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1. Introduction 

The integration of Renewable Energy Sources (RES) with national energy systems poses many 

challenges. One of them is the flexibility of the dispatchable power sources to adjust power 

generation to the load and current output from RES. One way to tackle this problem  

is to integrate energy storage into larger systems [1], e.g. power units [2], [3], [4]. This enables 

the storage of surplus energy from the generating unit as heat when demand can be satisfied 

by RES generation, and its release when power shortages occur. A crucial part of such a system 

is Thermal Energy Storage (TES).  

Thermal Energy Storage is a large, thick-walled tank filled with a suitable accumulating material. 

The operation of TES consists of three stages: charging, storage, and discharging. Charging  

is triggered when surplus energy is available on the energy market. In the context of adiabatic 

compressed air energy systems (A-CAES), the heat for storage comes from the compression 

process. The working medium transfers heat to the TES bed and, after being cooled, is stored 

under high pressure. The storage stage occurs before the projected peak demand. The 

discharging stage is triggered when the demand for electricity or heat is high, and the energy 

system requires additional supply from storage. In such a case, pressurised working medium 

flows through the TES bed and absorbs heat, increasing its enthalpy. Electric power is generated 

in a turbine where the working medium expands.  

Apart from being a component of integrated systems, TES can also operate as a standalone unit 

[5], [6] and supply heat to end-users [7]. Heat in TES is stored in the form of sensible or latent 

heat [8]. In the former case, the heat transfer to the bed causes an increase in the bed 

temperature; in the latter case, the accumulating material, which can be either solid [9], [10] 

or liquid, changes phase [11], [12].  

TES systems using liquids are generally single- or double-tank structures. In the single tank 

structure, the thermocline phenomenon is utilized [13]. In such a case, the low-density hot 

medium is driven by buoyancy towards the top of the storage; therefore, high thermal potential 

is maintained due to thermal stratification. In double-tank structures, hot and cold media are 

separated to avoid mixing and exergy losses. However, such a design is more technically 

complicated.   

For solid accumulating materials, diaphragm or non-diaphragm TES tanks are used. The working 

medium is in direct contact with the filling in non-diaphragm tanks, ensuring uniform heat 

distribution. However, high pressure losses may occur due to flow resistance. This problem can 

be mitigated in a diaphragm tank, where the bed filling is separated from the heat transfer fluid. 

However, heat transfer is not as intense as in non-diaphragm tanks, which results  

in a temperature decrease with the distance from the diaphragm and therefore lower thermal 

potential during the discharging stage.      
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Selecting the bed filling material poses a major challenge. On the one hand, the physical 

properties of the bed must be suitable for a given temperature range, heat transfer fluid and 

working conditions of the TES tank. These properties should also remain stable over many 

operating cycles, and the material must not decompose. On the other hand, the material cost 

should not undermine the economic feasibility of the system. The most frequently used 

materials are basalt, granite and ceramics [14], [15]. These materials can operate at high 

temperatures (above 300 °C) and are relatively inexpensive. Apart from the physical properties, 

the geometry and size distribution of the rocks play a major role in heat transfer. Small pebbles 

allow for a high contact area between the bed and heat transfer fluid, but at the expense  

of much higher pressure losses. On the other hand, larger sizes of the rocks reduce pressure 

losses in the tank, but can lead to higher thermal outlet losses.  

Another group of storage materials that were thoroughly analyzed for potential use in TES  

as part of the HESS project are phase change materials (PCMs), which store heat in the form  

of latent heat of fusion. Phase change materials (PCMs) store energy primarily through latent 

heat of phase change, allowing for significantly greater energy storage at a nearly constant 

temperature. As a result, TES based on PCMs should exhibit higher energy density, a stable 

temperature profile during charge and discharge, and greater efficiency with less space 

occupied by the system. However, PCMs require encapsulation to prevent leakage during 

melting, and their thermal conductivity is lower than that of rock materials, which can limit the 

heat transfer rate. Additional challenges include long-term stability issues e.g., phase 

segregation or cyclic degradation as well as higher material cost. 

Thermal Energy Storage may appear to be a relatively simple part of energy systems, but 

complex physical phenomena and multiple operating parameters that must be specified, 

together with physical properties of accumulating materials, make the correct design  

a challenging task.  

2. Aim of the work 

The objective of this report is to present experimental investigations of heat transfer and 

thermal energy storage processes using storage units based on both single-phase materials and 

phase-change materials as heat-accumulating media. Within the framework of the Hybrid 

Energy Storage System Using Post-Mining Infrastructure project, the application of thermal 

energy storage units is envisaged to fulfill a number of functions. For example, from the 

perspective of an adiabatic compressed air energy storage system, efficient thermal energy 

storage is a key factor in eliminating the need for fuel combustion (e.g., natural gas) during the 

discharge stage. 

The experimental results presented also served as a basis for the validation of the developed 

numerical models of the thermal energy storage units. These validated models enabled the 
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execution of multi-variant analyses, constituting a preliminary stage for further research on the 

proposed energy storage systems. 

3. Methodology 

3.1. Experimental stand (Silesian University of Technology) 

The first phase of the experimental investigation of the thermal energy storage system was 

carried out on a laboratory test stand, the key component of which was a heat storage unit 

with a volume of approximately 0.1 m3. The geometry of the storage unit was characterized by 

a notably high slenderness ratio compared to previously investigated configurations; the height 

of the unit was 3 m, while its internal diameter was 0.213 m [16]. This design resulted from the 

concept of developing a thermal energy storage unit for application in an adiabatic compressed 

air energy storage system [9]. 

The test stand was designed and constructed by the research team from the Department  

of Power Engineering and Turbomachinery at the Silesian University of Technology and is 

located in the Hydraulic Machinery Hall building of the Faculty of Energy and Environmental 

Engineering. The test stand is presented in the photos below [16]. 

 

Figure 1 Thermal Energy Storage tank with a Porous Bed at Silesian University of Technology. 
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(a) (b) 

  

Figure 2 Components of the experimental setup: (a) air blower with control system;  
(b) result visualization system. 

 
(a) (b) 

  

Figure 3 Components of the experimental setup: (a) steel pipelines with valves;  
(b) measurement instruments. 
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Figure 4 Thermal storage bed. 

 
In Figures 1 – 4, the main components of the setup are presented, which include [17]: 

 1 – A SC40A 750T side-channel blower equipped with a three-phase electric motor rated  

at 7.5 kW, supplied by Venture Industries Sp. z o.o. [18], was used. The nominal rotational 

speed of the blower is 2885 rpm, and speed control is achieved using an SMVector Lenze 

frequency inverter [19]. The blower is employed to force the airflow serving as the heat 

transfer medium during both the charging and discharging stages; the maximum air 

volumetric flow rate is 650 m³/h, and the maximum overpressure is 39,500 Pa; 

 2 – An Aplisens slit-type flow nozzle made of AISI 304 acid-resistant stainless steel, with  

a nominal diameter of DN80 and a maximum operating pressure of 16 bar, was used. The 

nominal air mass flow rate is 0.064 kg/s [20]; 

 3 – A Leister LE 10000 electric air heater with a rated power of 17 kW was applied. The 

minimum air flow rate ensuring safe operation of the heater is 78 m³/h, and the maximum 

allowable inlet overpressure is 100 kPa. The device is capable of heating the flowing gas  

to a maximum temperature of 650 °C; however, this capability was not fully utilized during 

the conducted experiments [21];  

 4 – A system of Victaulic Vic-300 MasterSeal butterfly valves, with an applicable operating 

temperature range of the flowing medium from −34 °C to 110 °C, was used to control the 

direction of airflow through the thermal energy storage unit [22]; 

 5 – A vertical thermal energy storage unit was constructed from stainless steel pipe with  

a nominal diameter of DN200. The unit was equipped with flat steel flanges enabling  

to be connected to the inlet and outlet chambers. During the experiments, the thermal 

energy storage unit was filled with a porous bed formed from basalt rocks. 



