
 

 

Towards More Efficient Modeling and Simulation of Large-scale Thermal Energy Storages in 

Future Local and District Energy Systems 

 

Michael Reisenbichler1,2, Keith O’Donovan1, Carles Ribas Tugores1, Wim van Helden1, Franz 

Wotawa2 
1AEE – Institute for Sustainable Technologies, Gleisdorf, Austria 

2Institute of Software Technology, University of Technology, Graz, Austria 

 

 

 

Abstract 

Large-scale hot-water underground tank and pit thermal 

energy storages have a high potential to massively 

increase the proportion of renewable energy in future 

local and district energy systems. To fully exploit the 

potential of these large-scale thermal energy storage 

(LTES) technologies, comprehensive planning and tuning 

of the overall system by dynamic system simulations is 

necessary. Modelica-based simulation tools show many 

advantages over other established system simulation 

tools. However, suitable LTES models in Modelica are 

limited or lack essential features. Consequently, it is the 

intention of this study to develop a novel Modelica LTES 

model.  

Existing models served as the basis for the development. 

A validation case study involving a real Danish pit storage 

was performed to assess the accuracy of the new model 

under real conditions. The results show that the new 

model adequately represents the physical behavior and 

interaction with the surrounding soil. This study is a first 

step towards more efficient modeling and simulation of 

LTES in dynamic system simulations in the future.  

Key Innovations 

• New validated Modelica large-scale hot-water 

underground tank and pit thermal energy storage 

model for dynamic system simulations. 

• First step to bring large-scale thermal energy storage 

modeling in dynamic system simulations to the next 

level. 

Practical Implications 

For underground large-scale thermal energy storage 

models, accurate modeling of the interaction with the 

surrounding soil is important. Fundamental is also the 

fluid model with an adequate number of fluid nodes. 

Avoid positioning of inlets and outlets directly at the very 

top or bottom fluid nodes. As the mesh of the soil model 

has a high influence, prior parameter studies are 

recommended to find a proper setting. 

 
1 In addition to TTES and PTES, the general term LTES in the literature commonly also includes aquifer thermal energy storages 

(ATES), borehole thermal energy storages (BTES) and freestanding or partially buried TTES. In this work, however, only the discussed 

large-scale hot-water underground PTES and TTES are considered as LTES. 
2 http://www.trnsys.com/ (accessed: Jan 30, 2020) 

Introduction 

Large-scale hot-water underground tank (TTES) and pit 

(PTES) thermal energy storages can be a central element 

for future district and local energy systems. These large-

scale thermal energy storage (LTES)1 technologies 

facilitate seasonal and short-term storage of renewable 

energy, increase the system flexibility, provide peak load 

capabilities for power grids (Power-to-Heat) and thus 

enable coupling of the electricity and heating sectors 

(Pauschinger et al., 2020). All these features will make it 

possible to significantly increase the share of volatile 

renewable energy sources. Therefore, these LTES 

technologies are a key technology to achieve our short- 

and long-term climate goals.  

Due to the integration of renewable energy sources, the 

number of components and the complexity of future 

systems with integrated LTES are increasing. In order to 

fully exploit the potential of these systems and for 

efficient operation of the integrated LTES, 

comprehensive planning and tuning of all system 

components is necessary. To achieve this and to account 

for the increased complexity, multi-annual dynamic 

system simulations are needed to design and optimize 

system architectures and control strategies as well as for 

performing technical, economic and ecological analysis 

over the entire life cycle (Ochs, 2010). 

The acausal, equation-based, object-oriented modeling 

language Modelica is designed for multi-domain 

modeling of dynamic systems (Modelica Association, 

2017). Modeling with Modelica facilitates higher 

reusability, expandability and adaptability of models 

compared to traditional causal modeling tools such as 

TRNSYS2. Moreover, Modelica is an open-source 

language that is supported internationally by numerous 

research areas and industries. This, together with 

Modelica's multidisciplinary modeling approach, enables 

collaboration between different communities, which has 

proven to be essential to meet the demands of increasingly 

complex future energy systems (Wetter and van Treeck, 

2017).  

