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Abstract 
The utilization of thermal energy storage (TES) systems is pivotal in the context of energy systems reliant on 

fluctuating renewable sources. To enhance TES system efficiency within specific cost limits, design considerations 

must encompass operational traits and envelope material properties. Challenges arise due to the required 

installation ease and affordability, limiting insulation material options. The occurrence of elevated moisture (up to 

100% RH) and temperatures (around 90/95 °C) necessitates understanding the material behavior in this 

temperature and moisture range. Viable materials are mineral- or rockwool, foam glass gravel, expanded glass, 

and perlite. However, heat flow direction (upward for covers, horizontal for side walls) and open porosity can 

trigger convective heat and mass transfer, increasing thermal losses. Infiltration risks and accumulated moisture 

degrade the insulation, enhancing the heat transfer. 

Investigating similar real-application boundary conditions is essential for multiphysical assessment. This study 

employs experimental characterization and numerical simulations, using Comsol Multiphysics, to predict the 

material behavior and define properties. A mock-up of the TES cover insulation, including a heating plate 

simulating operational conditions, is set up to give a reference for the numerical model. The case of compacted 

foam glass gravel is analysed. Initial dry condition analysis encompasses conductive and convective heat transfer, 

coupled with fluid flow in porous media. Moisture influence is explored in a subsequent phase, integrating a 

moisture transport equation. The validated model aids further developments to inhibit natural convection effects 

or minimize their impact. 

Keywords: Thermal energy storage, porous insulation, natural convection, moisture transport, numerical 

modelling 

 

Introduction 
The application of large-scale water-based thermal 

energy storages (TES) has seen a rapid increase in 

the last decades in Europe and China [1]. They 

enable to increase the renewables fraction in district 

heating grids, as they allow to store the surplus of 

energy both on daily and seasonal basis. A challenge 

often observed during their operation is however 

related to the performance of the insulation, which is 

required to limit the thermal losses towards the 

surroundings. The need for ease and low cost limits 

the choice of insulation materials that can be 

considered. Moreover, the presence of high moisture 

contents and temperatures (water is stored at a 

temperature of 90/95 °C) requires an in-depth 

knowledge of the material behavior. Possible 

materials that are considered suitable for this 

application are either mineral- (MW) or rockwool 

(RW) or foam glass gravel (FGG), expanded glass 

(EG) and perlite [2][3]. 

The presence of open porosity within the insulation 

and the high temperature gradients can lead to the 

development of convective heat transfer alongside 

conduction and radiation, thus increasing the thermal 

losses [4]. This phenomenon is particularly critical 

in presence of an upwards heat flux, as in the case of 

the TES cover, which separates the high temperature 

upper water layers from the external air.  

Another source of increased heat losses is 

represented by the presence of moisture in the 

insulation. Residual moisture can be present within 

the insulation at the end of the construction phase. 

Moreover, there is a risk of water and vapour 

infiltrations both from the TES (diffusion through 

the liner and leakages) and from rainfall, thus leading 

to the accumulation of moisture within the insulation 

layer [5]. 

The planner faces thus a multiphysical problem, 

which combines the radiative and conductive heat 

transfer, with the convective transfer related to the 

variation of the fluid density within the bulk 

insulation. The third essential element is represented 

by the presence of moisture.  

Theory  
In dry, solid materials, heat transfer is primarily 

related to the conductive and radiative heat transfer, 

driven by the temperature difference and the 

characteristics of the material itself (i.e., the effective 

thermal conductivity λ). In porous materials, 

however, the heat transfer can be further enhanced 

by convection (in this case air convection), which in 

the TES envelope is driven primarily by buoyancy 

forces. Temperature gradients within the bulk 

determine local variations of the air density (ρ), thus 

establishing gravitational body forces proportional 

to the density of the air [6]. 
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Alongside the energy balance equation (Eq. 1), it is 

therefore necessary to introduce the momentum 

equation (Eq. 2), in order to solve the velocity field 

of the fluid. In this specific case, the Brinkman 

equation appears to be the most suitable approach, as 

it enables modelling the momentum transport in 

porous media. 