D.5.2.TES performance report 

 Project: 101112380 – HESS – RFCS-2022  

 

9 
 

The temperature of the heat storage material was measured using ten class A PT100 resistance 

temperature detectors located along the axis of the storage unit [23]. Table 1 defines the 

measurement errors adopted for calculating the maximum measurement uncertainty 

associated with the use of class A PT100 temperature sensors [17].  

 

Table 1 Identified errors and maximum uncertainty of temperature measurement. 

Error classification Value 

Temperature error ±0,15°C + 0,002·T* 

Signal processing error ±0,5°C 

Measurement resolution ±0,1°C 

Maximum measurement uncertainty ±0,36°C 
*°C 

One of the key operational parameters of a system employing a thermal energy storage unit 

with a porous filling is the pressure drop of the gas flowing through the porous bed. This 

parameter was measured using an Aplisens PR-28 differential pressure transducer with  

a measuring range of 0 – 10 kPa. According to the device datasheet, the maximum allowable 

temperature of the measured medium is 120 °C [20]; this limit was not exceeded during the 

experiments. Table 2 presents the identified measurement errors and the maximum 

uncertainty of the air pressure drop measurement [17]. 

 

Table 2 Identified errors and maximum uncertainty of air pressure drop measurement. 

Error classification Value 

Basic error ±0,4% 

Temperature error ±0,4% / 10°C 

Error due to supply voltage variations ±0,005% / 1 V 

Hysteresis and repeatability ±0,05% 

Maximum measurement uncertainty ±209 Pa 

 

During the experimental phase, basalt stones with a density of 2680 kg/m³ and a thermal 

conductivity of approximately 2.3 W/(m·K) were used. The specific heat capacity was adopted 

based on a previous literature review conducted within the HESS project, and its value  

is calculated using the following correlation [24]:  

𝑐𝑝𝑏 = 91.523 ∙ ln(𝑇𝑏) + 498.25 (1) 

where 𝑇𝑏 is the temperature of the basalt (°C). 
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3.2. Experimental stand (Institute of Energy and Fuel Processing 

Technology) 

As part of WP5 of the HESS project, the Institute of Energy and Fuel Processing Technology 

designed and constructed a test rig for investigating heat storage materials in a solid bed. The 

main component of the installation is a steel column (Thermal Energy Storage unit – TES unit), 

1 m in length with an internal diameter of 219 mm, allowing the placement of approximately 

30 dm³ of heat storage material. In this test rig, a basalt and a phase-change material (PCM), 

contained in aluminum containers, were tested. A schematic of the installation is shown  

in Figure 5. 

 

Figure 5 Diagram of the experimental thermal energy storage installation. 

 

Heat is supplied by an air stream heated in a heating column, consisting of a steel pipe equipped 

with band heaters with a total power of 15 kW. To enhance the heat transfer surface, the 

heating column is filled with ceramic balls (Al2O3). The air, with a controllable flow rate, passes 

through the heating column and is then directed into the column filled with the thermal energy 

storage (TES) material. 

During the charging stage, the heated air flows through the TES column from top to bottom. 

During the discharging stage, by adjusting the valve settings, cool air is directed in the opposite 

direction (from bottom to top), extracting the stored thermal energy. The TES column has  

a bed height of 70 cm and a diameter of 215 mm, with the total column height being 1 m. The 

TES column is insulated with high-temperature quartz wool (100 mm thick) and high-

temperature mineral wool (100 mm thick). This double insulation significantly reduces heat 

losses and ensures stable measurement conditions. 

The installation is fully instrumented, with particular emphasis on temperature measurements 
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at different heights and across the cross-section of the bed. In total, seven thermocouples are 

embedded within the TES material. For the PCM tests, two thermocouples were placed inside 

the PCM capsules. Measurement data, including temperatures and air flow, are continuously 

monitored and recorded. Measurement ports allow for the assessment of pressure and flow 

resistance. The test rig is designed to operate at temperature up to 500 °C. 

(a) 

 
(b) 

 
(c) 

 

Figure 6 (a) Experimental thermal energy storage setup; (b) heat storage material: basalt;  
(c) PCM capsules. 
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The TES charging procedure was conducted as follows: 

 The heating column controller was set to the target temperature to heat the air to the 

planned test temperature. The temperature at the heaters was higher than the target 

bed temperature due to heat losses in the uninsulated heating column and limitations 

in heat transfer between the gas and the column. This set temperature was determined 

experimentally based on preliminary heating tests. 

 The air blower controller was then set to the desired flow rate. The air was directed 

through the heating column into the TES bed. 

 The bed was gradually heated until the desired initial temperature was reached. Steady-

state conditions were considered achieved when the temperature profiles within the 

column reached a plateau (i.e., no significant temperature increase over the next 10 

minutes). Special attention was given to heating the lower part of the bed, which, due 

to the top-to-bottom flow of hot air, was heated last. Despite heating and stabilization, 

a temperature difference of approximately 10 °C between the bottom and top of the 

bed remained. 

It should be noted that during the heating, a minor adjustment of the air flow was necessary  

to maintain the target value, as the air viscosity increased at elevated temperatures, resulting 

in higher flow resistance. 

The TES discharging procedure was conducted as follows: 

 By adjusting the valves, a stream of cool air (bypassing the heating column) was directed 

through the TES column from bottom to top. 

 The airflow rate was set to the specified value for the discharging test. The test 

continued until the entire bed cooled to approximately 30 – 40 °C. 

3.3. Evaluation of experimental results 

Based on the archived temperature and airflow measurement data, the energy storage 

parameters were determined. 

The total energy supplied to the storage unit during the bed charging process, 𝑄𝑖𝑛, was 

calculated as the sum of the energy increments over successive time steps [17]: 

𝑄𝑖𝑛 = ∑ 𝑚𝑎𝑖𝑟𝐶𝑝 𝑎𝑖𝑟(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)∆𝑡𝑖

𝑁

𝑖=1

 (2) 

 

Where 𝑚𝑎𝑖𝑟 is the air mass flow rate at time step 𝑖, 𝐶𝑝 𝑎𝑖𝑟 is the specific heat of air at the mean 

temperature between 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡, 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the inlet and outlet air temperatures  

of the storage unit at time step i (°C), and ∆𝑡𝑖 is the time interval between measurements (s). 

The energy extracted during the discharging of the storage unit, 𝑄𝑜𝑢𝑡, is calculated analogously 

to the charging process: 
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𝑄𝑜𝑢𝑡 = ∑ 𝑚𝑎𝑖𝑟𝐶𝑝 𝑎𝑖𝑟(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)∆𝑡𝑖

𝑁

𝑖=1

 (3) 

 
The average thermal power (heat output rate), 𝑃𝑎𝑣, during the discharging of the storage unit 
was calculated based on: 
 

𝑃𝑎𝑣 =
𝑄𝑜𝑢𝑡

𝑡𝑑𝑖𝑠𝑐ℎ
 (4) 

 
Where 𝑡𝑑𝑖𝑠𝑐ℎ is the total discharging time of the energy storage unit. 
The energy efficiency of the TES charging/discharging cycle was defined as: 
 

𝜂𝑒𝑛 =
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
 

The exergy efficiency of the TES cycle was calculated based on methodology presented in [25]. 