Modelica libraries already have a huge collection of 

available models and Modelica-based simulation 
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environments, such as Dymola (Dassault Systèmes, 

2019), are suitable to simulate large-scale energy systems 

in a single simulation environment. However, suitable 

LTES models representing the underlying physical 

behavior with sufficient accuracy are not available or lack 

essential features, like an adequate representation of the 

interaction with the surrounding soil. To overcome this, 

one possible option is co-simulation, in which suitable 

models of different simulation tools are coupled with the 

actual system simulation. Yet, co-simulations may require 

a significant amount of time for the implementation and, 

as a recent study shows, may lead to poor computational 

performance. As the study by Dahash et al. (2019) with a 

co-simulation between COMSOL Multiphysics3 and 

Dymola showed, besides the very low computational 

performance, also a loss of information was observed. 

The applied co-simulation approach with discrete 

synchronization time steps led to considerable deviations 

compared to the benchmark results without co-simulation.  

The overall objective is to enable more efficient modeling 

and simulation in terms of implementation time, 

computational performance and accuracy of LTES in 

multi-annual dynamic system simulations in the future. 

As a first step to achieve this, we are going to demonstrate 

in this study the development and validation of a novel 

Modelica LTES model for dynamic system simulations.  

In this paper, we first give a brief overview of modeling 

and simulation approaches for LTES systems, including a 

discussion on existing LTES models for dynamic system 

simulations. Afterwards, we present the development and 

structure of the new Modelica model. Finally, and to 

assess the accuracy of the developed model, we discuss 

results obtained from a conducted validation case study 

using real measurement data of a Danish PTES, alongside 

a cross-comparison against other numerical models.  

Overview of modeling and simulation approaches for 

LTES systems 

In general, LTES models can be classified according to 

their level of detail. There are detailed computational fluid 

dynamic (CFD) models available that are able to exactly 

represent the thermohydraulic behavior of the storage 

medium and the interaction with the surrounding soil. On 

the other side of the spectrum, there are models used in 

overall energy system analyses, at a regional or national 

level, in tools such as EnergyPLAN. In these “energy-

only” tools, temperature levels of the energy flows are not 

considered between the energy units and storages are 

often modelled using very simplified approaches 

(Sorknæs, 2018). Yet, CFD models are numerically too 

costly to be integrated into system simulations, and 

models in overall energy system tools are too inaccurate 

to adequately evaluate the behavior of LTES in local or 

district energy systems.   

Therefore, so-called “coarse models” are used in multi-

annual dynamic system simulations for system design and 

optimization and to perform technical, economic and 

ecological analyses (Ochs, 2010). For instance, these 

 
3 https://www.comsol.com/ (accessed: Jan 30, 2020) 

lower-detailed coarse models use simplified assumptions 

regarding geometry, thermophysical properties or 

boundary conditions. Nevertheless, the dynamic thermal 

behavior of the storage as well as the interaction with 

other system components needs to be accurate.  

Popular dynamic system simulation tools used in science 

and industry for assessing LTES systems are TRNSYS, 

MATLAB/Simulink and Modelica-based tools such as 

Dymola. These tools are used in typical system 

simulations to analyze the design of the LTES in the 

system and to see the interaction of the storage with other 

system components (e.g. heat sources, consumers) in 

local and district energy systems.  

Existing LTES models for dynamic system 

simulations 

For scientific applications, TRNSYS is the most widely 

used simulation tool for LTES systems (Ochs, 2010). 

Several LTES models are available within TRNSYS. 

Depending on the model, they can be used for different 

geometries (e.g. cylinder, inverted truncated cone or 

pyramid) and are able to represent the surrounding 

subsoil. Besides, the models differ in the representation of 

physical effects such as radiation, heat conduction, etc. 

and in the level of detail. Here to mention are Type 342 

(also called “XST-model”) and Type 343 (also called 

“ICEPIT-model”), two established TRNSYS models 

which are also capable of modeling the interaction of the 

storage with the surrounding soil. The former models the 

storage as a cylinder geometry, the latter can additionally 

model inverted truncated cone geometries. Due to recent 

developments, the TRNSYS Types 1300/1301 and 1322 

should be mentioned in particular. Type 1300/1301 can 

model the storage as inverted truncated cone geometry. It 

is a combination of Type 1300, for modeling the fluid part 

of the storage, and of Type 1301, for modeling the 

surrounding soil. TRNSYS Type 1322 can model the 

storage with an inverted truncated pyramid geometry. 

