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Abstract 

Seasonal thermal energy storage (TES) systems are a key element to promote the increase of renewable energy in 

district heating networks. Their complex dynamic operation within the energy system as well as their interaction with 

the surrounding environment requires detailed planning and design. The TES envelope plays a key role: the TES 

efficiency and the temperature of the surrounding ground are strongly influenced by the thermal losses through the 

cover and walls. Numerical simulations are a fundamental step to define the baseline targets for the optimal TES 

performance. Materials testing are required to assess the effective performance of the selected materials under the 

specific TES operating conditions and to support the design of the specific envelope performance. The construction 

of mock-ups is a third element to verify the test results and to identify possible challenges in the real scale application. 

In this work, these three elements are mutually integrated to support the design and optimization of the final TES 

structure with particular attention in preventing the formation of convective heat flux within the insulation layer. 

Keywords: Thermal energy storage, thermal losses, thermal insulation, porous insulation, numerical modelling, 

convective heat transfer 

 

1. Introduction 

The decarbonization of the building sector requires the integration in the energy system of renewable energy (RE) 

sources, traditionally characterized by high volatility, low density and often strong daily and seasonal oscillations. 

Alongside the transition of the energy generation systems, storage systems will gain increasing importance to ensure 

the stability of the energy supply and to increase the self-sufficiency of the communities, as it allows to decouple 

energy demand and generation (Golmohamadi et al., 2022). 

In district heating (DH) networks, large-scale water-based thermal energy storage (TES) systems have been used to 

increase the share of RE. The two main construction solutions can be distinguished between tank TES (TTES) and 

pit TES (PTES) (Schmidt et al., 2018). TTES are of cylindrical shape and are usually freestanding; some examples 

are the TTES of Munich Ackermannbogen (see Fig. 1(a)) and Friedrichshafen (Ochs, 2009). PTES have a truncated 

pyramidal shape, generally present significantly larger volumes than TTES and can be considered the current state 

of the art of water-based TES, with the main examples being the PTES in Dronninglund, Marstal and the more recent 

Høje Taastrup in Denmark and new plant in Langkazi (Tibet, China) (International Energy Agency (IEA), 2024). 

The successful application in Denmark has increased the interest in the use of this technology in other countries, but 

the local specific requirements (i.e., presence of groundwater, low space availability) need the implementation of 

specific solutions (i.e., lateral insulation, diaphragm walls, graphically presented in Fig. 1(b)) that can be cost 

demanding (Tosatto, Ochs, Dahash, & Muser, 2022). The TES planning and design requires the evaluation of these 

requirements at different levels, from the DH grid to the specific envelope element. In this phase, numerical 

simulations and experimental studies are an important resource. 

This works aims to show the relevance and mutual connection between the different design steps for what concerns 

the TES envelope, highlighting how simulation studies can help to define the required parameters (i.e., thermal 

conductivity threshold, insulation thickness) and how the experimental investigations on the materials can support 

the specific design of the envelope. The case of buried TTES vertical walls is investigated here, as many of the 

existing applications of large-scale PTES are non-insulated, thus making the definition of reliable designs and 
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insulation concepts an important research gap to be filled. In the design of TES envelope, material degradation due 

to combined effects of moisture and high temperatures is a non-negligible aspect. Structural elements in concrete, 

polymeric liners, piping systems and insulation need to be designed to enable high performance and long life. When 

considering the insulation, the high costs involved for both the material and the installation call for a careful selection 

and design based on a deep knowledge of the heat transfer phenomena involved. The insulating bore pile wall (IBPW) 

concept developed within the “gigaTES” project (van Helden et al., 2021) opens several questions concerning the 

optimal insulation material to be applied, the construction process and the final costs. Far from being able to answer 

all of these questions, this work aims to highlight the most important aspects to be taken into account in the material 

selection and envelope design, considering the thermophysical phenomena involved.  