In presence of moisture, an additional term, linked to 

the transfer of latent heat, must be added to the 

energy balance equation, thus requiring the 

introduction of a 3rd equation to solve the moisture 

transfer (Eq. 3). 
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Experimental Set Up 
In order to calibrate the implemented model and to 

determine the missing material properties, an 

experimental set up was built in the climate chamber 

of the University of Innsbruck. The mock-up 

consists of a (1x1x0.5) m container filled with bulk 

insulation (FGG), see Figure 1. In order to simulate 

the specific condition of the TES cover, a heating 

plate was placed on the bottom of the container, to 

reach a constant temperature of 60 °C. Most 

favorable conditions for the development of 

convective heat (and mass) transfer are therefore 

realized. The lateral walls are insulated with high 

performance insulation panels (vacuum insulation 

panels, VIP) to ensure adiabatic boundary 

conditions.  

 
Figure 1 Experimental set-up: stainless steel container 

with lateral insulation (vacuum insulation panel). 

The compaction of the material was achieved with 

three compaction steps, in order to realize a 

relatively homogeneous degree of compaction 

(30 %). 

Six temperature sensors (Pt100) are installed in the 

insulation domain: 3 in the central part and 3 nearby 

the border, distributed along the vertical (Figure 2). 

Research question 
In this study, the challenges concerning the 

validation of the numerical model are tackled. In 

particular, the influence of the variation of the 

material parameters (primarily the permeability) on 

the fluid velocity field and thereby on the 

temperature distribution is investigated.  

Another important aspect analyzed in the paper 

concerns the challenge of extending the results of the 

test to the real application. While the experimental 

set up is necessarily of limited size (1 m2 surface), 

the real application will see far larger surfaces 

(>1000 m2). The impact of the border effects is 

therefore investigated to suggest eventual improved 

implementations of the experiment. 

Implementation in COMSOL Multiphysics 
In order to model the experimental mock-up, 

Equations (1), (2) and (3) are implemented in 

COMSOL Multiphysics to simulate the heat transfer, 

the fluid flow and the moisture transport in the 

insulation. At this purpose, the modules Heat 

Transfer in Porous media, Brinkman Equations and 

Moisture Transport in Building Materials are 

applied. 

In dry conditions, energy balance equation and 

Brinkman equation are sufficient. 

(𝜌𝐶𝑝)
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These equations are implemented to study the 

behavior of the tested insulation material. For the 

container and insulation layers the simple Heat 

Transfer in Solids module is applied. 

As reference, a simplified model using the only Heat 

Transfer in Solids module is additionally 

implemented, in order to assess the relevance of 

convective over conductive heat transfer. In this 

model, the influence of convection is introduced 

through the Nusselt number, which expresses the 

ratio of convection to pure conduction [6]: 

ℎ =
𝑁𝑢 𝜆

Δ𝑥
 

(6) 

 

Therefore, Equation (4) becomes:  

(𝜌𝐶𝑝)
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(7) 

where the effective thermal conductivity (𝜆𝑒𝑞𝑁𝑢) 

considers the combined effect of radiative, 

conductive and convective heat transfer, without the 

need for the momentum equation. This 

implementation, however, does not allow to 

investigate local buoyancy effects. It is important to 

highlight that the Nusselt number does not only 

depend on the material characteristics, but also on 

the specific operation conditions, such as 

temperature difference and sample thickness. In 

order to reduce the simulation time, this simplified 

model is considered in a second step also for 

investigation of the relative humidity distribution 

within the insulation. 

Table 1 presents the parameters used in the 

simulation for the studied material. 

Table 1 Material Properties used in the simulation.. 

Insulation material (i.e. compacted FGG) 
thermal 

conductivity, λ 
0.1 [W/(m∙K)] 

density, ρ 190 [kg/m3] 
heat capacity, cp 1000 [J/(kg∙K)] 
free saturation water 

content, ufs 
300 [kg/m3] 

permeability, K 2∙10-7 to 7∙10-7 [m2] 

 

In absence of manufacturer data concerning the 

permeability of a FGG bulk, a parameter analysis is 

conducted. According to a previous work [4], a range 

of permeability between K=15∙10-7 m2 and K=3∙10-7 

m2 is assumed, depending on the degree of 

compaction. The simulated results are then 

compared with the measurements to identify the 

permeability range for the analysed material. 

Figure 2 shows a sketch of the model implemented 

in COMSOL. Considering the presence of a guarded 

heating plate, the bottom is assumed to be adiabatic, 

while two conditions are investigated for the lateral 

wall, one adiabatic and one with a convective heat 

flux boundary condition (with h=10 W/(m2∙K)). The 

top of the sample is considered as an open boundary 

with heat flux boundary conditions (with h=10 

W/(m2∙K)). 

