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Abstract 

In large tank thermal energy storage (TES) systems, the 

presence of a rigid, self-supporting cover prevents the 

natural thermal expansion of the water in response to large 

temperature excursion. One solution is the introduction of 

an expansion tank capable of accommodating these 

volume variations. Two design options are investigated: 

an internal overflow (“tank-in-tank”) and an external 

overflow tank. A numerical model describing the energy 

balance of both TES configurations is implemented using 

COMSOL Multiphysics. The internal tank solution shows 

a lower performance than the external tank due to the 

reduced volumetric capacity and the higher exergy losses, 

but a detailed representation of the convective heat 

transfer within the air layers in the internal tank would be 

required in future works. 

Key Innovations 

• Implementation of numerical model for thermal 

expansion tank for large-scale TES. 

• Comparison of thermodynamic performance of 

different expansion tank configurations. 

• Support for the design of large-scale tank TES. 

Practical Implications 

The implementation of a numerical model for overflow 

tanks is required to assess their thermodynamic 

performance and support the design process, as the energy 

and mass flows between the main TES and the expansion 

tank affect the thermal losses distribution and 

consequently the energy available for discharge. 

Introduction 

In district heating (DH) networks, the installation of 

buried water-based large thermal energy storage (TES) 

systems has seen an extension in the last decade, as they 

support the decarbonization the grids and increase their 

flexibility (Bolton et al., 2023; Tschopp et al., 2020). 

Large-scale TES (LTES) systems are used to manage the 

seasonal mismatch between thermal energy demand 

(higher in winter for space heating, especially in cold 

climates) and the availability of intermittent and 

fluctuating renewable energy sources (Sifnaios et al., 

2023). In order to supply the required energy to the DH 

network, TES systems operate in the temperature range of 

the grid, between 90/95 °C (in fully charged mode) and 

(depending on the technology employed and on the return 

temperatures of the grid) 60/30 °C. This high temperature 

excursion requires the selection of materials able to 

withstand high temperatures for the TES envelope and 

appropriate design solutions to ensure optimal operation 

and long service-life. Preventing moisture accumulation 

(both from water diffusion from the TES and from 

rainfall) and managing water level variations due to 

thermal expansion are key requirements for the TES 

envelope and for its cover. 

Two main design solutions for water-based LTES systems 

can be identified in terms of geometry: the shallow pit (or 

“Danish” pit) and the tank. The Danish pit presents a 

truncated-pyramid shape, with a low aspect ratio (AR) 

(ratio of height to average horizontal dimension). Danish 

pits are buried in the ground and present an insulated 

floating cover, that can adapt to (limited) water level 

variations due to thermal expansion (Sørensen & 

Schmidt, 2018), see Figure 1 (top). Tank TES systems 

have a cylindrical shape with higher ARs, but are more 

limited in size. They can be freestanding or (partially) 

buried (Ochs, 2009). Their larger AR, in the presence of 

large temperature excursions, results in greater water 

level variations compared to a shallow pit of the same 

volume. In order to adapt to these variations, the cover 

should either be able to move with the water level (with 

moving connections and the risk of creating thermal 

bridges), or water volume management solutions should 

be implemented (see Figure 1, bottom). 

 

 

Figure 1: Example of water level variation in pit (top) 

and tank (bottom) LTES with similar size. 
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The shallow pit construction solution has currently the 

lowest cost per unit volume and allows to achieve the 

largest volumes (Mangold & Deschaintre, 2015; Sifnaios 

et al., 2023). Examples of this type of construction are the 

large pit TES systems in Dronninglund, Marstal, Høje 

Taastrup (Denmark), the newly built pit TES in Meldorf 

(Germany) and the pit TES in Langkazi (Tibet, China) 

(International Energy Agency (IEA), 2024). In tank LTES 

design solution, the geotechnical works required to reach 

greater depths are more sophisticated, and result in 

significantly higher costs (van Helden et al., 2021). The 

existing tank TES systems use a self-supporting cover, 

which is not affected by the water level variation, but 

presents significantly higher costs while stability 

requirements limit its extension (Ochs, 2009). Self-

supporting covers can also be applied to smaller pit TES, 

depending on the final size. 