  
(a) (b) 

Fig 1: (a) Freestanding TTES in Munich Ackermannbogen. (b) Sketch of the main elements of a buried TTES with lateral insulation. 

In this work an integrated approach for the assessment of the TES envelope properties is suggested. Alongside 

standard material tests, mock-ups replicating the specific application of vertical insulation in buried TTES are 

considered. Following the existing approach that uses thermal response tests (TRT) to determine the thermal 

properties of the ground (useful for the design of ground source heat pumps) (Spitler & Gehlin, 2015), a similar 

solution is implemented to study the performance of vertical underground insulation. Mock-ups for TES lateral 

insulations are built on a lab scale (to test the approach) and are followed by tests on field-scale underground mock-

ups.  

2. Materials and their properties 

Among the different types of insulation materials, bulk granular insulation is considered to be a suitable solution that 

can be used as TES insulation due to its ease of installation without the need for scaffolding, as the grains can be 

poured and adjusted to any geometric irregularity. Some examples applied in existing TES are foam glass gravel 

(FGG), expanded glass granules and perlite. However, the heat transfer that occurs within the TES envelope goes 

beyond the thermal conduction, as radiation and convection can concur to increase significantly the heat flux, 

depending on the material’s characteristics (granules vs. panels, porosity, permeability) and conditions (upwards/ 

horizontal heat flux, temperature difference) (Drück et al., 2022; Ochs & Bianchi Janetti, 2018). Due to the presence 

of open porosity (i.e. voids between the grains) and large temperature difference, the use of bulk granular insulation 

can be unfavorable from the point of view of insulation performance in the presence of upward and horizontal heat 

flow (as in the TES cover and wall, respectively), since the formation of natural convective transfer (which occurs 

as a consequence of the air density gradient) would represent a non-negligible part of the total heat flow. The negative 

effects of natural convection on the effective performance of thermal insulation have been observed in large-scale 

TES (Ochs, 2009), but affect also the insulation of spherical cryogenic storage tanks (Taghavi et al., 2024), making 

this a relevant research topic for various applications. 

When investigating the heat transfer within the insulation layers, alongside the energy balance equation (eq. 1), the 

momentum equation needs to be included to solve the velocity field of the fluid (i.e., the air within the insulation 

layer) related to the convective heat transfer. For the application in porous insulation materials, the Brinkman 

equation can be introduced (eq. 2) as it describes the momentum transport in porous media.  

(𝜌𝐶𝑝)
𝑏𝑢𝑙𝑘

𝜕𝑇

𝜕𝑡
 = 𝛻 ∙ (𝜆𝑏𝑢𝑙𝑘𝛻𝑇) − (𝜌𝐶𝑝)

𝑏𝑢𝑙𝑘
𝑢 ∙ 𝛻𝑇   (eq. 1)  
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In the presented equations, 𝑇 is the material temperature ([K]), 𝜌𝑏𝑢𝑙𝑘 ([kg/m3]) and 𝐶𝑝,𝑏𝑢𝑙𝑘 ([J/(kg∙K)]) the bulk 

density and thermal capacity, 𝜆𝑏𝑢𝑙𝑘 ([W/(m∙K)]) the bulk thermal conductivity, 𝑢 the fluid velocity within the bulk 

([m/s]), 𝜌 ([kg/m3]) the fluid density, p ([Pa]) the pressure, 𝜂 ([Pa∙s]) the fluid viscosity,  𝜓𝑏𝑢𝑙𝑘 the bulk macro 

porosity, 𝛽 the expansion coefficient ([1/K]) and  𝐾𝑏𝑢𝑙𝑘 ([m2]) the bulk permeability.  