Therefore, this model is considered as the most 

sophisticated model, as this geometry fits best to currently 

existing PTES in Denmark. Recently, those two models 

have been discussed and examined in studies of Klöck 

(2018), Sveinbjörnsson et al. (2020) and Gauthier (2020). 

For Modelica-based simulation environments mainly 

freestanding models without modeling of the surrounding 

soil are available. Available models are primarily focused 

on ordinary hot water tanks for domestic applications and 

can be found, for instance, in the Modelica Buildings 

library (Wetter et al., 2014). Modelica LTES models that 

also include the modeling and interaction with the 

surrounding soil are limited or are in-house models, which 

are not publicly available. Most recently, Dahash et al. 

(2020a) demonstrated a LTES Modelica model including 

a coupled soil model. In their study, they conducted a 

cross-comparison between the Modelica model and a 

detailed finite element model developed in COMSOL 

Multiphysics. For the cross-comparison, an assumed 

simplified DH temperature profile, with constant supply 
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and return temperatures, and volume flows changing in 

three monthly intervals was used. Moreover, the work 

examined the influence of the storage aspect ratio (height-

to-diameter-ratio) on the thermal performance and 

stratification as well as the impact of the insulation 

thickness on the thermal performance and costs.  

Methods 

Model development 

We developed a new Modelica LTES model utilizing the 

modeling and simulation environment Dymola (Dassault 

Systèmes, 2019). The developed model builds upon 

existing models from the Modelica Standard library 

(Modelica Association, 2019) and the Modelica Buildings 

library (Wetter et al., 2014), supplemented by several 

adaptions of these models. As shown in Figure 1 the 

storage model can be subdivided into two main models: 

the fluid and the soil domain model. 

 

Figure 1: Structure of the developed Modelica LTES 

model. 

The basis of the fluid domain model is the stratified 

storage tank model of the Modelica Buildings library4. 

The main components of the model are the fluid (storage 

medium) itself, the top cover, the side walls, the bottom 

and the inlet and outlet diffusers. In order to adequately 

represent the physical behaviour of the storage in the 

subsoil, some adaptations of the original model are 

necessary. Following major adaptations are made: 

• Enabling individual selection of insulation thickness 

and thermal conductivity for top cover, side walls and 

bottom.  

• Coupling of side walls and bottom with the soil 

domain model. 

• As the original model is intended for modeling of 

storage tanks for domestic applications, typically 

made of steel, vertical heat conduction through the 

tank walls is also considered. Since the new model is 

coupled to the soil, this mechanism is disabled.  

 
4 Library path: Buildings.Fluid.Storage.Stratified (Version 6.0.0) 
5 Library path: Buildings.HeatTransfer.Conduction.SingleLayerCylinder (Version 6.0.0) 

• Enabling individual initialization temperatures for 

each volume segment. 

In the original fluid domain model, the widely used 1D 

multi-node or multi-layer approach is implemented. As 

described by Kleinbach (1990), Newton (1995) and 

recently by Cadau et al. (2019) with the multi-node 

approach the fluid is divided into finite-volumes (called 

nodes) with a uniform horizontal temperature for each 

node. The governing equations for each node are ordinary 

differential equations representing mass and energy 

balances, which are solved simultaneously during the 

simulation. 

The basis of the soil domain model is the radial heat 

transfer model in a hollow cylinder of the Modelica 

Buildings library5. Essentially, the original model is 

changed from 1D to 2D in order to obtain the following 

governing differential equation of two-dimensional 

transient heat conduction in cylindrical coordinates with 

constant thermophysical properties (Çengel and Ghajar, 

2015):  

1

α

∂T(r,z,t)

∂t
=
1

r

∂

∂r
(r
∂T(r,z,t)

∂r
)+

∂
2
T(r,z,t)

∂
2
z

 (1) 

where α=k/(ρ·cp) is the thermal diffusivity of the soil with 

the thermal conductivity k, the density ρ and the specific 

heat capacity cp. T is the temperature of the node at the 

time t, the radial location r and axial location z. This 

differential equation is solved using the finite difference 

method and by discretization of the soil domain in the 

model. In order to reduce the numerical effort, a reduction 

of the degrees of freedom of the model from 3D to 2D is 

applied by assuming an axisymmetric geometry of the 

soil. It should also be mentioned that this approach leads 

to limitations in the modeling of non-axisymmetric 

geometries or occurring groundwater flows, for instance. 