Overflow tank concept 

Density variations due to high temperature differences are 

an issue with large volumes of water, such as seasonal 

tank LTES systems. In the initial filling phase, the water 

temperature is close to the ambient temperature (around 

10 °C), while in fully charged conditions the average TES 

temperature can reach, for example, 90 °C and in fully 

discharged conditions it can reach 10 to 60 °C, depending 

on the operation of the DH network and the use of a heat 

pump. A TES design solution capable of accommodating 

large water level fluctuations within the TES volume has 

not yet been implemented. To accommodate volume 

variations in tank LTES systems (i.e., without moving / 

floating cover) two design concepts can be realised:  

• Internal overflow tank (or “Tank-in-tank” (GVT 

Verfahrenstechnik GmbH 4060 Leonding, 2020)). 

The water during the heating phase (i.e., charging 

phase) flows into a tank located inside the main tank, 

and it flows back into the main tank during the cooling 

phase (i.e., idle and discharge phases). Within this 

design solution, there are different variants that differ 

in the location of the water overflow injectors. The 

operating concept is presented in Figure 2. 

• External overflow tank. The excess water volume due 

to thermal expansion during the heating phase flows 

into an external tank. This solution is already applied 

in existing TES systems. 

The advantages and disadvantages of the two identified 

solutions are summarized in Table 1.  

Table 1: Internal vs. external overflow tank. 

Internal overflow tank External overflow tank 

+ relatively compact 

structure, as the internal tank 

is incorporated in the TES 

- the storage capacity of the 

main TES is reduced by an 

area corresponding to the 

internal tank and its walls 

- more expensive 

construction due to the 

internal walls and the pump-

injectors systems to 

+ simpler design of the main 

tank TES, no additional 

structures required within it 

+ easier maintenance  

- external structure required 

for the water overflow 

- the water backflow has a 

lower temperature, 

depending on the external 

storage characteristics  

hydraulically connect the 

internal and the main TES 

- electrical energy required 

by hydraulic pumps  

 

 

Further differences between the two solutions relate to the 

specific thermodynamic performance and concern the 

temperature of the water extracted from the TES and sent 

to the DH supply and the stratification deterioration 

related to the water backflow and to the thermal losses to 

the internal tank. Aim of this work is the implementation 

of a numerical model able to describe and quantify these 

effects and to compare the two different design solutions. 

 

 

Figure 2: Operating concept of a LTES with internal 

overflow tank: charging phase with thermal expansion of 

water and filling of the internal tank (top), discharging 

phase with thermal contraction of water and backflow to 

the main tank (bottom). 

Methods 

Internal overflow tank: modelling assumptions and 

simplifications 

In the model of the different expansion tank 

configurations implemented here, only the fluid domain 

is considered. In COMSOL Multiphysics this is modelled 

as a line source with a coefficient form boundary PDE, as 

described by Tosatto & Ochs (2024). In the numerical 

model implementation of a TES with expansion overflow 

tank these main assumptions are made: 

• the mass of water in the main TES (𝑚𝑤) is assumed to 

remain constant and is modelled as incompressible 

fluid (i.e. constant water density). 

• the thermal capacity of the walls of the internal 

overflow tank and the related vertical thermal 

conduction are not considered. 
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• in the internal overflow tank the complex dynamics 

due to natural convection in the air domain are not 

modelled in detail, and the air is assumed to be fully 

mixed. In a first model implementation this is a 

plausible assumption because of the low capacity of 

the air, the heat gains from the water overflow and 

from the thermal gains along the height of the internal 

walls. 

Equation (1) presents the energy balance equation for 

each water layer of the main TES. 

   ρcpATES,i
∂Ti

dt
= cpρV̇

∂T

∂zi
+ ATES,iλeff

∂2Ti

∂zi
2 − q̇loss,i (1)  

Here T is the temperature of the segment i, ρ the density 

and cp the specific heat capacity of the fluid, V̇ the (dis-) 

charging volumetric flow, ATES,i  the segment cross 

section area of the main TES (i.e., excluding the internal 

tank) and λeff the effective thermal conductivity which is 

enhanced in presence of inverse thermocline. The term 

q̇loss,i describes the thermal losses through the envelope 

and considers the thermal losses to the external ambient 

(i.e., the surrounding ground or air) and the thermal losses 

to the internal tank, as defined in Equation (2). 

q̇loss,i = q̇amb,i + q̇intank,i    (2) 

The water overflow due to density variation is modelled 

according to Equation (3), where VTES  is the geometric 

volume of the main TES (i.e., excluding the volume 

occupied by the internal tank) and Vw is the water volume 

in the main TES object of temperature changes, defined 

from the mass of water in the main TES (mw). 