Taking into account these phenomena in the TES modelling is computationally intensive, but the design process can 

be divided into different steps, each one focusing on a specific aspect of the design, as simplified in Fig. 2. System 

models based on TRNSYS or Modelica/Dymola can be used to define the TES capacity and operation temperatures, 

while detailed models based on MATLAB/Simulink or COMSOL Multiphysics can provide more detailed 

information concerning the required insulation performance and distribution (Ochs et al., 2022). For the detailed 

design of the single envelope components, software tools like COMSOL Multiphysics, ANSYS and Delphin can be 

used to model the heat, fluid and moisture transport within the materials. This numerical analysis can go on both 

directions (i.e., system-to-component and component-to-system) as the information gained on one level can be used 

on the others and viceversa. Experimental investigations are an additional important support to extend the knowledge 

of the material properties, investigate the application on small mock-ups of the TES elements, and provide important 

indications for the design process. 

 
Fig. 2: Steps for the design of buried TES envelope.  

3. Methodology 

3.1.  TES Numerical models 

The integration of a buried TES within a DH systems is evaluated through the assessment of its performance under 

the expected operating conditions (i.e., charging/ discharging temperatures and profiles, seasonal/weekly operation). 

In this preliminary step, the surrounding ground (i.e., soil properties and stratification, presence of groundwater) can 

also be taken into account. Several numerical models are available for this type of evaluation (Ochs et al., 2022), 

depending on the degree of detail required and on the level of the analysis. This step is relevant to assess the general 

characteristics required from the TES envelope in terms of heat transfer coefficient (HTC). Many studies highlight 

the necessity to ensure a good performance of the insulation materials of the lateral walls, not only to improve the 

TES performance but also to reduce the impact on the surrounding ground and groundwater, depending on the 

material type (clay, sand, rock) but also on the groundwater depth and velocity (Dahash et al., 2021). 

3.2. Assessment of materials’ properties 

Once the general requirements in terms of HTC are defined, the most suitable materials can be selected. The selection 

criteria for materials in this step include not only thermal conductivity, but also porosity, density, structure (panels, 

granules) and their attitude to absorb water. Material datasheets are an important source of information, but often the 

data are available for a limited range of temperatures, lower than the operation of the TES, that can reach 95 °C. 

In order to assess the material behaviour at the specific operation conditions, and in particular the risk of natural 

convection development, three main approaches can be used: preliminary evaluations based on available data, 
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numerical modelling and material testing. Each one is to be considered complementary to the others, as they are able 

to provide different kind of information concerning the characteristics and performance of the material. 

• Preliminary assessment. Alongside the material selection based on the properties available from the 

datasheets, a preliminary evaluation regarding the convection risk can be done using the Darcy-modified 

Rayleigh number presented in eq. 3 (Stephan et al., 2019), which defines the transition from conduction to 

convection (natural to turbulent) of the heat transfer in a porous material like thermal insulation.  

𝑅𝑎 =
𝑔 𝛽𝑎  

𝜈𝑎
∙

𝐿 𝐾 Δ𝑇

𝛼
   (eq. 3) 

The single contributions on the development of convective heat flux depend on fluid characteristics (𝜈𝑎 is 

the fluid kinematic viscosity, [m2/s]), geometry and layout (𝐿 is the characteristic length [m], Δ𝑇 is the 

temperature difference between the two sides of the insulation [K]), and material characteristics (𝛼 thermal 

diffusivity [m2/s], K material permeability [m2]). Other factors are the gravitational acceleration (g, [m/s2]) 

and the coefficient of thermal expansion (𝛽𝑎, [1/K]). The Rayleigh number allows to assess for different 

materials and applications (i.e., temperature difference and material thickness) the role of convection. Its 

limit is the fact that it considers a 1D heat transfer, while the heat transfer through TES lateral walls and 

cover is 2D or even 3D. Moreover, the material permeability is often an unknown parameter, that can be 

estimated through empirical correlations (see eq. 4, Ergun correlation (Ochs, 2009)) or experimentally 

defined, and the thermal conductivity used to the define the thermal diffusivity depends on the material 

average temperature, which is usually much higher than the temperature used to define the nominal thermal 

conductivity in commercial datasheets. 