 

According to the adopted nomenclature, the volume of the storage material bounded by two 

measurement points is defined as a segment of the storage bed. One of the defined parameters 

used to evaluate the experimental series was the dimensionless state of charge  

of the thermal energy storage unit, 𝜃𝑇𝐸𝑆, which for a single segment 𝑖 is expressed as shown  

in Equation (5): 

𝜃𝑇𝐸𝑆 𝑖 =
𝑇𝑖 𝑡 − 𝑇min 𝑖

𝑇𝑎 𝑚𝑎𝑥 − 𝑇min 𝑖
 , (5) 

where 𝑇𝑖 𝑡 and 𝑇min 𝑖  are, respectively, the temperature of segment 𝑖 at a given time 𝑡 and the 

minimum temperature of the storage material in that segment at the beginning of the charging 

stage, and 𝑇𝑎 𝑚𝑎𝑥  is the maximum inlet air temperature to the storage unit during the analyzed 

measurement series. The segment temperature was assumed to be the average of the readings 

from the adjacent resistance temperature detectors bounding the segment volume. Finally, the 

value of 𝜃𝑇𝐸𝑆 is obtained according to Equation (6): 

𝜃𝑇𝐸𝑆 =
𝜃𝑇𝐸𝑆 1 + 𝜃𝑇𝐸𝑆 2 + ⋯ + 𝜃𝑇𝐸𝑆 𝑛

𝑛
=

∑ 𝜃𝑗
𝑛
𝑗=1

𝑛
 , (6) 

where 𝑛 is the number of segments in the thermal energy storage unit. 

For the purpose of evaluating the measurement results, dimensionless parameters were used, 

whose definitions are presented below: 

 The dimensionless inlet air temperature to the thermal energy storage unit during the 

charging stage, 𝑇𝑖𝑛 𝑐, is defined as: 

𝑇𝑖𝑛 𝑐 =
𝑇𝑖𝑛 𝑎 𝑐 − 𝑇𝑎 𝑚𝑖𝑛

𝑇𝑎 𝑚𝑎𝑥 − 𝑇𝑎 𝑚𝑖𝑛
 , (7) 

where 𝑇𝑎 𝑚𝑖𝑛 is the minimum air temperature during the measurement series, equal to the 

ambient temperature, and 𝑇𝑖𝑛 𝑎 𝑐 is the current inlet air temperature to the TES unit. 
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 The dimensionless outlet air temperature from the thermal energy storage unit during the 

discharging stage, 𝑇𝑜𝑢𝑡 𝑑, is defined as: 

𝑇𝑜𝑢𝑡 𝑑 =
𝑇𝑜𝑢𝑡 𝑎 𝑑 − 𝑇𝑎 𝑚𝑖𝑛

𝑇𝑎 𝑚𝑎𝑥 − 𝑇𝑎 𝑚𝑖𝑛
 , (8) 

where 𝑇𝑜𝑢𝑡 𝑎 𝑑 is the current outlet air temperature from the TES unit. 

 The dimensionless temperature of the rock material at a given point, 𝑇𝑅 𝑠, is defined as: 

𝑇𝑅 𝑠 =
𝑇𝑠 − 𝑇𝑠 𝑚𝑖𝑛

𝑇𝑎 𝑚𝑎𝑥 − 𝑇𝑠 𝑚𝑖𝑛
 , (9) 

where 𝑇𝑠 𝑚𝑖𝑛 is the minimum temperature of the rock material at the given point, and 𝑇𝑠 is the 

current temperature of the rock material at that point. 

 The dimensionless time of the charging stage,𝜏𝑅 𝑐, is defined as: 

𝜏𝑅 𝑐 =
𝑡𝑐

𝑡𝑐 𝑚𝑎𝑥
 , (10) 

where 𝑡𝑐 𝑚𝑎𝑥 is the maximum duration of the TES charging stage, and 𝑡𝑐 is the current time 

elapsed during the charging stage. 

 The dimensionless time of the discharging stage, 𝜏𝑅 𝑑, is defined as: 

𝜏𝑅 𝑑 =
𝑡𝑑

𝑡𝑑 𝑚𝑎𝑥
 , (11) 

where 𝑡𝑑 𝑚𝑎𝑥 is the maximum duration of the TES discharging stage, and 𝑡𝑑 is the current time 

elapsed during the discharging stage. 

 

For the evaluation of the performance of the thermal energy storage unit with a storage bed, 

an outlet loss parameter, 𝑇𝑜, during the charging stage was also defined. This parameter relates 

the outlet air temperature, 𝑇𝑜𝑢𝑡 𝑐, to the characteristic temperatures of the given measurement 

series, namely 𝑇𝑎 𝑚𝑖𝑛 and 𝑇𝑎 𝑚𝑎𝑥, according to Equation (12): 

𝑇𝑜 =
𝑇𝑜𝑢𝑡 𝑐 − 𝑇𝑎 𝑚𝑖𝑛

𝑇𝑎 𝑚𝑎𝑥 − 𝑇𝑎 𝑚𝑖𝑛
 . (12) 

 

3.4. Numerical Model – Sensible Heat Storage Unit 

The modeling of the rock bed region was performed using the porous zone model  

in ANSYS Fluent, which incorporates momentum source terms accounting for viscous and 

inertial resistance, as well as the effect of porosity on the flow. The momentum conservation 

equation for the applied model is as follows:  
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𝜀𝜌𝑓 (
𝜕𝑣⃗

𝜕𝑡
+ 𝑣⃗ ∙ ∇𝑣⃗)

= −𝜀∇𝑝 + ∇ ∙ (𝜇𝑒𝑓𝑓 ∙ (∇𝑣⃗ + (∇𝑣⃗)𝑇)) − (
𝜇

𝛼
+

𝐶2𝜌𝑓

2
|𝑣⃗|) 𝑣⃗ + 𝜀𝐹⃗, 

(13) 

where 𝜀 is the bed porosity, 𝜌𝑓 is the fluid density, 𝑣⃗ is the velocity vector, 𝑝 is the pressure, 

𝜇 is the dynamic viscosity of the fluid, 𝜇eff is the effective viscosity including turbulent effects, 

𝐹⃗ represents other external forces, and 𝛼is the permeability of the porous medium, defined as:  

 

𝛼 =
𝐷𝑝

2

150
∙

𝜀3

(1 − 𝜀)2
 . (14) 

The inertial resistance coefficient, 𝐶2, is defined as: 

𝐶2 =
3,5

𝐷𝑝
∙

(1 − 𝜀)

𝜀3
. (15) 

 

The correlation for the porosity distribution of the rock bed, which was also used in the 

numerical studies by Cascetta et al. [26], is presented in Equation (16): 

𝜀(𝑦) = (1 + (
1 − 𝜀∞

𝜀∞
) ∙ (1 − 𝑒−2𝑦)1/2)

−1

, (16) 

 

The heat transfer between the fluid and the rock material was implemented using the Local 

Thermal Non-Equilibrium (LTNE) model [27]. This approach duplicates the porous zone  

of the geometric model and allows for the appropriate assignment of material properties  

to the air and the storage material. The LTNE model introduces an energy conservation 

equation for each of the defined regions. The energy conservation equation for the fluid zone 

is defined in Equation (17), while for the storage material zone it is defined in Equation (18): 

𝜀𝜌𝑓𝑐𝑝𝑓 (
𝜕𝑇𝑓

𝜕𝑡
+ 𝑣⃗ ∙ ∇𝑇𝑓) = ∇ ∙ (𝜀𝑘𝑒𝑓𝑓∇𝑇𝑓) + ℎ𝑓𝑠𝐴𝑓𝑠(𝑇𝑠 − 𝑇𝑓), (17) 

 

