are normally constructed as excavations designed as an inverted truncated pyramid, see Figure 

7. The excavated land is laid in a bank around the excavation, thus achieving soil balance, and the 

volume of the storage is partly below and above the original terrain. 

The sides and bottom of the storage are planned to avoid sharp stones, which can damage the liner. 
Then Geotextile lanes are laid to further protect the liner and eventually lanes off HDPE liner are 
welded together to provide a watertight surface. The lanes typically have a width of 6 - 7 m. The length 
of the lanes must be large enough to reach from the top to the bottom of the storage to avoid welding 
along the sides of the storage. The liner is held in drains/banks around the bearing as shown in Figure 
7. 

 

Figure 7 ς Cut through the lid and lockers. The locking gates are channels dug free around the storage. In these channels, the 
ends of the liners are placed and then filled with soil that locks the liner (PlanEnergi). 

 

Depending on the size of the storage, typically three tubes are introduced through the bottom or side 
of the storage to three diffusers placed in respectively the top, middle and bottom of the storage in 
order to move the water to and from the storage. 

When the storage is filled with water, the work with the top is initiated, which typically consists of an 
HDPE liner floating on top of the water that is welded and pulled over the water surface so that the 
entire surface is covered. The bottom cover of the lid is locked as the sideliner fixed in the soil banks. 
At the top of the bottom line of the lid, a drain line is placed, then insulation, and at the top another 
drain line before closing the lid with an HDPE top liner. The top liner is welded to the bottom of the lid 
along the edge of the bearing. A number of vacuum valves are attached to the top line, which secures 
the liners against wind impact and, in combination with the drainage valves, ventilates the lower 
structure. An HDPE liner is not steam diffusion proof, and ventilation is therefore necessary to avoid 
build-up of moisture in the lid that destroys the insulation properties. 

The lid is a major part of both the investment and the heat loss. The lid should therefore be as small 
as possible, which is achieved by making the (inner) slope as large as possible, as well as making the 
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storage as deep as possible. Figure 8 shows the relative lid area (compared to a reference with a depth 
of 40 - 45 m and a slope of 1:2) as a function of water depth for a rectangular 0.5 million m3 pit storage, 
for two different slopes of the storage sides. It is apparent that the higher the slope, the smaller the 
area (the red curve is below the blue curve). This means that for a given volume and a certain depth, 
a significant share of the lid area can be saved if the slope can be increased. The maximum slope is 
limited in practice by geotechnical conditions and/or working conditions in connection to 
establishment of the bottom/sideliner. It is difficult to have a steeper side than 1:2 (as ratio between 
height and width of the sides). It is also apparent that the greater the depth of water, the smaller the 
area (the curves fall to the right). However, the curves eventually flat out, so the gain is limited for 
water depths greater than respectively 30 m and 45 m approximately for the two slopes shown. 
However, the maximum water depth will usually also be limited by the groundwater level and the 
desired level of soil balance. Figure 9 shows possible shapes for PTES of two different depths.  

 

 

Figure 8 ς Lid area relative to the area of a PTES with a depth of 45 m and a slope of 1:2 as function of water depth for a 0.5 
million m3 PTES. The figure shows that for depths larger than approx. 35 m (1:2 slope) and approx. 50 m (1:1 slope), no 
reduction of the lid area is obtained. 
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Figure 9 ς PTES of water depths of approx. 45 (left) and 15 m (right). Notice the different scales on the secondary axis 
(sketch by PlanEnergi). 

 

3.3.3 Soil balance 

It will often be expensive for a PTES if the excavated material is to be disposed of (if the storage is 
placed only under ground level) or if external material is to be supplied (if the storage is located above 
ground level). The surplus soil / soil deflection is shown as a function of the vertical position of the 
storage for a storage of 0.5 million m3 in Figure 10. If the storage is buried completely (the sketch to 
the right in 

Figure 11) the soil surplus is obviously approximately 0.5 million m3 (the complete water volume). If 
the storage is reversed across the terrain (the sketch on the left in Figure 10), approximately 1 million 
m3 material needs to be added. The storage must be buried approximately 19 - 20 m down to achieve 
soil balance (where the red curve intersects the blue in Figure 10). The depth of the PTES has a rather 
large impact on the soil balance. In the given case, a change of depth by ±1 m changes the soil balance 
by around ±50,000 m3 of material. 
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Figure 10 ς Soil surplus as function of the bottom depth under terrain. 

 

Figure 11 ς PTES of the same volume above and under terrain. The water depth is 30 m in each case and the slope is 1:2 
Notice the different scales on the secondary axis (sketch by PlanEnergi). 