V̇overflow =
d (Vw−VTES)

dt
   (3) 

Vw = mw/ρ(TTES
̅̅ ̅̅ ̅̅ )   (4) 

Having assumed that the mass of water in the main TES 

is constant and incompressible, the energy overflow due 

to volumetric variations is considered only in the 

receiving element, i.e., the expansion tank during the 

water expansion and the main TES during the contraction, 

and is defined as from Equation (5), where 𝑇𝑝 and 𝑇𝑖𝑛𝑡,𝑝 

are the water temperatures at the overflow port of the main 

tank and of the internal expansion tank, respectively. 

ΔQ̇overflow = ρcp(Tp − Tint,p)V̇overflow (5) 

The internal overflow tank is modelled as described by 

Equation (6), depending on the location of the layer 

(above or below the water level zw). Here, ρa , cp,a  and 

λaeff are the density, specific heat capacity and (effective) 

thermal conductivity of the air above the water level, 

Aint,i the segment cross-section area of the internal tank 

and 𝑞̇𝑖𝑛𝑡𝑎𝑛𝑘,𝑖 the heat flux through the internal walls from 

the main TES, which thermally couples the two tanks. 

ρacp,aAint,i
∂Tint,i

dt
= Aint,iλaeff

∂2Tint,i

∂zi
2 + q̇intank,i for z>zw 

ρcpAint,i
∂Tint,i

dt
= Aint,iλeff

∂2Tint,i

∂zi
2 + q̇intank,i for z<zw (6) 

Due to the scale of the problem, a detailed CFD 

simulation of the air and water layers in the internal tank 

is not feasible, so the complex heat transfer due to natural 

convection in the air above the water level in the internal 

tank is not modelled. Instead, it is assumed that the air 

domain is fully mixed. 

The water level in the internal tank is defined from the 

water volume that flows in during the charging phase and 

flows out during the cooling phase. 

zw =
Vw int

Aint
=

∫ V̇overflowdt

Aint
    (7) 

The water volume in the internal tank (Vw int) is defined 

in every simulation step using the Global ODE Interface. 

Three different configurations are studied for the position 

of the injectors hydraulically connecting the main TES 

and the internal overflow tank:  

• M1: the expanding water is extracted from the top of 

the main tank and the overflow inlet is at the bottom 

of the internal tank. The same path is used for the 

water backflow. 

• M2: the expanding water is extracted from the bottom 

of the main tank and the overflow inlet is at the bottom 

of the internal tank. The same path is used for the 

water backflow. 

• M3: the expanding water is extracted from the top of 

the main tank and the overflow inlet is located at the 

lowest water level of the internal tank. The ports for 

the water backflow are located as in case M2. 

External overflow tank: modelling assumptions and 

simplifications 

In the model with external overflow tank, the same 

modelling solution for the main TES presented by 

Equation (1) is implemented, with the difference that here 

the segment cross section 𝐴𝑇𝐸𝑆,𝑖, considers the entire main 

TES surface, and the thermal losses term (Equation (2)) 

considers only the losses through the external envelope, 

as the overflow tank is assumed to be detached from the 

main TES.  

The external overflow tank is modelled as a single node. 

It is assumed that it is not insulated, and the water flowing 

back during the backflow phase is at a constant 

temperature of 20 °C. The overflow/backflow port is 

located on the bottom of the main TES. 

Case study 

In the analysed case of the Vienna DH, the TES operating 

temperatures range between 95 °C (fully charged) and 

42 °C (fully discharged). For a TES with a volume of 

40 026 m3 (height 25 m, diameter 45.15 m), assuming the 

TES is completely filled with water at 10 °C (when the 

water volume is the same as the geometric volume of the 

TES), the volume variations of that mass of water with 

increasing temperature are presented in Table 2. Figure 3 

presents the water density used in the numerical 

simulations, and the points corresponding to the three 

temperatures of charge, discharge and surrounding 

ambient are highlighted. 
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Table 2: Preliminary assessment of TES water volume 

variations with the operating temperatures.  