The extent of the soil domain is chosen to be sufficiently 

large, such that the outer nodes remain unaffected by the 

thermal losses of the fluid domain. Adiabatic boundary 

conditions can therefore be applied for the lateral and 

bottom soil domain boundaries as can be seen in Figure 1. 

Convective heat transfer is considered along the soil and 

cove surface with the ambient air. Radiative heat transfer 

mechanisms are not considered.  

Validation case study and cross-comparison with 

other numerical models  

For the validation and to assess the accuracy of the 

developed model under real conditions, we carried out a 

validation case study, where we compared the 

measurements from the PTES in Dronninglund, 

Denmark, with results obtained using our model. 

The water-filled PTES is part of the Dronninglund solar 

districting heating system, consisting of 37.573 m² of 

solar collectors, an absorption heat pump (with 2.1 MW 

heat source power), bio-oil boilers, natural gas boilers and 

CHP units. From Figure 2 it can be seen that the storage 

has an inverted truncated pyramid geometry and three 
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inlet and outlet diffusers at the top, middle and bottom 

height of the storage. The storage has a volume of approx. 

60,000 m³, was built in 2013 and went into operation at 

the beginning of 2014 as part of the “SUNSTORE 3” 

project (Sørensen et al., 2015). Winterscheid and Schmidt 

(2019) conducted detailed monitoring data evaluations for 

the overall system for the years 2015, 2016 and 2017. 

 

Figure 2: Picture of the Dronninglund PTES during 

construction, before filling and installation of the liners 

and the cover (Sørensen et al., 2015).  

As the emphasis of this study is on the modeling of the 

storage itself and in order to eliminate influences of other 

system components, for the validation case study, the 

Modelica model is evaluated as a stand-alone component 

and all other system components are excluded from the 

simulation. Accordingly, the hourly inlet mass flow rates 

with the corresponding temperatures and at the 

corresponding inlet diffusers are used as input data for the 

validation. Further input data are the hourly ambient 

temperature values for the storage location in 

Dronninlund derived from the Photovoltaic Geographical 

Information System (PVGIS) (Huld et al., 2012). For the 

validation case study, real measurement data from 2015 is 

compared with the simulation results of the Modelica 

LTES model. Input data from 2014 is used for pre-heating 

of the surrounding soil to reproduce the initial soil 

conditions as accurate as possible.  

In order to further evaluate the accuracy of the developed 

Modelica LTES model, the results of the validation case 

study are cross-compared with published results of other 

numerical models, which were examined in a similar 

validation case study. Table 1 lists the corresponding 

models used for the cross-comparison. The first three 

models in the table have been examined in a study by 

Klöck (2018). In this study, the previously mentioned 

TRNSYS Types 342, 1300/1301 and 1322 were 

investigated. Furthermore, the results of the validation 

case study by Dahash et al. (2020b) are used as a 

reference. In this study, two different finite element 

models with COMSOL Multiphysics have been 

developed and validated. One of the models represents an 

inverted truncated cone geometry and the other one an 

inverted truncated pyramid geometry. Basically, both 

studies used the same boundary conditions and input data 

for their simulations. Yet, small deviations in the 

parameterization could be detected, which will be 

discussed in more detail later. 

It is also important to mention here that the examined 

COMSOL models are not primarily intended for the 

application in system simulations (Dahash et al., 2020b). 

For instance, applying these models in system simulations 

is possible by implementing a simplified system model in 

COMSOL multiphysics, but this is accompanied by 

inaccuracies of the system representation. Another option 

would be a co-simulation between COMSOL and 

dedicated system simulation tools. However, as 

concluded in the mentioned study of Dahash et al. (2019), 

co-simulations between COMSOL and Dymola, are not a 

feasible option at the moment, due to a tremendously low 

computational performance. Also, the application of 

TRNSYS Type 1322 in system simulations is limited due 

to the high numerical effort. For instance, in the study of  

Klöck (2018) the simulation for the validation case study 

required 235 hours for two simulation years, the pre-

heating phase and the validation year itself. 