  

3.3.4 Storage depth 

It is often the groundwater level that determines how deep the excavation can go. In addition, it is 
desirable that the storage is cooled as little as possible by flowing groundwater. Figure 12 shows that 
a hole depth below 19.7 m gives a water depth of 30 m, see sketch on the left on 

Figure 13. Similarly, a hole depth of 10 m gives a water depth of 19.3 m, and a hole depth of 5 m gives 
a water depth of 12.7 m. At the same time, it can be seen that the deeper buried underground, the 
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smaller the lid area. As mentioned previously, it will often be the conditions of the soil or the 
groundwater that will determine the depth under terrain. 

 

 

Figure 12 ς Water depth and relative lid area as function of hole depth for PTES with soil balance. 

 

Figure 13 ς PTES with water depths of approximately 10 and 30 m. Notice the different scales on the secondary axis (sketch 
by PlanEnergi). 

 

3.3.5 PTES economics of scale and investments 

Pit thermal energy storages have significant economics of scale benefits as shown in Figure 14. They 
are primarily suitable as large-scale facilities and the tendency has been that every new PTES that is 
constructed is larger than those already existing. For large-scale heat storage, PTES has considerably 
lower specific investment costs than TTES. 

The total investment of a storage solution depends strongly on the geometry of the storage, which is 

shown in the previous sections but also factors as location and work salary. Especially the lid has a high 

price per area. Some estimated costs are shown in Table 3.1. The costs were collected in connection 

with a project by PlanEnergi for two storages of 0.5 million m3 each. 
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Table 3.1 The specific investment costs for the main components of PTES systems. 

Component Value Unit 

Digging and rebuilding (chalk) 13 ϵκƳ3 

Bottom and sides 27 ϵκƳ2 

[ƛŘ όƛƴǎǳƭŀǘŜŘ ǿƛǘƘ олл ƳƳ bƻƳŀƭŞƴύ όƛƴǎǳƭŀǘƛƻƴ рм ϵκƳ2) 111 ϵκƳ2 

²ŀǘŜǊ όǊŀǿ ǿŀǘŜǊ лΦу ϵκƳ3 Ҍ ǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘ мΦф ϵκƳ3) 3 ϵκƳ3 

 

 

Figure 14 ς Economics of scale for PTES systems. Data from (PlanEnergi, 2013) and (PlanEnergi, 2015). The data was fitted 
using a power curve (see Equation 4). The fit shows an excellent correlation with the data points. 

 

3.4 Borehole Thermal Energy Storage (BTES) 

3.4.1 BTES technology description 

A borehole thermal energy storage (BTES) consists of a number of boreholes in the ground in which 
pipes are placed. The storage is charged by pumping hot water through the pipes in the boreholes, 
which then transmits heat to the ground surrounding the boreholes. The storage medium here is the 
soil surrounding the boreholes and not the water in the pipes which is just a transfer medium. There 
is usually a layer of insulation on top of the boreholes to reduce heat losses. See more on 
considerations on heat losses in section 3.8. 

Figure 15 shows a cross-sectional and a three-dimensional drawing illustrating how the BTES is located 
in the ground. When discharging, cold water is pumped through the pipes in the boreholes and the 
stored energy in the ground is absorbed in the water. 

A number of BTES facilities exist today in a number of countries, including Germany, Sweden, Canada, 
USA and Denmark. The first BTES in Denmark was constructed in 2012 and put in operation in 
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Brædstrup for district heating supply in conjunction with a large solar thermal capacity. The facility 
consists of 48 boreholes of 45 m in depth with a total storage volume of 19,000 m3 soil. At the time of 
construction, the Brædstrup BTES was the largest BTES facility for district heating in Europe. 

 
 

 

Figure 15 ς Three-dimensional drawing of BTES; left: BTES summer operation (cooling), right: BTES winter operation 
(heating) (http://underground-energy.com/our-technology/btes/).  

 

The capacity of BTES can be anything between one borehole for the use of one single household to 
large-scale storages of several hundred boreholes. However, a single borehole for a single household 
is typically not used as a storage, but simply as ground heat source. In this case, energy can be extracted 
from the ground to supply heat pump evaporators at higher temperature levels than ambient air in 
winter and thus improve the seasonal performance factor (SPF) of the heat pump. Vice versa, the 
geothermal heat exchangers can be used for heat rejection of the chiller condensation energy at lower 
temperature levels than ambient air or cooling towers, which again improves the chiller energy 
efficiency ratio. The boreholes can also be directly used.  