T / [°C] mw / [ton] Vw / [m3] ΔV / [m3] 

10 

40048.43 

40026.3  

42 40401.9 376 (0.94%) 

95 41616.2 1590 (3.97%) 

The initial internal tank water level (zw0) in the TES with 

internal tank is set to 5.3 m, as it corresponds to the water 

level expansion due to the pre-heating of the mass of 

water in the main TES tank from 10 °C to 42 °C. 

Considering the volume variations presented in Table 2, 

for the internal tank a volume of 1662 m3 is assumed, with 

an internal diameter (dint) of 9.2 m. The slightly larger 

volume is a safety measure to account for the possible 

volume occupied by pumping and piping systems. 

The TES envelope heat transfer coefficients used for all 

TES configurations in the analysis are: 0.15 W/(m2∙K) for 

the top, 0.11 W/(m2∙K) for the external side walls and 

storage bottom, 2.24 W/(m2∙K) for the internal tank walls.  

A pure seasonal operation is considered in the first 

analysis: the charging/discharging flow suggested by 

(Schmidt et al., 2024) has been adapted to the investigated 

volume and used in the numerical simulations. An 

additional study with a short-term operation is 

investigated to test the dynamics of the model. Charging 

ad discharging profiles for both operation modes are 

presented in Figure 4. 

In order to investigate the pure operation of the TES, the 

surrounding ground is excluded and only one year of 

operation is modelled. The surrounding ambient is 

assumed to be at a constant temperature of 10 °C.  

 

Figure 3: Water density as function of the temperature 

and indication of the TES operation points. 

Key Performance Indicators 

Following the indications provided by (Schmidt et al., 

2024), the following key performance indicators (KPIs) 

are used to compare the different configurations: 

• internal energy; 

• charged/discharged energy and resulting energy 

efficiency; 

• TES output temperature; 

• TES thermal losses. 

Additionally, the exergy efficiency (Equation (8), 

(Dahash et al., 2021)) is considered, in order to account 

for the eventual stratification decay linked to the water 

backflow from the expansion tank. The charged and 

discharged exergy are defined as from Equations (9) and 

(10), where 𝑇0 in this case is the surrounding temperature 

(10 °C). 

ψ =
EXdis

EXch
                  (8) 

EXch = ∫ ρ cp V̇ch [(Tch − Tout) − T0 ln (
Tch

Tout
)] dt  (9) 

EXdis = ∫ ρ cp V̇dis [(Tout − Tdis) − T0 ln (
Tout

Tdis
)] dt (10) 

In the absence of monitoring data from existing LTES 

systems with expansion tank, or of existing studies that 

could be used to validate the implemented models, the 

results of these models are compared with those of the 

(standard) COMSOL Multiphysics tank TES model, 

which has been cross-validated within the framework of 

the IEA ES Task 39 (Schmidt et al., 2024). 

Results and Discussion 

Seasonal operation 

A first indicative analysis of the simulation results 

considers the internal energy variation during the 

simulated period. The results are presented in Figure 5, 

which shows also the maximum storage capacity in the 

two investigated geometries (i.e., with internal tank and 

with external tank). In this and in the following figures, 

the following nomenclature will be used to present the 

results: ‘Ref.’ is the reference tank model without 

expansion tank, ‘Mint1’, ‘Mint2’ and ‘Mint3’ are the 

three cases with the internal expansion tank (M1, M2 and 

M3), ‘Mext’ is the TES with external expansion tank. 

The largest difference between the reference case and the 

case with internal storage tank is observed at the end of 
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the charging phase and is related to the difference in 

storage capacity, which in the ‘Mint’ cases (with the given 

assumptions) is 4 % smaller, as the volume occupied by 

the internal tank is not useful storage volume. The ‘Mext’ 

solution follows the same trend as the reference case as it 

presents the same volumetric capacity. There is no 

significant visible difference between the three ‘Mint’ 

configurations, as the internal energy aggregates the 

temperature within the storage and does not provide 

information about the thermal stratification.  