(1 − 𝜀)𝜌𝑠𝑐𝑝𝑠

𝜕𝑇𝑠

𝜕𝑡
= ∇ ∙ ((1 − 𝜀)𝑘𝑒𝑓𝑓∇𝑇𝑠) + ℎ𝑓𝑠𝐴𝑓𝑠(𝑇𝑓 − 𝑇𝑠), (18) 

where 𝑐𝑝,𝑓 and 𝑐𝑝,𝑠 are the specific heat capacities of the fluid and the solid material, 

respectively; 𝑇𝑓 and 𝑇𝑠 are the temperatures of the fluid and the solid material, respectively; 

ℎ𝑓𝑠 is the heat transfer coefficient between the fluid and the solid; and 𝐴𝑓𝑠 is the heat transfer 

surface area between the fluid and the solid, defined as: 
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𝐴𝑓𝑠 = 6 ∙
1 − 𝜀

𝐷𝑝
. (19) 

 

Equation (20) presents the correlation for the Nusselt number in a porous bed used in this 

study, as proposed by Wakao et al. [28]: 

𝑁𝑢 = 2 + 1,1 ∙ 𝑅𝑒0,6 ∙ 𝑃𝑟1 3⁄ =
ℎ𝑓𝑠 ∙ 𝐷𝑝

𝑘𝑓
 , (20) 

where the Reynolds and Prandtl numbers are defined according to Equations (21) and (22): 

𝑅𝑒 =
𝑣∞ ∙ 𝐷𝑝

𝜐𝑓
 , (21) 

 

𝑃𝑟 =
𝑐𝑝𝑓 ∙ 𝜇𝑓

𝑘𝑓
 , (22) 

where 𝜈𝑓is the kinematic viscosity of the fluid, and 𝑣∞ is the superficial velocity in the porous 

medium, directly derived from the continuity equation of the flow: 

𝑣∞ =
𝑚̇ℎ𝑡𝑓

𝜌𝑓 · 𝐴𝑇𝐸𝑆
 , (23) 

where 𝑚̇ℎ𝑡𝑓 is the mass flow rate of the fluid passing through the porous bed, and 𝐴𝑇𝐸𝑆 

is the cross-sectional area of the TES unit. 

The effective thermal conductivity within the porous zone, 𝑘eff, is calculated based  

on the volumetric fractions of the storage material and air, according to Equation (24): 

𝑘𝑒𝑓𝑓 = 𝜀 ∙ 𝑘𝑓 + (1 − 𝜀) ∙ 𝑘𝑠 , (24) 

where 𝑘𝑓 and 𝑘𝑠 are the thermal conductivities of the fluid and the solid material, respectively. 

The mass conservation equation for the porous zone is defined as: 

𝜕(𝜀𝜌𝑓)

𝜕𝑡
+ ∇ ∙ (𝜀𝜌𝑓𝑣⃗) = 0. (25) 

 

During the calculations, the k–ω SST turbulence model was used, which is a combination of the 

k–ω and k–ε models, providing accurate flow simulation across the entire computational 

domain [29], [30]. This model employs two additional transport equations – one for the 

turbulent kinetic energy, 𝑘 (presented in Equation (26)), and one for the specific dissipation 

rate of turbulence, 𝜔 (presented in Equation (27)) – to determine the turbulent viscosity:  

𝜀𝜌𝑓

𝜕𝑘

𝜕𝑡
+ 𝜀𝑝𝑣⃗ ∙ ∇𝑘 = ∇ ∙ ((𝜇 +

𝜇𝑡

𝜎𝑘
) ∇𝑘) + 𝑃𝑘 − 𝜀𝜌𝑓𝛽∗𝑘𝜔, (26) 
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𝜀𝜌𝑓

𝜕𝜔

𝜕𝑡
+ 𝜀𝑝𝑣⃗ ∙ ∇𝜔

= ∇ ∙ ((𝜇 +
𝜇𝑡

𝜎𝜔
) ∇𝜔) + 𝛾

𝜔

𝑘
𝑃𝑘 − 𝜀𝜌𝑓𝛽𝜔2

+ (1 − 𝐹1)
2𝑝𝜎𝜔2

𝜔
∇𝑘 ∙ ∇𝜔, 

(27) 

where 𝛽∗, 𝛽, and 𝛾are constants for the SST model, 𝜎𝑘 and 𝜎𝜔 are the diffusion coefficients for 

𝑘 and 𝜔, respectively, and 𝐹1is the so-called blending function, which enables a stable transition 

between the k–ω and k–ε models depending on the proximity of the flow to the wall. 

 

3.5. Numerical Model – Latent Heat Storage Unit 

In Ansys Fluent, the solver solves systems of partial differential equations that are related to 

the conservation of mass, momentum and energy in flows. Integrating the equations in the 

control volume leads to their discretisation, i.e. the transformation of continuous equations  

(in the differential sense) into systems of algebraic equations. The systems of partial differential 

equations were solved simultaneously using a partially hidden iterative algorithm (SIMPLE). The 

pressure distribution option (PRESTO!) was adopted for the pressure correction equation, and 

second-order upwind schemes were used to solve the momentum and energy equations. 

Underelaxation factors were used for the calculations, with a value of 0.7 for solving the 

momentum equation, 0.3 for the pressure correction equation, 1 for the energy equation, and 

0.1 for the liquid fraction equation.  The equations of conservation of mass and momentum are 

taken into account for all flows. In the case of heat transport, the equation of conservation  

of energy is also added. The equation of conservation of mass has the form [31]. 

𝜕𝜌

𝜕𝑡
+ ∇(𝜌𝑣⃗) = 𝑆𝑚 (28) 

where: 𝑆𝑚 is part responsible for mass sources added to the continuous phase from the 

(dispersed) phase, e.g. as a result of evaporation of liquid droplets and any user-defined mass 

sources 

The momentum conservation equation is expressed as [31]: 

𝜕

𝜕𝑡
(𝜌𝑣⃗) + ∇(𝜌𝑣⃗𝑣⃗) = −∇p + ∇𝜏̿ + 𝑝𝑔⃗ + 𝐹⃗ (29) 

Where p is static pressure, 𝑝𝑔⃗ is gravitational force and 𝐹⃗ is term responsible for external forces 

acting on the body, e.g. as a result of interaction with the dispersed phase, as well as for other 

source factors depending on the model used. The calculations used a laminar flow model, which 

is described by the unsteady Navier-Stokes equations. This model is suitable for situations 

where the fluid flow is stable, orderly and does not exhibit turbulent characteristics. Laminar 
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flow is characterised by fluid particles moving in smooth, parallel layers without mixing. The 

choice of flow model is determined by the Reynolds number (Re), which is a measure of the 

ratio of inertial forces to viscous forces in fluid flow. For low Reynolds numbers (Re<2000), the 

flow is laminar and turbulence is not a significant phenomenon, as the viscous forces are strong 

enough to prevent irregular movement of fluid molecules. The Reynolds number is expressed 

by the formula [31]: 

𝑅𝑒 =
𝑤𝑙0

𝑣
 (30) 

Where 𝑤 is characteristic flow velocity (m/s), respectively 𝑙0  is characteristic dimension (m) 

and 𝑣 is kinematic viscosity of the fluid (m2/s). 

 

The enthalpy of a material is calculated as the sum of the sensible enthalpy h and the latent 

heat ΔH [31]: 

𝐻 = ℎ + ∆𝐻 (31) 

 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝑐𝑝𝑑𝑇

𝑇

𝑇𝑟𝑒𝑓

 (32) 

Where ℎ𝑟𝑒𝑓 is reference enthalpy, 𝑇𝑟𝑒𝑓  is reference temperature and 𝑐𝑝 specific heat  

at constant pressure. 