Direct use of thermal energy from the underground for building cooling or heating is a very efficient 
way to use underground heat exchangers (e.g. boreholes), as only electricity for energy distribution 
(pumps and fans) is required. The heat carrier media can be air or water brine. A specific cooling power 
in the range of 45 W/m was reached with an air-geothermal heat exchanger in an office building in 
Weilheim in Germany, whereas only 25 W/m were recorded in a brine-based system. Data for the 
power as a function of ambient temperature for this system is shown in Figure 16. Data for the power 
as a function of the brine temperature for a brine-based system is shown in Figure 17 

In (Biermayr, 2013), a 2 year simulation of a U-shape ground heat exchanger designed for seasonal 
storage of solar heat shows that specific charging powers of over 130 W/m are reached, because of 
the high temperature difference between the ground temperature (12 °C in average) and the outlet 
temperature of the solar field of 70 °C. With a discharge temperature of -2 °C (heat pump evaporator), 
the specific discharge power of only 40 W/m are reached. The storage efficiency can be increased with 
geometrical distribution of several ground heat exchangers. The results can be found in Figure 18. 
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Figure 16 - Power of the earth-to-air geothermal heat exchanger in the Weilheim office building as a function of ambient air 
temperature, which corresponds to the inlet temperature to the ground heat exchanger.   

 

 

Figure 17 - Measured geothermal power in 2006 as a function of brine inlet temperature to the ground (office building in 
Freiburg). 
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Figure 18 - Specific heat transfer rate per metre of borehole length of a common U shape double pipe ground heat 
exchanger for 2 years. Year 1: charging period with a temperature level of 70 °C; year 2: discharge with a temperature level 
of -2 °C. The orange line represents the discharge specific power without storing heat previously (Biermayr, 2013). 

 

(Biermayr, 2013) shows that the combination of a BTES with a short term TTES can be financially 
interesting by increasing the direct use of solar heat. The TTES can act as a buffer between variations 
in solar heat production (varies from day to night) and the BTES (which cannot be charged as fast as 
the solar heat is produced). Also for large-scale installations, experience shows that the best 
economical performances of BTES are achieved when a buffer tank is included in the system. 

The most suitable geology for BTES is saturated soils with no or very limited groundwater flow and a 
high heat capacity. The specific capacity of the systems is estimated to being 15 - 30 kWh/m3 of storage 
material for conventional DHtemperature levels (PlanEnergi, 2013). The efficiency depends on the size 
of the storage. For small systems, the efficiency can be as low as 60% where for large systems of above 
100,000 m3 the efficiency can reach 85 - 90%.  

The charge and discharge effect is limited by the convection from or to the storage material in the 
ground and the transferring medium in the ground pipes. This is why BTES mainly is used for base load 
capacity. The investment costs are sensitive to the ground properties of the location where the storage 
is to be constructed. Since it requires many boreholes for large facilities, any difficulty in drilling the 
boreholes can increase the investment costs significantly. Compared with other storage options (e.g. 
PTES) examples of pro and con arguments for BTES are: BTES does not take up a large area (since the 
top surface can be used for other purposes). The heat cannot be extracted at a sufficiently high 
temperature level to supply conventional district heating directly. Hence a heat pump is needed even 
if the heat is injected at higher temperatures, and an exergy loss is thereby introduced. The outlet 
temperature issue becomes less important in the context of the (lower) FLEXYNETS network 
temperatures. 
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3.4.2 BTES economics of scale 

The storage volume of BTES is not as well defined as for TTES and PTES. It is often assumed that 3 m3 
of soil volume BTES are equivalent to 1 m3 of water storage volume because the soil has a lower specific 
heat capacity than water (Mangold, 2015), though in practice this will depend on the local conditions. 
After making this conversion from soil volume to water equivalents, BTES storage volume can be 
compared directly with the volumes of TTES and PTES. 

As shown in Figure 19, BTES does not have as well-defined economics of scale as TTES and PTES. The 
ǎǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ Ŏƻǎǘ ƛǎ ŀǊƻǳƴŘ пл ϵκƳ3 water equivalent for four out of the five systems in the 
examples used. An increased amount of data points would provide a more reliable estimate of the 
economics of scale of BTES. The investment cost for such systems is also location-specific, as it relies 
on the geological suitability of the soil for drilling the holes and on the composition and permeability 
of the soil with regard to heat exchange and storage. 

 

 

Figure 19 ς Economics of scale for BTES systems. Data from (PlanEnergi, 2013) and (CIT Energy Management, 2011). The 
data was fitted using a power curve (see Equation 4). Note that the fit is somewhat unreliable due to the large scattering of 
the data points. 

 

Detailed capital costs were available for the two 134 m boreholes of the heat pump system in 

Ostfildern in Germany, shown in  
Figure 20. The investment costs correspond to 129 ϵκƳ of earth heat exchanger with the drilling 
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