Table 1: Used numerical models for the cross-

comparison. 

  Sim. Tool Name Geometry 

1 TRNSYS Type 342 Cylinder 

2 TRNSYS Type 1300/1301 Truncated cone 

3 TRNSYS Type 1322 Truncated pyramid 

4 COMSOL - Truncated cone 

5 COMSOL - Truncated pyramid 

Parameterization of the developed model 

Table 2 shows the used model parameters of the present 

validation case study, the study by Klöck (2018) and the 

study by Dahash et al. (2020b).  Here, the greatest 

differences arise with respect to the overall heat transfer 

coefficient of the cover and the effective thermal 

conductivity of the soil, which both depend on variable 

moisture contents. Since the moisture content was not 

monitored, these values cannot be exactly determined and 

are therefore subjected to uncertainties. Hence, Dahash et 

al. (2020b) found the values by solving an optimization 

problem subjected to the measured temperature profiles 

and thermal losses of the PTES as constraints. As this 

study showed the smallest deviations to the measurement 

data, these values are also applied for the present study. 

The thermophysical properties for the fluid (water) are 

assumed to be constant and are selected for a temperature 

of 40 °C (Kretzschmar and Wagner, 2019). Additionally, 

for the pre-heating phase of the surrounding soil an initial 

uniform temperature of 8 °C for all soil nodes and an 

initial uniform temperature of 14 °C for all fluid nodes is 

assumed. Afterwards, for the validation year 2015, the 

fluid node temperatures are reinitialized according to the 

respective measured fluid temperatures. To ensure that 

the outer nodes are unaffected by the thermal losses of the 

storage, the radial size (radius) and the axial size (depth 

from the surface) of the soil domain are set to 60 m and 

46 m, respectively. Numerous simulation runs were 

performed with different mesh configurations to assess 

Source: PlanEnergi 
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the sensitivity of the results in respect to the mesh and to 

find an appropriate number of nodes. Finally, this resulted 

in 370 nodes for the fluid domain and 8 200 nodes for the 

soil domain. 

Table 2: Used model parameters of the validation case 

studies. 

Parameter Unit 
Present 

study 

Klöck 

(2018) 

Dahash 

et al. 

(2020b) 

Dimensions     

Top side length [m] 90 91 90 

Bottom side length [m] 26 28 26 

Height [m] 16 16 16 

Volume [m³] 59 285 61 937 59 285 

Top diffusor height  [m] 15.5 15.5 15.5 

Middle diffusor 

height  
[m] 10 10 10 

Bottom diffusor 

height  
[m] 0.5 0.5 0.5 

Fluid     

Density [kg/m³] 992 980 1 000 

Thermal 

conductivity 
[W/(m·K)] 0.628 0.655 0.600 

Specific heat 
capacity 

[J/(kg·K)] 4 179 4 180 4 200 

Soil     

Density [kg/m³] 2 000 2 000 2 000 

Thermal 
conductivity 

[W/(m·K)] 0.47 0.30 0.47 

Specific heat 

capacity 
[J/(kg·K)] 700 700 700 

Heat Transfer Coefficients (HTC)   

Overall HTC cover [W/(m²·K)] 0.186 0.204 0.186 

Overall HTC side [W/(m²·K)] 78.87 78.87 - 

Overall HTC 

bottom 
[W/(m²·K)] 78.87 78.87 - 

Convective HTC 
soil surface 

[W/(m²·K)] 26 26 - 

Given that the PTES in Dronninglund has an inverted 

truncated pyramid geometry and the developed Modelica 

model is constrained to cylindrical geometries, the model 

parameters must be adapted for the validation case study 

accordingly. The original truncated pyramid geometry as 

well as the adjusted cylinder geometry parameters are 

shown in Table 3. In order to ensure an accurate 

representation of the stratification in the storage, the 

height of the storage is maintained. Accordingly, 

assuming equal storage volumes, the radius of the 

cylinder can be derived. The diffuser heights for the 

cylinder are adjusted so that there is the same volume 

under each diffuser as with the truncated pyramid 

geometry. As the cylinder geometry also results in 

changed surface areas, the overall heat transfer 

coefficients for the top cover, the side walls, and the 

bottom need to be adapted to accurately reflect the 

storage's thermal losses. This is done by assuming 

constant thermal conductance values for each surface area 

(corresponds to the product of the heat transfer coefficient 

and surface area) for both the truncated pyramid and the 

cylinder. Consequently, the adapted overall heat transfer 

coefficients for the cylinder can be calculated by dividing 

the respective thermal conductance of the truncated 

pyramid by the respective surface area of the cylinder. 