Liquid fraction β, is defined as [31]: 

β=0 if T < Tsolidus 

(33) 
β=1 if T > Tliquidus 

                             β=
𝑇−T𝑠𝑜𝑙𝑖𝑑𝑢𝑠

 T𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−T𝑠𝑜𝑙𝑖𝑑𝑢𝑠
 if Tsolidus < T < Tliquidus 

 
The amount of latent heat can be expressed in terms of the latent heat of the material, L 

∆𝐻 = βL (34) 

The latent heat content can range from zero (for solids) to L (for liquids).  

For solidification/melting problems, the energy equation is written as: 

𝜕

𝜕𝑡
(𝜌𝐻) + ∇(𝜌𝑣⃗𝐻) = ∇(k∇T) + S (35) 

Where𝐻 is enthalpy, 𝜌 is density, 𝑣⃗ is fluid velocity and S is heat source. 

 

ANSYS Fluent can be used to model solidification and/or melting phenomena occurring at a 

single temperature or within a temperature range. The transition area between the liquid and 

the solid is treated as a porous zone in which the porosity corresponds to the liquid fraction. 

Appropriate momentum absorption terms are introduced into the momentum equations  

to account for the pressure drop associated with the presence of a solid during the solidification 

process. In the case of solidification and melting of a pure substance, the phase transition 
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occurs at a specific melting temperature Tmelt. However, in the case of a multicomponent 

mixture, there is a solidification/melting zone between the lower temperature (solidus) and the 

upper temperature (liquidus). When a multicomponent liquid solidifies, the dissolved 

substances transition from the solid phase to the liquid phase. This effect is quantified by the 

solute partition coefficient, denoted by Ki, which determines the ratio of the mass fraction  

in the solid to the mass fraction in the liquid at the phase boundary.  

The solidification and melting temperatures of a mixture are described as [31]: 

𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 = 𝑇𝑚𝑒𝑙𝑡 + ∑ 𝑚𝑖𝑌𝑖/𝐾𝑖 (36) 

 

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 = 𝑇𝑚𝑒𝑙𝑡 + ∑ 𝑚𝑖𝑌𝑖 
(37) 

Where 𝐾𝑖 is solute partition coefficient, 𝑌𝑖 is mass fraction of solute, 𝑚𝑖 is slope of the liquidus 

surface to 𝑌𝑖. 

Many substances participate in the process of solidification or melting, and the density  

of liquids varies depending on temperature and composition. In the presence of a gravitational 

field, buoyancy is caused by two mechanisms: thermal buoyancy refers to the buoyancy force 

acting on a fluid as a result of density differences caused by temperature changes. Thermal 

buoyancy promotes liquid mixing and temperature gradient smoothing, and its omission can 

lead to inaccurate solidification time predictions. Solutal buoyancy results from the 

gravitational force caused by a change in density due to a change in the species composition  

of the molten material. Modelling buoyancy effects is important for accurately predicting 

solidification behaviour. In ANSYS Fluent, buoyancy-induced flows in multiphase solidification 

problems are modelled using the Boussinesq approach [31]: 

𝐹𝑠
⃗⃗⃗⃗ = 𝜌𝑟𝑒𝑓𝑔⃗ ∑ 𝛽𝑠,𝑖(𝑦𝑙,𝑖 − 𝑦𝑟𝑒𝑓,𝑖)

𝑁𝑠

𝑖=0

 (38) 

Where 𝑦𝑙,𝑖  is the mass fraction of the i-th solute in the liquid phase, 𝑦𝑟𝑒𝑓,𝑖 is reference mass 

fraction of the i-th species 𝛽𝑠,𝑖  is the expansion coefficient of the i-th species, 𝑁𝑠 is total number 

of dissolved substances, 𝑔 is gravitational constant, 𝜌𝑟𝑒𝑓 is reference density. 
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4. Results 

4.1. Experimental analysis - Sensible heat storage 

Figures 7 (a) – 7 (b) show the typical temperature variation of the storage material at 10 

measurement points in the experimental test stand operated by the Silesian University  

of Technology, illustrating the temperature increase during the charging stage of the storage 

unit and the temperature decrease during the discharging stage. 

 

(a) 

 
(b) 

 

Figure 7 Variation of the measured temperature at the measurement points: (a) charging 
stage; (b) discharging stage. 
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The characteristics presented in Figures 7 (a) – 7 (b) illustrate the key features and operational 

parameters of the thermal energy storage unit with a porous bed, which can significantly 

impact the performance of a potential adiabatic compressed air energy storage system 

analyzed within the HESS project. The identified features are: 

 The maximum recorded temperature of the storage material does not reach the 

maximum setpoint of the inlet air temperature to the storage unit, even under steady-

state thermodynamic conditions. This is due to imperfect heat transfer between the air 

and the storage material, and the maximum basalt temperature will asymptotically 

approach the maximum air temperature within a given experimental series. 

 Heat exchange between the air and the rock material during airflow through the storage 

unit results in a non-uniform temperature distribution of the storage material, with  

a decrease toward the outlet. 

 During the charging stage, an increase in the outlet air temperature (T10) is observed 

after a relatively short time. An increase in outlet losses from the storage unit  

is undesirable from the perspective of full-scale energy storage system operation; 

therefore, it should be minimized, for example, by increasing the volume of the storage 

material relative to the amount of heat supplied. 

 During the discharging stage, it is not possible to maintain a constant outlet air 

temperature from the TES unit, which will have a direct impact on the decrease in air 

expander power in the considered A-CAES system. 

Figure 8 presents the experimental characteristics showing the time of onset of outlet losses 

from the storage unit as a function of air mass flow rate during the charging stage and the 

particle size of the storage bed used [17]. 

 

Figure 8 Time of occurrence of outlet loss during the charging stage as a function of the air 
mass flow rate. 
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Based on all conducted experimental series – 34 independent measurement series in total –  

it was demonstrated that a relationship exists between the time of occurrence of the selected 

threshold outlet loss and the applied air mass flow rate during the charging of the thermal 

energy storage unit. As the air mass flow rate decreases, the time to reach the outlet loss 

extends, which is attributed to the gas velocity through the storage bed and the time required 

for heat exchange between the phases. For the particle sizes used, no significant effect of this 

parameter on the time to reach the threshold outlet loss was observed. 

From a theoretical perspective, a decrease in mass flow should correspond to an increase  

in the time 𝑇𝑜. The absence of experimental confirmation of this relationship may be due to the 

relatively small volume of the tested storage bed and differences in particle size of the storage 

materials.  

Figure 9 presents the experimental relationship between the pressure drop of air flowing 

through the storage bed and the air mass flow rate for two different particle sizes of the 

investigated storage beds. The presented characteristics were obtained for unheated inlet air, 

i.e., at ambient temperature. 

 

Figure 9 Air pressure drop as a function of the air mass flow rate. 
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Within the experimental studies conducted at ITPE, two types of materials were investigated: 

basalt, representing a conventional material with high thermal stability for sensible heat 

storage, and a PCM, known as SolarSalt, characterized by its ability to store large amounts  

of energy through a phase transition (latent heat) [24]. The basalt grains was delivered to ITPE 

by Silesian University of Technology (SUT), so they were identical to those tested previously  

by SUT. TES unit contained approximately 42 kg of basalt, corresponding to a volume of 25 dm3. 

Example temperature profiles during the charging of the basalt-filled storage unit are shown  

in the graphs in Figure 10. The plots depict the temperatures of the inlet gas, outlet gas, and 

the internal bed at the top, middle, and bottom. Figure 10 a) illustrates the charging of the 

storage unit to 150 °C, while Figure 10 b) shows charging to 330 °C (average bed temperature). 

In both cases, the air flow rate was approximately 60 kg/h. It is clearly observed that heating  

to more than twice the temperature required roughly twice the time – 100 minutes for 150 °C 

and 200 minutes for 330 °C. 

(a) 
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(b) 

 

Figure 10 Charging of the energy storage unit for an air flow rate of 60 kg/h to two target 
temperatures: (a) 150 °C and (b) 300 °C. 