𝐾𝐸𝑟𝑔𝑢𝑛 =
𝑑𝑚

2 ⋅𝜓3

𝐴⋅(1−𝜓)2  (eq. 4) 

• Material testing. Material investigations in this step consist in laboratory investigations to assess the thermal 

conductivity using one- and two-plates guarded hot plate (GHP) devices (Adam et al., 2015). The two-plates 

GHP device allows defining the thermal conductivity without the influence of convection, while the one-

plate GHP device, depending on its orientation, allows to assess the relevance of convection with respect to 

conduction. These investigations allow to define the relation between thermal conductivity and temperature, 

that can be used for the Rayleigh evaluation. 

• Numerical modelling. The material-level numerical modelling of the conducted tests allows defining the 

material permeability (also required for the Rayleigh evaluation) from the comparison with the experimental 

results (Ochs et al., 2015). Available tools are Delphin, specialized for the investigation of the moisture 

transport, and COMSOL Multiphysics, which is a FE-based software, able to solve multiphysics phenomena. 

3.3. Mock ups 

The knowledge of the material properties supports the definition of cost-effective insulation design solutions. In the 

IBPW concept, this additional step is used to assess the effective performance of the insulating material. The IBPW 

concept for the TTES vertical walls consists of a series of ground bored cylindrical piles filled with granular 

insulation (Tosatto, Ochs, Dahash, Muser, et al. (2022)), as presented in Fig. 3(a). The combination of porous 

granular insulation, high temperature differences (i.e., between the TES and the surrounding ground) and heat flux 

orientation (horizontal) will most likely trigger the development of a convective plume within the pile, thus resulting 

in an overall poorer insulation performance. The study of mock-ups allows for the investigation of the structural 

stability of the granular material (required to allow the over-drillability of the piles) and the optimization of the 

construction process (i.e., material mixing and compaction). In addition, the building physics performance of the 

selected material in the specific application can be tested and verified, thus providing further insights for the design 

optimization.  

In the definition of the IBPW concept, the mock-up investigation is divided in two phases, one with lab-scale tests 

and one with field tests. Two mock-ups of an insulating pile are built: a small (lab-scale) insulating pile (small mock 

up, sMU) and a higher (drilled) insulating pile (field mock up, fMU), with the characteristics presented in Tab. 1 and 

the geometry presented in Fig. 3(b). Both mock-ups have the same experimental configuration, with a measuring 

probe located vertically along the symmetry axis of the cylindrical pile, containing an electric heating band and 

temperature sensors; the voids in the measuring probe are filled with sand. Within the “gigaTES” project, the tested 

insulation material is FGG, both compacted and uncompacted. 
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Tab. 1: Characteristics of the IBPW investigated mock ups.  

 Small mock up Field mock up 

Height, [m] 1 6 

Diameter, [m] 0.5 0.9 

Type freestanding buried 

Location climate chamber (UIBK, AT) construction site (Vienna, AT) 

Tested materials uncompacted and compacted FGG 

 

  
(a) (b) 

Fig. 3: Insulating bore pile solution for TES lateral walls. (a) Concept of the IBPW as lateral insulation. (b) Lab-scale and field mock-

ups.  

The testing procedure consists in a heating phase when the heating band is heated at a specific set point (80 to 90 °C 

to simulate TES operating temperatures), and a following cooling phase. The insulation performance of the 

investigated material is evaluated comparing the electric power required to maintain the given set point temperature 

and the profile of the temperature curve during the cooling phase. The experimental results are compared with 

numerical simulations, thus allowing to derive the apparent thermal conductivity and the permeability of the material 

at the specific conditions. Two numerical models are then implemented in COMSOL Multiphysics environment: 

• a heat conduction model, which allows to assess the apparent thermal conductivity of the material. This 

simplified implementation of eq. 1 does not consider the convective term and is not able to capture all the 

involved phenomena, but provides a general evaluation concerning the insulation performance in terms of 

apparent thermal conductivity (𝜆𝑏𝑢𝑙𝑘,𝑎𝑝𝑝, as from eq. 5), which considers both the heat transfer by 

conduction and convection. 