Table 3: Original truncated pyramid geometry and 

adapted cylinder geometry parameters. 

Parameter Unit Pyramid Cylinder 

Dimensions    

Volume [m³] 59 285 59 285 

Height [m] 16 16 

Radius [m] - 34.3 

Area top [m²] 8 100 3 705 

Area side [m²] 8 300 3 453 

Area bottom  [m²] 676 3 705 

Top diffusor height  [m] 15.5 14.9 

Middle diffusor height  [m] 10.0 6.1 

Bottom diffusor height  [m] 0.5 0.1 

Heat Transfer Coefficients (HTC)  

Overall HTC cover [W/(m²·K)] 0.186 0.406 

Overall HTC side  [W/(m²·K)] 78.87 189.62 

Overall HTC bottom [W/(m²·K)] 78.87 14.39 

Results and discussion 

Validation case study 

The measurement and simulation results of the PTES in 

Dronninglund are compared by means of the following 

key indicators: charged and discharged amount of energy, 

change in internal energy of the fluid, thermal losses 

divided into top, side and bottom losses and the storage 

efficiency. These indicators are evaluated for the entire 

validation year. The storage efficiency, defined by 

Winterscheid and Schmidt (2019) for the monitoring data 

evaluation for the PTES in Dronninglund, is given by the 

following equation:  

η
TES
=
Q
dis
+dQ

int

Q
ch

 (2) 

where Qch is the charged energy, Qdis is the discharged 

energy and dQint is the change in internal energy of the 

storage fluid. 

The mentioned key indicators used for the comparison as 

well as the difference between measurement and 

simulation results are presented in Table 4. From the 

table, it can be deduced that the simulated charged energy 

shows good agreement with the measurement with small 

differences of 1.0 % and 126 MWh, respectively. 

Similarly, the difference in discharged energy is even 

lower with an absolute difference of 6 MWh. With regard 

to the thermal losses, only the top losses were measured 

directly at the PTES in Dronninglund. It should be 

mentioned that the measured top thermal losses are 

subjected to a certain degree of uncertainty, since they 

were only measured at a single point of the cover with a 

heat flow sensor. Values for the side and the bottom 

thermal losses are not available. Thus, the total thermal 

losses of the measurement data were calculated from the 

energy balance. With a difference of 11.8 % the total 

thermal losses of the simulation are considerably lower 

than the measured losses. However, the top thermal losses 
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show fairly good agreement with the measurement with a 

rather small deviation of 4.9 %. Consequently, the 

difference in total thermal losses results from the 

difference in the side and bottom thermal losses. 

Furthermore, this also results in a deviation in the change 

of internal energy of 6.2 %. The calculated storage 

efficiency of the simulation is with an absolute difference 

of 1.1 % slightly higher than the calculated storage 

efficiency of the measured data. 

Table 4: Comparison between measurement data and 

simulation results for the validation year 2015. 

Measured top thermal losses are derived from Dahash et 

al. (2020b), the remaining measurements from 

Winterscheid and Schmidt (2019). 