 

Figure 11 presents the temperature distribution during the charging stage of the storage unit, 
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axial measurements. Maximum deviations reach up to 5 °C, whereas the accuracy of the 
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measurement uncertainty of the thermocouples. The observed distribution indicates good hot 

air circulation within the column and effective heat transfer. 

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250

Te
m

p
er

at
u

re
,°

C

Charging stage time, min

T inlet T top T middle T outlet T bottom



D.5.2.TES performance report 

 Project: 101112380 – HESS – RFCS-2022  

 

25 
 

 
Figure 11 Temperature distribution in the bed during charging at different points across the 

TES tank and at various heights. 
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enhancement of heat conduction, which contributes to temperature equalization at lower flow 

rates. 

Overall, lower air flow results in slower but more uniform heating, whereas higher flow rates 

enhance convective heat transfer, leading to faster heating near the inlet, larger axial 

temperature gradients, and a longer time required for full thermal stabilization of the bed. 

 

 
 

Figure 12 Temperature distribution along the axis of the bed during charging. Air flow rates  

of 60 kg/h (solid line) and 120 kg/h (dashed line). 

 
(a) 
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(b) 

 
Figure 13 Temperature distribution during the discharging of the storage tank for an air flow 

rate of 60 kg/h at different initial temperatures. 

Figure 13 shows the temperature distribution during the discharging of the TES unit from two 

different initial (average) bed temperatures: 150 °C and 330 °C. In both cases, the air flow rate 

was 60 kg/h. The curves exhibit a similar overall behavior: the initial phase is characterized  
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difference directly results from the dependence of thermal power on the temperature 

difference between the air and the bed during discharge (ΔT). 

𝑃(𝑡𝒊) = 𝑚𝑎𝑖𝑟𝐶𝑝 𝑎𝑖𝑟(𝑇𝑜𝑢𝑡(𝑡𝑖) − 𝑇𝑖𝑛(𝑡𝑖)) 

P(ti) denotes the instantaneous thermal power.  

Within the analyzed discharge range, the outlet–inlet air temperature difference for a bed 

discharged at 330 °C is approximately 2.5 times higher than that for a bed at 150 °C, resulting 

directly in a corresponding 2.5-fold increase in the maximum heat output. 

 

 

Figure 14. The heat output rate at various airflow rate and initial bed temperatures. 

Furthermore, Figure 14 shows the effect of air mass flow rate on the achieved thermal power. 

It clearly visible, that increasing the airflow significantly raises the maximum heat output during 

the discharge TES unit, regardless of the initial bed temperature. This behavior directly follows 

from the definition of thermal power, whereby an increased air mass flow rate leads  

to an enhanced rate of heat recovery from the bed. 

At a flow rate of 60 kg/h, the maximum power is approximately 2 kW for an initial temperature 

of 150 °C and about 5 kW for 330 °C. When the flow rate is increased to 120 kg/h, the maximum 

thermal power rises to approximately 4 kW at 150 °C and nearly 10 kW at 330 °C, 

demonstrating an almost proportional increase in maximum discharge power with mass flow 

rate. 
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At the same time, higher airflow leads to a significant reduction in the effective discharge time. 

The increased heat transfer rate results in faster cooling of the bed and a more rapid decline  

in power over time. Consequently, the stored thermal energy is released over a shorter period 

but at a higher instantaneous power. 

The final results of the sensible heat storage experiments carried out by ITPE in Zabrze are 

presented in Table 3. The round-trip energy efficiency of the TES unit (ηen), defined as the ratio 

of the thermal energy recovered during discharge to the energy supplied during charging, 

ranges from 84% to 95% and exhibits only a moderate dependence on operating conditions. 

Slightly higher efficiency values are observed at increased air mass flow rates and higher initial 

bed temperatures, indicating that intensified heat transfer during both charging and 

discharging reduces relative heat losses over the storage cycle. These results confirm the high 

round-trip efficiency of the tested TES system and the internal consistency of its energy 

balance. 

Table 3. Experimental data on energy storage in a basalt bed (obtained in ITPE). 

Average airflow rate, 

charging/discharging, 

kg/h 

Average Temperature  

of the bed, °C 

Charging Discharging Efficiency of 

TES 

ηen, % 

Qin, 

kWh 

Pav, 

kW 

Qout, 

kWh 

Pav, 

kW 

60/61  155 1.58 0.86 1.38 1.29 87.30 

120/121 153 1.92 0.97 1.82 1.71 94.60 

60/61 338 5.25 1.36 4.41 2.58 84.00 

106/122 330 5.45 1.67 4.65 4.20 85.50 

 

Figure 15 presents the evolution of the state of charge of the thermal energy storage unit with 

a fixed storage bed during the experimental charging stage for different air mass flow rates. 

 
(a) (b) 
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(c) (d) 

  
Figure 15 Variation of the thermal energy storage unit’s state of charge over the course  

of different experimental measurements. 

Analyzing the results presented in Figures 15 (a) – 15 (b), a key relationship can be observed, 

which was incorporated into the simplified thermodynamic studies of the A-CAES system within 

WP4: namely, an almost linear increase in the state of charge (SOC) of the thermal energy 

storage unit up to approximately 0.70 – 0.80 during the charging stage. Furthermore, the SOC 

increases more rapidly with higher air mass flow rates, which directly corresponds to the 

amount of heat delivered to the storage unit volume. This observation confirms the authors’ 

earlier findings regarding the possibility of distinguishing two sub-phases within the charging 

stage [32]. It should be noted, however, that the experimental studies provided only a one-

dimensional temperature distribution of the storage material. Neglecting the radial 

temperature distribution of the basalt leads to an overestimation of the SOC parameter. 

The change in the rate of SOC increase beyond the conventional threshold is primarily due  

to a decrease in the heat flux exchanged between the air and the rock material, caused  

by a reduction in the temperature difference between these phases in the upper layers of the 

storage bed. The temperature of the storage material in the lower parts of the unit continues 

to rise along with increasing outlet losses from the TES unit (Equation X). From the perspective 

of implementing this type of storage unit in a full-scale A-CAES system utilizing a post-mining 

shaft, an increase in air temperature from the TES during the discharging stage is undesirable, 

as higher gas temperatures in the compressed air reservoir could compromise the structural 

strength of the concrete shaft lining. 

For this reason, in the A-CAES system modeling carried out within WP4, an excess volume  

of the thermal energy storage unit was assumed relative to the actual amount of heat  

to be stored, which effectively limits outlet losses during the charging stage. The methodology 

for determining the SOC transition point during charging was also implemented in the 

thermodynamic models developed as part of WP4. 
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4.2. Experimental analysis - Latent heat storage 

As part of the project, ITPE investigated the processes of storing sensible heat using basalt and 

the process of storing latent heat using PCM (phase change material). Of the many materials 

previously reviewed [24], a mixture of sodium nitrate and potassium nitrate (Solar Salt) was 

selected. The parameters are listed in Table 4. 

 

Table 4 Parameters of studied  Solar Salt [33], [34]. 

PCM Melting point Latent heat Specific heat 
capacity 

Density Thermal 
conductivity 

 

60% NaNO3 
40% KNO3 

220-223°C 
 

113-117 J/g 1.58-1.60 
J/g·K 

1.71 (565 °C) 0.55 [33], [34] 

226-228°C 
(melting) 

219.7-219.9 
(solidification) 

118-120 J/g 
(solidification) 

- - - ITPE's 
own 

research 

 

 
The PCM was obtained as follows: first, potassium nitrate, KNO₃ (pure) and sodium nitrate, 

NaNO₃ (pure) were dried in an oven at 105 °C. Then, they were then pre-crushed using a blade 

mill. Weighed quantities of the two salts were mixed and melted in a steel vessel in a muffle 

furnace at 350 °C. The molten PCM was then poured into  aluminum cases. The necks of the 

aluminum cases were crimped using a press to seal them.  