(𝜌𝐶𝑝)
𝑏𝑢𝑙𝑘

𝜕𝑇

𝜕𝑡
 = 𝛻 ∙ (𝜆𝑏𝑢𝑙𝑘,𝑎𝑝𝑝𝛻𝑇)   (eq. 5)  

• a detailed model, able to consider also the convective heat transfer, combining the heat transfer (eq. 1) and 

the Brinkman equation (eq. 2), to estimate the bulk permeability. 

The numerical models replicate the geometry and the boundary conditions of the two mock-ups and receive as input 

the (measured) electric power required by the heating band to maintain the desired set point temperature. 

4. Results 

4.1. TES numerical models 

From existing studies based on numerical simulations of large-scale TES, HTC in the range of 0.2 W/(m2∙K) to 0.3 

W/(m2∙K) are desirable to achieve sufficiently good TES storage efficiencies of 80-90 % depending on the TES 

volume and geometry. In presence of groundwater, lower overall HTCs are required (about 0.1 W/(m2∙K)), together 

with additional geotechnical measures such as the installation of cut-off walls at an appropriate distance, in order to 

limit the groundwater temperature exceedance (Dahash et al., 2021).  
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4.2. Assessment of materials’ properties 

Given the output of the TES numerical simulations, in presence of groundwater an HTC around 0.1 W/(m2∙K) is 

desirable. To maintain the insulation layer thickness below 1 m (to minimize the required volume and the amount of 

material required), this results in a required thermal insulation effective conductivity around 0.1 W/(m∙K). The 

reference to the ‘apparent’ thermal conductivity (eq. 5) rather than to the nominal one is necessary in the evaluation 

of the HTC, as it considers the total heat transfer, considering the additional influence of radiation and convection. 

Nevertheless, the nominal thermal conductivity provided by manufacturers is a good starting point to select the most 

suitable materials.  

4.2.1. Material testing  

The lab tests allow to investigate the effect of temperature on the material thermal conductivity under controlled 

boundary conditions. Previous tests run on FGG, both compacted and uncompacted, using a large one-plate GHP 

device (oriented downwards to prevent the development of convection) showed already a preliminary distinction 

between the two (Adam et al., 2015). The better performance of the compacted FGG can be traced back to the reduced 

impact of the radiative heat transfer, due to the reduced space between the grains. However, grain size, porosity 

distribution, relative humidity, probe thickness and temperature have a major influence on the heat transfer 

mechanisms and therefore on the measurement results. Therefore, the effects of convection, radiation and conduction 

(both in solid and in fluid domains) can compensate each other, leading to a higher uncertainty in the measurements 

(estimated to be around 5 %). For example, Mustafa et al. (2023) reported an opposite observation in the investigation 

of FGG, with increasing values of thermal conductivity with increasing compaction rates, but the measurement 

results were in a similar range as the ones reported by Adam et al. (2015). 

The thermal conductivity of the investigated materials is defined as a linear function of the average temperature 

according to eq. 6, from the results presented by Adam et al. (2015). The nominal reference values for the two 

coefficients 𝜆𝑎 and 𝜆𝑏 are defined from material tests (see Fig. 4) at specific measuring points and extrapolated to 

higher temperatures. In addition to FGG, perlite is considered in the analysis as a reference material where convection 

plays a negligible role. In this case, thanks to the lower dimensions of the grains, a smaller one-plate GHP device 

(Taurus TCA 300, Taurus Instruments GmbH) was used, resulting in a smaller error. 