 Meas. Sim. Difference 

 [MWh] [MWh] [MWh] [%] 

Charged energy 12 761 12 635 -126 -1.0 

Discharged energy 11 983 11 977 -6 0.0 

Internal energy 

change 
-497 -466 31 6.2 

Total thermal losses 1 275 1 124 -151 -11.8 

Top 788 827 39 4.9 

Side - 256 - - 

Bottom - 42 - - 

Storage efficiency [%] 90.0 91.1 1.1 

In order to evaluate the accuracy of the simulated 

temperature distribution in the storage compared to the 

measurement, the coefficient of determination (R2) as an 

error metric is used. Thereby, an R2 value of 1 means that 

the model reproduces the measured data with 100% 

accuracy. Figure 3 represents the temperature distribution 

at different storage heights for the simulated and 

measured temperatures for the year 2015. The calculated 

R2 values for the entire year for each curve are shown in 

the corresponding colored boxes. As can be seen from the 

figure, the measured and simulated temperature curves 

are in good agreement. This is also supported by high R2 

values between 0.971 and 0.984. The same applies to all 

32 measured storage temperatures as the calculated mean 

R2 value of all storage temperatures at the corresponding 

heights results in a value of 0.978.  

As the comparison between measured and simulated data 

has shown, there are primarily considerable deviations in 

the side and bottom thermal losses. For instance, one 

reason for that could be the restriction of the Modelica 

model to cylindrical geometries. Although the key model 

parameters were adapted, the exact truncated pyramid 

geometry cannot be reproduced from the model. 

Especially, the geometry of the side wall cannot be fully 

represented with the developed model compared to the 

real storage. Another influencing factor could be the 

initial soil temperatures, which are not completely 

reproducible despite the applied pre-heating phase. The 

deviation in thermal losses needs to be considered for 

detailed design studies and in particular if the model 

cannot exactly represent the actual storage geometry. 

However, the model is designed for the application in 

system simulations, and in that context, mutual interaction 

with other system components is of great importance. 

Most important factors for that, like the charged and 

discharged energies as well as the storage temperatures 

and consequently also the corresponding temperatures for 

the interacting system components, can be reproduced by 

the Modelica model. Thus, from this, it can be concluded 

that for system simulations, the developed model can 

represent the real behavior of the storage with satisfying 

accuracy. 

 

Figure 3: Comparison between simulated and measured 

storage temperatures for the year 2015 in daily 

resolution; a) at the three inlet and outlet diffuser 

heights; and b) at the top, between top and middle and 

middle and bottom diffuser.  

Cross-comparison with other numerical models 

In Table 5 the measurement data, the simulation results of 

the new Modelica LTES model as well as the results of 

the numerical models used for the cross-comparison are 

shown. For all numerical models, the simulated charged 

and discharged energies are found to be in good 

agreement with the measurement data. More significant 

deviations between the individual models can be seen in 

the total thermal losses. Especially, the difference 

between the Modelica model and TRNSYS Type 342, 

both using a cylindrical geometry, is noticeable. The total 

thermal losses of Type 342 show a better agreement with 

the measurement data than the Modelica model. However, 

a closer look at the individual thermal losses for top, side 

and bottom shows that Type 342 overestimates the top 

thermal losses compared to the measurement and the side 

and bottom thermal losses are even lower as with the 

Modelica model. Possible influencing factors for the 

higher top thermal losses and the lower side and bottom 

thermal losses are the difference in the chosen overall heat 

transfer coefficient for the cover and the chosen thermal 

conductivity for the soil as shown in Table 2. Both 

cylindrical models show considerable deviations in side 

thermal losses compared to both COMSOL models, 

TRNSYS Type 1322 and the measurement data. From 

this, it may be concluded that the cylindrical geometry 
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causes the deviation. Yet, TRNSYS Type 1300/1301 with 

a truncated cone geometry also shows considerable 

deviations from the measurement data.  

As expected, the two COMSOL models and TRNSYS 

Type 1322 generally show the smallest deviations from 

the measurement data, as they can reproduce the real 

geometry most accurately. Yet, as mentioned above, these 

models can only be used for system simulations to a very 

limited extent due to their very high computational 

requirements. Altogether, the results of the developed 

Modelica model show good agreement with the TRNSYS 

Types 342 and 1300/1301 and therefore with comparable 

models well suited for system simulations. 