 

Figure 5: Internal energy profile during the investigated 

period and maximum storage capacity for the cases with 

and without internal expansion tank (horizontal lines). 

In order to assess the energetic and thermodynamic 

differences between the different solutions, the energy 

fluxes and the corresponding temperatures need to be 

considered. In this regard, Table 3 presents the overview 

of charged and discharged energy for the investigated 

cases and the corresponding efficiency. The difference in 

terms of charged and discharged energy reflects the 

distinction seen in Figure 5 between the cases with ‘full’ 

TES availability (‘Ref’ and ‘Mext’) and those with the 

internal tank, but allows to distinguish a difference related 

to the location of the overflow injectors, with the ‘Mint2’ 

and the ‘Mint3’ solutions outperforming the ‘Mint1’.  

Table 3: Yearly charged and discharged energy for the 

investigated cases and relative difference with respect to 

the reference case (without expansion tank). 

 Ech 

[MWh/a] 

Edis 

[MWh/a] 

η 

[-] 

Ref. 2323 1977 0.85 

Mint1 2231  

(-3.9%) 

1885 

(-4.6%) 

0.84 

Mint2 2231 

(-3.9%) 

1903 

(-3.7%) 

0.85 

Mint3 2230 

(-4%) 

1904 

(-3.7%) 

0.85 

Mext 2328 

(-0.2%) 

1982 

(-0.2%) 

0.85 

The lower discharge energy available in the ‘Mint1’ case 

is related to the lower output temperature available on the 

top of the TES for discharge. This is visible in Figure 6, 

which presents the water temperature at the top outlet 

location. The ‘Mint1’ solution is in fact the least 

favourable variant in terms of thermodynamic efficiency, 

as during the charging phase, the (high temperature) water 

volume overflow flows from the top of the main TES to 

the bottom of the internal tank, where it cools down, and 

flows back to the top of the main tank during the 

following (cooling) phases of storage and discharge thus 

resulting in an additional temperature loss. 

The temperature loss visible in Figure 6 is evident in the 

discharge phase (day 152 to 273) for all the ‘Mint’ cases, 

but is more accentuated in the ‘Mint1’ configuration for 

the aforementioned reasons. 

 
Figure 6: Water temperature at the top main TES outlet 

location with seasonal operation profile. 

The vertical thermal stratification of the water in the 12 

months is presented in Figure 7, for the ‘Ref’, the ‘Mint3’ 

and the ‘Mext’ cases. The continuous and dashed lines 

represent the temperature in the main TES, while the 

dotted line represents the temperature distribution in the 

internal tank. The water level variation in the internal tank 

is also shown (horizontal line). The seasonal operation of 

the internal tank can be seen from the water level 

variation, which increases during the charge phase 

(months 1 to 4), slightly decreases in the 1-month storage 

phase due to the temperature loss associated with the 

thermal losses through the envelope, and further 

decreases during the discharging phase (months 6 to 9). 

In the main tank, the charging process proceeds faster in 

the ‘Mint3’ configuration, as the water volume available 

for charging is lower tank in the ‘Ref’ and ‘Mext’ cases. 

The heat flux through the internal tank walls and the water 

overflow from the top of the external tank contribute in 

gradually increasing the internal tank temperature until 

the beginning of the discharge phase. In the discharge 

phase, the exergy losses (of the previous months) to the 
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internal tank result in a poorer thermal stratification in the 

main tank and a lower outlet temperature.  

Temperature losses are linked to the conductive losses 

through the main TES envelope elements (cover, 

sidewalls, bottom and internal walls for the ‘Mint3’ case) 

and to the convective losses due to the water backflow 

from the internal expansion tank. The monthly profile of 

the thermal losses to the internal tank is related to the 

seasonal operation of the storage. In the first 5 months the 

thermal losses to the internal tank are due to its average 

lower temperature than the main TES, while in the second 

part of the year the discharge lowers the temperature of 

the main TES, resulting in heat gains from the internal 

tank. Similarly, the backflow heat flux from the internal 

tank in the storage and discharge phases is seen as heat 

gain, as the water temperature flowing from the bottom of 

the internal tank is higher than the water temperature in 

the lower main TES layers. However, these heat gains 

through the internal tank walls and the water backflow are 

not able to compensate as the exergy level of the internal 

tank is lower than what required by the DH supply. 