𝜆𝑏𝑢𝑙𝑘 = 𝜆𝑎 + 𝜆𝑏 ⋅ 𝑇  (eq. 6) 

 

Fig. 4: Thermal conductivity for the investigated materials (FGG from (Adam et al., 2015)) as a function of the mean temperature.  

4.2.2. Rayleigh number  

The results provided by the material investigation (porosity, thermal conductivity as function of temperature), allow 

to derive a preliminary indication of the convection risk through the Rayleigh number. With the parameters presented 

in Tab. 2, the Rayleigh number is evaluated for the real scale application of the IBPW and for the two mock up 

solutions (sMU, and fMU). For this preliminary evaluation, the material permeability from the Ergun correlation (eq. 

4) is used, while the fluid properties (i.e., air) are defined on the average temperature between the hot and the cold 

side.  

Tab. 2: Input parameters for the evaluation of the Rayleigh number. The fluid properties are evaluated for the average temperature. 

 Parameter Perlite FGG Compacted FGG 

Operation conditions T (warm side) / [°C] 90  
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 T (cold side) / [°C] 20 

 L / [m]  0.25 (sMU radius), 0.45 (fMU), 0.9 (IBPW) 

Insulation Material λ / [W/(mK)]  λ(Tm) (Fig. 4) 

 ψ / [-]  0.48 0.38 0.15 

 dm / [m] 0.003 0.35 0.35 

 KErgun / [m2] 2.4∙10-8 1.16∙10-6 7∙10-8 

Fluid (air) β / [1/K] 0.003 

 ρ / [kg/m3]   1.075 

 cp / [J/(kgK)] 1007 

 ν / [m2/s] 1.847∙10-5 

The resulting Rayleigh numbers, shown in Fig. 5, indicate that the influence of convection is expected to be more 

pronounced in the real scale application, since the main heat transfer occurs along the whole pile diameter, rather 

than along the radius (as in the two mock-ups where the heating cable is arranged axially). Considering the threshold 

of 𝑅𝑎≈40 proposed by Ochs et al. (2015) for the development of convection, the non-compacted FGG does not seem 

to be suitable for this specific application, while the compacted FGG solutions seem to be on the borderline, with the 

sMU below the convection risk threshold, and the larger structures (fMU and real scale IBPW) susceptible to the risk 

of convection development. An important element of uncertainty is in the assessment of the permeability of the 

porous bulk, which depends on the degree of compaction and its distribution, which may not be homogeneous within 

the probe.  

 
Fig. 5: Rayleigh number for the IBPW: small mock up, field tests and real scale application and threshold for the risk of convection.  

4.3. Mock up 

The investigation of the insulation material performance in a configuration similar to the final application helps to 

define the most suitable installation procedures and to evaluate potential challenges in this phase. In order to cross-

check the results of the Rayleigh evaluation and to provide a reference test procedure for the IBPW, two mock-up 

solutions are investigated: a lab-scale sMU and a larger scale fMU.  

The indicators used to assess the performance of the different configurations are:  

• the effective electric power required to maintain the set point temperature (eq. 7). This is directly measured 

from the test and provides an immediate indicator (𝑃𝑒𝑙is used as input in the implemented numerical model). 

𝑃𝑒𝑞 =
𝑃𝑒𝑙

𝐻𝑝𝑖𝑙𝑒⋅(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)
  (eq. 7) 

• the apparent thermal conductivity of the material (eq. 5), resulting from the comparison between the 

measured temperatures and the numerical simulation results.  

• the Rayleigh number, derived from the assessment of the bulk permeability with the detailed model. 

A reference test using perlite in the sMU, is run to calibrate the numerical model and to provide a reference value for 

the FGG. Fig. 6 shows the geometry of the model implemented in COMSOL Multiphysics for the sMU; thanks to 
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the axial symmetry of the mock-up, the numerical model was built using a 2D axisymmetric geometry. Tab. 3 

presents the properties of the probe materials defined with the reference test and used in the following simulations. 