Although detailed analyses of the computational 

performance should be addressed in future studies, a first 

insight into the calculation times of the developed model 

should already be given here. The simulations for the 

presented validation case study (incl. the pre-heating 

phase) required approx. 5.2 hours6. According to Klöck 

(2018) the simulations with TRNSYS Type 1300/1301 

took approx. 3.3 hours. Despite the fact that the 

calculation times of the two models cannot be directly 

compared, as different PC hardware was used, it can be 

concluded that the calculation time of the developed 

Modelica model is in the range of comparable models 

used in system simulations. In addition, further analysis 

showed that there is a high potential for improvement. For 

instance, reducing the number of fluid domain nodes from 

370 to 170 and of soil domain nodes from 8 200 to 6 100 

leads to a reduction in calculation time from 5.2 hours to 

2.6 hours. This is accompanied by only minor losses in 

accuracy, with deviations from the measured values of 

1.5 % for the charged energy, 0.6 % for the discharged 

energy and 12.6 % for the total thermal losses. 

Conclusion 

The primary goal of this study was the development of a 

novel Modelica LTES model with sufficient accuracy for 

the application in dynamic system simulations. In 

accordance with the Modelica modeling approach, the 

new model was developed based on existing models, 

supplemented by various adjustments to these. A 

validation case study by comparing the simulation results 

against real measurement data of a Danish PTES was 

performed, to assess the accuracy of the model. 

Furthermore, a cross-comparison against other numerical 

models used in a similar validation case study was 

conducted. 

The mutual interaction with other system components is 

for the desired application of the model of high 

importance. The validation case study showed that the 

most important factors for that, like the charged and 

discharged energies as well as the storage temperatures, 

can be accurately represented compared to the 

measurement data. Somewhat higher deviations from the 

measured data were only seen in the simulated side and 

bottom thermal losses, which needs to be taken into 

consideration for detailed design studies. The cross-

comparison with other numerical models revealed that the 

developed Modelica model generally shows good 

agreement with comparable models suited for system 

simulations. In summary, it can be concluded from the 

results that the developed Modelica LTES model provides 

sufficiently accurate results for the application in dynamic 

system simulations.  

Outlook 

This study can be considered as a first step towards more 

efficient modeling and simulation of LTES in future 

dynamic system simulations. The next steps are applying 

and testing the model in case studies for the design and 

optimization of future local and district energy systems 

and assessing the computational performance of the 

model. Moreover, the model should be extended to other 

geometries (e.g. conical geometries).  

 

Table 5: Measurement results, the simulation results of the Modelica model and the simulation results of the numerical 

models used for the cross-comparison (Klöck, 2018; Dahash et al., 2020b)7. 

 Meas. Modelica Type 342 Type 1300/1301 Type 1322 COMSOL COMSOL 

Geometry Pyr Cyl Cyl Con Pyr Con Pyr 

   Diff.   Diff.   Diff.   Diff.   Diff.   Diff.  

 [MWh] [MWh] [%] [MWh] [%] [MWh] [%] [MWh] [%] [MWh] [%] [MWh] [%] 

Charged energy 12 761 12 635 -1.0 12 763 0.0 12 741 -0.2 12 767 0.0 12 741 -0.2 12 743 -0.1 

Disch. energy 11 983 11 977 0.0 11 937 -0.4 12 116 1.1 11 889 -0.8 11 962 -0.2 11 966 -0.1 

Internal energy 

change 
-497 -466 6.2 -441 11.3 -414 16.7 -434 12.7 -495 0.4 -499 -0.4 

Total thermal 

losses 
1 275 1 124 -11.8 1 276 0.1 1 042 -18.3 1 312 2.9 1 274 -0.1 1 276 0.1 

Top 788 827 4.9 1 086 37.8 902 14.5 913 15.9 788 0.0 787 -0.1 

Side - 256 - 177 - 135 - 394 - 478 - 481 - 

Bottom - 42 - 13 - 5 - 5 - 9 - 9 - 

Storage eff. [%] 90.0 91.1 1.1 90.1 0.1 91.8 1.8 89.7 -0.3 90.0 0.0 90.0 0.0 
              

Cyl: Cylinder, Con: Truncated cone, Pyr: Truncated pyramid        

 
6 Used PC hardware: virtual machine: Windows Server 2012 R2 (Hyper-V); Intel(R) Xeon(R) CPU E5-2420 v2 @ 2.20GHz (5 logical 

cores); 32 GB RAM; 300GB HDD; Microsoft Windows 10 Pro (64-bit) 
7 Energy balances of the reference models may not fully add up. Values were adopted as stated in the respective reference. 
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