In order to simplify the problem and reduce the 

computational time, a 2D model is implemented, 

exploiting the symmetry of the sample (see Figure 

1). The temperature sensors position of the 

experimental set-up is replicated in COMSOL using 

Point Probes. 

 
Figure 2 Sketch of the central section of the sample as 

modelled in COMSOL with studied boundary conditions. 

Although the measurement conditions are stationary, 

a time dependent study is carried out, using the fully 

coupled approach, to reach convergence. The power 

of the heating plate is defined in the model using the 

Boundary Heat Source Tool; the power input of the 

experimental set up to maintain a temperature of 

60 °C is used. The average temperature of the 

climate chamber is 19.5 °C. 

Results and Discussion 

Dry conditions 

The comparison between simulated and measured 

temperatures is presented in Figure 3 (central 

sensors) and Figure 4 (lateral sensors). 

From the simplified Solid domain study, the best 

matching is achieved with a Nusselt number Nu=2 

[5], indicating that the impact of convection is not 

negligible. However, the simulated temperature 

profile obtained with this simplified approach shows 

major deviations from the measured data.  

The gray lines represent the temperature profiles 

obtained by numerical simulation with the Brinkman 

equation, applying different permeabilities. The best 

match between simulation and measured outcomes 

is obtained for K=2∙10-7 m2, in agreement with the 

data available from the literature. Some deviation is 

observed on the lower part of the tank, which is 

reasonably explained by the fact that the lower layer 

may have a higher compaction degree. 
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The red lines represent the temperature profile in 

presence of adiabatic conditions: as expected, same 

permeability values would result in higher 

temperatures. 

The influence of multiphysics is particularly evident 

closer to the border (Figure 4), where the measured 

temperatures are significantly lower than the ones 

simulated with the simplified adiabatic approach. 

 
Figure 3 Vertical temperature profile on the central part 

of the studied insulation according to the measurements 

and to the numerical simulations (Br: with Brinkman 

model, Br. ad.: Brinkman model with adiabatic boundary 

conditions). 

 
Figure 4 Temperature near the border of the studied 

insulation according to the measurements and to the 

numerical simulations (Br: with Brinkman model, Br. ad.: 

Brinkman model with adiabatic boundary conditions). 

The influence of buoyancy flow development on the 

temperature distribution within the experimental set-

up is presented in Figure 5 (considering lateral 

losses) and Figure 6 (for ideal lateral adiabatic 

conditions).  

It can be observed that the colder air of the upper 

layers flows down, and rises in the central part of the 

sample, once its temperature increases in the lower 

warmer layers. 

The permeability appears to have an influence on the 

shape of the buoyant plume. Higher permeabilities 

are associated with higher mixing, thus resulting in 

lower temperatures.  

 

 
(a) 

 
(b) 

Figure 5 Temperature contour plot and velocity field for 

the case with realistic boundary conditions (a)  K=2∙10-7 

(b) K=7∙10-7. 

An interesting comparison can be made observing 

Figure 5(a) and Figure 6(a), both obtained with a 

permeability value K==2∙10-7 m2. The presence of 

adiabatic boundary conditions results in variations of 

the horizontal temperature variations. The high 

impact of boundary conditions on the buoyancy 

plume and on the isotherms profile suggests that 

these need to be taken into account when extending 

the analysis to the real conditions that can occur in a 

wide TES cover. This suggests the possibility of the 

development of local buoyant plumes, that make the 

heat transfer within the bulk highly unstable, as 

previously highlighted in [3]. 
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(a) 

 
(b) 

Figure 6 Temperature contour plot and velocity field for 

the case with adiabatic boundary conditions (a) K=2∙10-7 

(b) K=7∙10-7. 

Moist conditions 

As highlighted by dry tests and numerical 

simulations, in bulk materials like FGG the (natural) 

convection plays a significant role. This extends also 

to the moist conditions. Due to diffusion through the 

liner or leakages, the moisture content within the 

material can increase and its transport is not only 

related to diffusion but also to convection, according 

to  Equation (2). The temperature gradient within the 

insulation layer results in an uneven distribution of 

the relative humidity with possible saturation in the 

upper insulation layers. This may lead to water 

condensation on the top and to a challenging removal 

of the trapped moisture. 