 

Fig. 6: Axisymmetric view of the sMU implemented in COMSOL Multiphysics. 

Tab. 3: Probe parameters defined from model calibration. 

Material  Thermal conductivity, λ [W/(m∙K)] Thermal capacity, (ρ∙cp) [J/(kg∙m3)] 

Metallic heating band 200 2.40e+06 

Sand 1 1.26e+06 

Stainless steel pipe 30 4.16e+06 

The comparison between measured and simulated temperature curves of the mock ups allows to define the apparent 

thermal conductivity, by changing the coefficient 𝜆𝑎,𝑎𝑝𝑝 in the heat conduction model (see eq. 8), while in the detailed 

model with Brinkman equations the permeability K is evaluated, using the nominal 𝜆𝑏𝑢𝑙𝑘 from eq. 6. 

𝜆𝑎𝑝𝑝 = 𝜆𝑎,𝑎𝑝𝑝 + 𝜆𝑏 ⋅ 𝑇  (eq. 8) 

Fig. 7(a) presents the measured effective powers for the conducted tests and Fig. 7(b) the measured temperature 

profiles for the three investigated materials. From fig. 7(a) it is possible to see the better insulation performance of 

perlite, which has the lowest nominal thermal conductivity and requires a lower power to maintain the set point 

temperature of 90 °C during the heating phase compared to the uncompacted FGG, which shows the worst 

performance. From the temperature profiles in Fig. 7(b), the influence of convection in the uncompacted FGG is 

visible, with the upper temperature sensor measuring the highest temperatures, while perlite and compacted FGG 

measure higher temperatures in the central probe. 

  
(a) (b) 

Fig. 7: (a) Effective electric power required to maintain the set point temperature. (b) Measured temperature profiles. 
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For the assessment of the material apparent thermal conductivity, the measured temperature profiles are compared 

to the simulated ones. The results of the heat conduction model are presented in Fig. 8 for the sMU, for the reference 

measurement with perlite and the two FGG cases (non-compacted and compacted), for the mid sensor only, as border 

and 3D effects on the upper and lower sensor make it difficult to conclude on the respective simulation results.  

It is possible to see that the pure heat conduction model is able to replicate quite well the behavior of the material in 

presence of low or negligible convective heat transfer. Therefore, the simulated temperature curves of perlite and 

compacted FGG are quite close to the measured values, with the best match with 𝝀𝒂,𝒂𝒑𝒑=0.04 W/(m∙K). In case of 

the perlite (used as reference measurement to calibrate the model), the uncertainty in the 𝝀𝒂,𝒂𝒑𝒑 term is around 

0.005 W/(m∙K), which is considered acceptable taking into account the complexity of the geometry and the 

uncertainty in the properties of the insulating probe used in the numerical model. 

In case of the non-compacted FGG, the curve which enables the best fit with the measured values is 

𝜆𝑎,𝑎𝑝𝑝=0.2 W/(m∙K), as already observed by Tosatto, Ochs, Dahash, Muser, et al. (2022). This means, that against a 

nominal thermal conductivity of around 0.09 W/(m∙K) (see Fig. 4), the apparent conductivity, taking into account 

the effect of convection, is at least double. In the compacted FGG, material compaction, through the reduction of the 

bulk porosity, does not only reduce the convective heat transfer, but also the radiative, resulting in 𝜆𝑎,𝑎𝑝𝑝 of around 

0.1 W/(m∙K). 

 
(a) 

 
(b) 

 
(c) 

Fig. 8: Apparent thermal conductivity evaluation with heat conduction model. (a) Perlite (b) FGG non-compacted. (c) compacted 

FGG. 

However, the heat conduction model alone is not able to capture the dynamics of the heat transfer. In porous media, 

thermal conductivity increases with increasing temperature as the air conductivity increases, but radiative heat 

transfer also plays a role as temperature differences increase, and air motion due to buoyancy results in an 

inhomogeneous radial and vertical temperature distribution. The use of a detailed model capable of simulating also 

the fluid motion is useful to investigate the effects of convection and to take into account the properties of the air. 