The melting point and latent heat of the resulting PCM were verified by TG-DSC analysis (Figure 

16). Portions of the previously prepared PCM were used for these tests (i.e., the PCM was 

melted and then solidified, cooled, and crushed into a powder). The data are collected  

in the Table 4. TG-DSC tests were performed using a Netzsch STA 409 PG Luxx thermobalance 

with a DSC holder. The heating and cooling temperature range was selected to cover the 

melting and solidification temperatures. Tests were conducted in an inert atmosphere of argon. 

The peaks corresponding to the melting and solidification of the samples were integrated  

on the recorded DSC curves, and the amount of heat absorbed during melting and released 

during solidification was measured. The heat of transition values were determined as the 

average value of at least two integrals. As can be seen, the phase transition temperatures and 

enthalpy of phase transition are consistent with the literature data. 

In addition, the stability of the obtained PCM was verified by heating the composition at various 

temperatures, from 300 to 500 °C. Each temperature (300, 400, and 500 °C) was maintained 

for 3 hours. After each time interval, it was checked for loss of mass. The measurements were 

carried out in an air atmosphere, and the material was heated in an open vessel to allow for 

possible gas escape and evaporation. The mass loss was less than 0.5%. 
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Figure 16. TG-DSC analysis for Solar Salt. 

 
A similar process to verify the stability of the PCM was conducted on a small sample using 

thermogravimetric analysis (TG). The tests showed no significant weight loss (3.29%, according 

to TG analysis), confirming that the obtained PCM is stable up to 500 °C. Considering the phase 

transition temperature, PCM - Solar Salt can operate at temperatures ranging from 

approximately 230 °C to 500 °C. 

Figure 17 shows the temperature profile of the bed during PCM energy storage charging.  The 

target temperature of the bed was approximately 300 °C. Graph A shows the heating profile 

for a hot airflow of 60 kg/h, and Graph B shows the profile for an air flow of 106 kg/h. 

(a) 
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(b) 

 
Figure 17. Loading of the Solar Salt storage for an air flow of 60 kg/h (a) and 105 kg/h (b)  

to a temperature of 300 °C. 
 

In both cases, the bed gradually heats up from bottom to top, with the fastest temperature 

increase occurring in the upper part. The temperature curves measured inside the PCM 

capsules (dashed lines) show clear flattening between 220 °C and 225 °C, which corresponds 

to the phase transition temperature of solar salt (220 °C). This confirms the dominant role  

of latent heat storage and the local limitation of the PCM temperature increase rate during 

melting. 

At higher airflow rates (106 kg/h), the temperature plateau associated with the phase transition 

is shorter, and PCM transitions to a liquid state faster and more uniformly along the bed. This 

indicates improved heat exchange intensity between the air and PCM capsules, as well as more 

efficient storage capacity utilization during charging. 

Figure 18 shows the temperature profile of the PCM bed during the discharge phase of energy 

storage, starting from an initial bed temperature of approximately 300 °C. Figure A corresponds 

to an airflow rate of 60 kg/h, and Figure B corresponds to an airflow rate of 120 kg/h. In both 

cases, the temperature of the bed gradually decreases as the cooling front propagates from 

the cold air inlet. The temperature curves measured inside the PCM capsules (dashed lines) 

demonstrate a significant temperature drop  within the 210 – 230 °C range, which corresponds 

to the solar salt phase transition temperature. This plateau indicates the release of latent heat 

and stabilization of the PCM temperature during the phase transition. 

Increasing the airflow rate from 60 to 120 kg/h significantly reduces storage discharge time and 

accelerates the PCM's transition through the phase change range. This effect is clearly visible 

in the change in thermal power shown in Figure 19. 
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(a) 

 

(b) 

 

Figure 18. Solar Salt storage unloading for air flow rates of 60 kg/h (a) and 120 kg/h (b) 
from a temperature of approx. 300 °C 
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Figure 19. Heat output for discharging the Solar Salt storage tank from a temperature  
of 300 °C, for two different air flows. 

 
Increasing the airflow significantly increases the maximum thermal power. For example, the 

maximum thermal power is 7 kW at a flow rate of 120 kg/h, compared to 3.8 kW at a flow rate 

of 60 kg/h (see Figure 19). Higher flow rates result in faster maximum power output and a more 

rapid decrease in power over time. This indicates more intensive energy absorption and  

a reduction in the effective discharge time of the storage unit. At lower flow rates, lower but 

more extended power characteristics are observed, corresponding to a longer, more stable 

heat transfer process. 

Studies were also conducted on the discharge of the bed from a temperature of 400 °C (average 

bed temperature). To this end, the bed was heated to the target temperature (410 – 430 °C), 

and the temperature profiles are presented in Figure 19; the airflow was approximately 50 kg/h. 

Due to installation limitations (heat losses on the heating column), a higher airflow did not allow 

the column bed to reach the desired temperature. 

The heating process to 400 °C is qualitatively similar to the bed charging profile to 300 °C; the 

main difference is the extension of the final heating phase to a higher target temperature. 

When charging to a higher temperature, a shorter temperature plateau is observed inside the 

PCM capsules within the phase transition temperature range. This indicates increased heat 

exchange between the hot air and the PCM bed. 
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Figure 20. Charging the Solar Salt storage to 400 °C (air flow 50 kg/h). 

(a) 

 

(b) 

 

Figure 21. Unloading the Solar Salt storage tank for air flow rates of 60 kg/h (a) and 120 kg/h 

(b) from a temperature of approx. 300°C. 
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As shown in Figure 21, unloading a bed heated to approximately 400 °C exhibits similar 

dependencies on airflow as unloading the storage unit at 300 °C. This means that a higher flow 

rate results in a shorter unloading time and more efficient heat exchange. However, the 

unloading process from 400 °C takes longer than unloading from 300 °C while maintaining  

a similar PCM temperature plateau within the phase transition range. This results from the 

same latent heat release mechanism. 

 

Figure 22. Comparison of thermal power for Solar Salt storage discharge depending on the 

initial storage temperature and air flow. 

 

Figure 22 shows the change in heat power output over time for discharging the storage unit  

at 400 °C. For ease of comparison, the graph also shows the heat power curves from previous 

discharge tests conducted at 300 °C. The observed relationships are analogous to those 

obtained in previous studies. In all cases, the thermal power maximizes in the initial discharge 

phase and then systematically decreases as the temperature difference between the bed and 

the air decreases and the stored energy is depleted. 

Increasing the airflow significantly increases the maximum heat output and results in a steeper 

curve over time due to intensified convective heat transfer and faster heat removal. Conversely, 

higher flow leads to a faster decrease in power and a shorter effective discharge time. Lower 

flow limits instantaneous power but allows for a longer, more even energy release process. 

In order to compare a storage unit based on sensible heat (basalt) with the latent heat of PCM 

material, the instantaneous thermal power during the discharge of both types of storage units 

were presented at Figure 23. The initial temperature of both storage units  was in the range  

of 290 – 300 °C. The airflow rates were 60 kg/h and 120 kg/h. 
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Figure 23. A comparison of the discharge power of a Solar Salt and a basalt storage unit. 

 

Basalt-based storage has a higher maximum heat output during the initial discharge phase, 

particularly at higher air flow rates. However, basalt storage's heat output decreases rapidly 

over time due solely to the storage of sensible heat and the rapid decrease in temperature 

difference between the bed and the air. PCM storage has a lower maximum power output, but 

the energy release time is significantly longer due to the release of latent heat during phase 

changes and stabilization of the bed temperature. Consequently, PCM storage provides a more 

consistent and prolonged energy output, whereas sensible heat storage offers short-term, 

peaked power output. 