In this last section we investigate this condensation 

risk. In order to simulate what could happen in a 

section of a TES cover, adiabatic lateral conditions 

are considered. As in the previous section, the 

analysed material is compacted FGG. 

In order to estimate the impact of convective mass 

transfer, 10 liters of water are sprayed on the 

specimen (Figure 1), and the drying profile of the 

material is obtained by measuring the gradual weight 

loss due to the water evaporation. In this analysis, the 

simplified heat transfer equation using the Nusselt 

number to represent the impact of convection is 

implemented, with the moisture transport equation 

including an effective water vapor diffusion 

resistance factor (μeff) to consider the role of 

convection. In absence of data for the FGG water 

storage function, the one suggested in [5] is used. 

The effective water resistance factor of the material 

is then derived though comparison to the simulation 

results. A comprehensive description of this study is 

presented in [5]. The comparison between simulated 

and measured data for the investigated sample is 

presented in Figure 7. 

The resulting value of effective water vapor 

resistance is lower than 1; this result is attributable 

to the convective component, which is included in 

μeff, meaning that the drying of the material is 

primarily driven by convection, while diffusion 

plays a minor role. 

 
Figure 7 Comparison between simulated (continuous 

lines) and measured (black dashed line) drying curves [5]. 

This result is used for further investigating the 

hygrothermal behavior of a TES cover during its 

operation. With respect to the experimental model 

presented in the previous section, where a constant 

power input is given as boundary condition, a 

constant temperature is here assumed on the top 

(20 °C) and bottom (60 °C) of the insulation. 

Additionally, it is assumed that for an entire year, an 

amount of 5 g/(m2∙day) of water is able to diffuse 

through the bottom liner (starting from an initial 

relative humidity of 50 %). The upper layer of the 

cover is assumed impermeable. 

Figure 8 shows the vertical temperature profile, the 

relative humidity distribution and moisture content 

in a 50 cm compacted FGG. It is possible to observe 

that, while the additional moisture content is not 

significant (ca. 1.8 kg/(m2∙a)), the final temperature 

distribution leads to high relative humidity values 

and moisture content on the top.  

Given the relevance of convective heat transfer 

observed in the analysis of dry conditions, it is 

important to remark the fact that the simplified 

model without momentum equation is not able to 

predict the real temperature distribution. The curves 

presented in Figure 8 are meant as a starting point for 
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further analysis of heat and moisture transfer in 

porous media with high temperature differences.   

 
(a) 

 
(b) 

 
(c )  

Figure 8 (a) Vertical temperature profile, (b) relative 

humidity distribution and (c) moisture content at the end 

of the year. 

Conclusions 
Finite element-based numerical simulation are a 

powerful source of information to establish the 

behavior of insulation materials and to account for 

the different phenomena that may occur.  

In the study of insulation material for buried TES, 

this aspect becomes particularly relevant considering 

the lifetime of the installations. A frequent 

replacement of insulation because of its degradation 

is not economically feasible; therefore, a planning of 

effective solutions for moisture removal is 

necessary. 

The comparison between numerical and measured 

data allowed to validate a numerical model that can 

be implemented to study effective measures useful 

for the practice. Further development of the 

numerical model should take into account the 

influence of convective moisture transfer on the final 

humidity distribution. 

Nomenclature 

Symbol Description 

Latin Symbols 

Cp specific heat capacity / [J/(kg∙K)] 

Dav vapour diffusivity in air/ [m2/s] 

g gravitational acceleration / [m/s2] 

h heat transfer coefficient / [W/(m2∙K)] 

I Identity matrix 

K permeability / [m/s] 

Lv latent heat / [J/kg] 

M mass / [kg] 

p pressure / [Pa] 

R gas constant / [J/(kg∙K)] 

T temperature / [K] 

t time / [s] 

u velocity / [m/s] 

w specific water content / [kg/m3] 

x horizontal  coordinate / [m] 

z vertical coordinate / [m] 

Greek Symbols 

β Volumetric thermal expansion 

coefficient / [K-1] 

η dynamic viscosity / [Pa∙s] 

ϑ temperature / [°C] 

λ thermal conductivity / [W/(m∙K)] 

μ water vapour diffusion resistance 

factor / [-] 

ρ density / [kg/m3] 

φ relative humidity / [%] 

ψ porosity 

Subscripts 

a air 

eq equivalent 

ins insulation 

m mass 

sat saturation 

v vapour 
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