Exergy efficiency is a useful KPI that allows to account 

for the degradation in thermal stratification. The resulting 

exergy efficiency for the investigated configurations is 

presented in Table 4. 

Table 4: Exergy efficiency for the investigated TES 

configurations with seasonal operation profile. 

 Ref Mint1 Mint2 Mint3 Mext 

ψ 0.808 0.785 0.795 0.795 0.809 

Compared to the energy efficiency (Table 3), which 

presents minimal variations between the investigated 

cases, the exergy efficiency allows to account for the loss 

of thermal stratification, and is therefore lower for the 

‘Mint’ cases, with the lowest value for the ‘Mint1’ case.  

Short-term (weekly) operation 

In the short-term operation profile one can distinguish a 

short-term storage operation (e.g., days 35 to 55) and a 

medium-term storage operation (e.g., days 145 to 200), 

when the charge/discharge cycle is completed over a 

longer period. 

In this section only the results for the internal overflow 

tank case ‘Mint3’ are presented, as it is the best option in 

terms of exergy efficiency among the ‘Mint’ cases. 

Figures 8 and 9 present the internal energy profile and the 

outlet TES temperature for the selected configurations. 

 

 

 

Figure 7: Vertical water temperature profiles at the beginning of each month in the main TES for the reference case 

(‘Ref’, continuous line), the cases with internal overflow tank (‘Mint3’, dashed line) and the case with external 

overflow tank (‘Mext’, dashed lines). Also shown are the temperature profile in the internal tank (dotted line) and the 

water level in the internal tank (horizontal line). 
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The internal energy profile of the ‘Mext’ case is close to 

the ‘Ref.’ case, while the ‘Mint3’ has a lower energy 

content due to the lower volumetric capacity as already 

seen in the seasonal operation (Figure 8). With the 

implemented model in the short-term operation, the 

difference between the three cases (‘Ref’, ‘Mext’, and 

‘Mint’) in terms of discharged energy and energy 

efficiency is smaller. 

The difference in outlet TES temperature between the 

investigated models is also less visible than in the pure 

seasonal operation case (Figure 9), except for periods 

when the discharge flow is more relevant. 

Conclusion 

Numerical models can actively support the design phase 

of LTES systems, allowing to investigate and compare 

different geometrical configurations of the thermal 

envelope, the inlet/outlet porta and water management 

solutions. In this work the numerical model of a large-

scale TES with overflow expansion tank is implemented 

in COMSOL Multiphysics. Two cases are investigated 

and compared: internal expansion tank and external tank. 

The termodynamic performance of the studied cases is 

analysed in terms of internal energy, outlet temperature, 

thermal stratification, energy and exergy efficiency.  

In the models a simplified approach is followed, as the 

mass of water in the main TES is assumed to remain 

constant and is modelled as incompressible fluid (i.e., 

constant water density), while the water overflow in the 

expansion tank is defined from the volumetric variation 

of the total mass of water and is consider only in terms of 

energy flow. Moreover, the air domain in the internal tank 

is assumed fully mixed. A detailed representation of the 

convective heat transfer due to natural convection with a 

CFD model would be required in future work. The results 

showed that the use of an internal overflow tank can have 

some disadvantages from a thermodynamic point of view, 

as the internal tank installation results in a reduced 

volumetric capacity of the TES but in particular the water 

backflow and the thermal losses lead to higher exergy 

losses (i.e., loss of thermal stratification, lower output 

temperature). The thermal capacity of the internal and 

external walls of the TES has been neglected in this first 

implementation of the model, but a more detailed model 

capable of understanding the effect of the vertical heat 

flux on the thermal stratification of the water is 

recommended. Work is ongoing to model the water as a 

compressible fluid, in order to account also for the mass 

variation and for the enthalpy loss associated with the 

mass variation in the main TES.  
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Figure 8: Internal energy profile of the investigated LTES configurations with short-term operation during the year and 

maximum storage capacity for the cases with and without internal expansion tank (horizontal lines). 

 

Figure 9: Water temperature at the top TES outlet location with the short-term operation. 
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