Fig. 9 presents the temperature profiles of the mid sensor, obtained with the detailed numerical model. It is possible 

to observe that this model allows to better capture the dynamics of the measurement, especially in the heating phase. 

The permeability that allows the best fit is 7∙10-7 m2 in the case of the non-compacted FGG and 1∙10-7 m2 in the case 

of the compacted FGG, which are comparable to the values derived empirically using the Ergun correlation 

(presented in Tab. 2). In the case of the sMUs, the results obtained in the preliminary evaluation using the Rayleigh 

number (Fig. 5) are then confirmed by the lab tests.  
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(a) 

 
(b) 

Fig. 9: Permeability evaluation with detailed numerical model. (a) FGG non-compacted. (b) compacted FGG. 

The extension of the study on the field tests allows to investigate how the larger dimensions of the probe (both in 

terms of height and diameter), affect the development of convection, as suggested from the Rayleigh number 

evaluation. This is visible from the effective electric power required to maintain the set point temperature, presented 

in Fig. 10. The larger mass of the piles in the field tests require a longer heating phase to reach steady state conditions 

to compare the required powers. The compacted FGG configuration shows a better performance than the 

uncompacted one, but in the fMU it is worse than that observed in the sMU. This difference can be attributed to two 

main reasons: (1) in the sMU, homogeneous compaction is ensured as the FGG is compacted layer by layer under 

visual control, whereas in the fMU, different layers may have different degrees of compaction and therefore different 

permeability, (2) the larger radius of the fMU favors the development of the convective plume. 

The field tests thus made it possible to observe how the construction procedure has an influence on the insulating 

performance of the material. Inhomogeneous compaction results in higher porosity along the vertical, thus favoring 

convection in already critical conditions (due to the larger dimensions). 

 
Fig. 10: Effective electric power required to maintain the set point temperature in the sMU and fMU. 

5. Conclusions 

In this work, the role of numerical studies and experimental studies is defined in supporting the design of the envelope 

and insulation of buried TES. Both can be divided in different steps, going from the smallest element (i.e., the material 

itself) to the component (i.e., the TES vertical wall or cover) to the system. Each of these steps is able to provide 

indications about the envelope requirements and the specific characteristics that the materials need to have, thus 

helping the designer selecting the ideal insulation material and ensuring that it performs as intended.  
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The specific case of IBPW is here presented as example. TES-level studies are able to define a range for the required 

HTC to ensure both a good TES performance (in terms of thermal losses) and prevent the groundwater overheating. 

Bulk insulation materials appear to be the most suitable for this kind of application, and the minimum required 

insulation thickness can be defined from their nominal thermal conductivities. The effective performance of these 

materials can however deviate from the one provided by the manufacturers’ datasheets, as high temperatures and 

horizontal/upwards heat fluxes can trigger the development of convection, thus enhancing the local heat transfer. 

Targeted material testing and insulation mock ups are able to assess the performance of the materials under the TES 

operation conditions and to give indication about the optimal construction process. FGG is one of the most suitable 

materials for this application, thanks to its high structural stability and its good insulation performance. The large 

porosity within the FGG bulk makes it however prone to the development of convection in presence of high 

temperature difference and unfavorable heat transfer direction: material compaction can block the convection, but it 

may not be sufficient in the real-scale application, as observed both by theory analysis (Rayleigh number) and 

targeted material tests. The field tests confirmed the preliminary investigations with the Rayleigh number in terms 

of convection risk development and provided important insights on the structural stability of the insulation material 

to ensure the over-drillability. Further studies within the “ScaleUp” project are ongoing and investigate the possibility 

to mix different granular insulation materials with different granulometries to prevent the convection development. 
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