It is also worth noting that the mass of the Solar Salt was lower than that of the basalt (28 kg 

versus 42 kg), due to differences in porosity. However, the volume of both beds was 

comparable (approximately 25 dm³). 

The table below summarizes the experimental results of the charging and discharging processes 

of the energy storage unit using PCM material. 

 

Table 5 Experimental data on energy storage in Solar Salt (obtained in ITPE). 

Average airflow rate, 

charging/discharging, 

kg/h 

Average Temperature  

of the bed °C 

Charging Discharging Efficiency of 

TES 

ηen , % 

Qin , 

kWh 

Pav , 

kW 

Qout , 

kWh 

Pav , 

kW 

58/60 303 5.25 1.62 4.43 2.09 84.4 

106/119 290 4.89 1.82 4.65 3.14 95.1 

46/60 408 6.72 2.20 5.92 2.71 93.0 

47/122 412 6.98 1.96 6.49 3.87 88.6 
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A comparison of the energy supplied to and recovered by the storage unit during charging and 

discharging, respectively, determined the total efficiency of the TES storage unit  

to be approximately 85 – 95%. This result confirms the high efficiency of the tested system. 

Slight differences in the obtained efficiency values are also due to the test stand's operating 

conditions. In particular, switching the installation between charging and discharging involved 

a short transition period of about 1 – 2 minutes, during which unavoidable heat losses occurred. 

Additionally, during discharge, the bed may not fully cool down, resulting in residual energy  

in the storage, which affects the determined cycle efficiency. Considering these factors, the 

results are representative of the PCM storage unit's actual operating conditions. 

A comparison of the results for the PCM storage facility and the basalt-filled sensible heat 

storage facility reveals significant operational differences between the two. In PCM storage, the 

average discharge power is lower than in basalt storage (under similar temperature and airflow 

conditions), while the stored energy is higher. Latent heat plays an important role in PCM, 

contributing to a more stable charging and discharging process. In basalt storage, however, 

energy is stored exclusively as sensible heat, making it more dependent on the current 

temperature gradient. 

The limitations of the stand prevent the study of PCM-LiNaK with a melting point of about 

400 °C and the testing of thermal energy storage at 500 °C. The maximum set temperature 

tested for the heater in the heating column was 570 °C, and the airflow was 50 kg/h. This 

allowed the heating bed to reach a temperature of 410 – 420 °C. 
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4.3. Numerical modelling – sensible heat storage 

The numerical investigations of the thermal energy storage unit were preceded by a model 

validation process using experimental data on the temperature rise of the storage material  

at the measurement points. The results are presented in Figures 22 (a) – (b). 

 

(a) 

 

(b) 

 

Figure 24 Comparison of simulation and experimental results for: (a): 𝑚̇ = 203.99 kg/h, 
𝑇𝑚𝑎𝑥 = 338.35 K; (b): 𝑚̇ = 264.05 kg/h, 𝑇𝑚𝑎𝑥 = 352.75 K. 
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The presented results indicate that the numerical model developed in ANSYS Fluent 

demonstrated sufficient accuracy when compared to the experimental data. Within the 

numerical investigations of the thermal energy storage unit with a porous bed, a multi-variant 

analysis was performed at the laboratory scale, and calculations were also conducted for a full-

scale unit. 

For the laboratory-scale TES numerical studies, analyses were carried out for charging and 

discharging stage durations ranging from 10 to 60 minutes, and for air mass flow rates between 

0.025 kg/s and 0.040 kg/s, corresponding to the range employed in the experimental test rig 

operated by the Silesian University of Technology. For all simulations, the maximum air 

temperature was set at 100 °C. Figures 23 (a) – (d) show example temperature distributions  

of the rock material during the charging stage of the laboratory-scale thermal energy storage 

unit. 

 

(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 25 Temperature distribution of the storage material after: (a) 20 minutes;  

(b) 60 minutes; (c) 100 minutes; (d) 120 minutes. 

 

Consistent with the experimental data, residual heat was also observed in the numerical 

simulations after the end of the discharging stage, resulting in higher basalt temperatures near 

the hot air inlet. The tables below present the calculated energy and exergy efficiencies of the 

cycle for all conducted numerical studies. 
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Table 6 Values of the TES unit energy performance indicators for a mass flow rate of 0.025 kg/s. 

 

Time of charging/discharging stages, min 

10 20 30 40 50 60 

Energy efficiency 67.34% 75.00% 78.97% 81.57% 83.43% 84.86% 

Exergy efficiency 29.34% 38.33% 43.14% 46.33% 48.59% 50.28% 

 

Table 7 Values of the TES unit energy performance indicators for a mass flow rate of 0.030 kg/s. 

 Time of charging/discharging stages, min 

 10 20 30 40 50 60 

Energy efficiency 69.06% 76.36% 80.12% 82.57% 84.35% 85.88% 

Exergy efficiency 24.41% 32.48% 36.71% 39.45% 41.34% 42.70% 

 

Table 8 Values of the TES unit energy performance indicators for a mass flow rate of 0.035 kg/s. 

 

Time of charging/discharging stages, min 

10 20 30 40 50 60 

Energy efficiency 70.39% 77.41% 81.02% 83.37% 85.22% 87.36% 

Exergy efficiency 18.60% 25.86% 29.55% 31.86% 33.40% 34.48% 

 

Table 9 Values of the TES unit energy performance indicators for a mass flow rate of 0.040 kg/s. 

 

Time of charging/discharging stages, min 

10 20 30 40 50 60 

Energy efficiency 71.51% 78.29% 81.77% 84.11% 86.41% 89.59% 

Exergy efficiency 12.45% 18.92% 22.12% 24.04% 25.27% 25.95% 

 

The multi-variant analysis of the laboratory-scale thermal energy storage unit revealed key 

characteristics of this type of system that must be considered in further studies of adiabatic 

compressed air energy storage within the HESS project.  

The main conclusions include: 

 An increase in the air mass flow rate leads to a higher calculated energy efficiency  

of the TES cycle. This effect is due to the increased air velocity, which enhances the heat 

transfer between the air and the storage material, thereby reducing the amount  

of residual heat remaining in the storage unit volume at the end of the discharging 

stage. 

 An increase in the air mass flow rate results in a decrease in the calculated exergy 

efficiency of the TES cycle. This is due to the higher air velocity, which also increases the 

pressure drop across the system, confirming the results of the experimental 

investigations. 
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The figure below presents the temperature distribution of the storage material inside a full-

scale TES unit operating within an adiabatic compressed air energy storage system, which  

is one of the components of the HESS system [17]. 

(a) 

 
(b) 

 
Figure 26 Temperature distribution of the storage material in the full-scale thermal energy 

storage unit after: (a) 25% of the charging stage; (b) 100% of the charging stage. 

 

The results presented in Figure 24 were obtained for the reference configuration of the 

A-CAES system, in which the compressed air reservoir (mine shaft) had a depth of 1000 meters 

and an internal diameter of 9 meters. The minimum pressure of the compressed air in the 

reservoir was 3.6 MPa, while the maximum at the end of the charging stage reached 5.0 MPa. 

The maximum expected temperature of the compressed air upstream of the TES unit was 

500 °C. 

As shown in Figure 24, no further increase in the temperature of the rock material was observed 

at the end of the charging stage, which is a result of the increased volume of the storage bed 

implemented to limit outlet losses. This indicates that the adopted methodology was 

appropriate from the perspective of A-CAES system operation. The maximum pressure drop 

recorded during the charging stage was 7.63 kPa, whereas during the discharging stage  

it reached 42.11 kPa. This difference resulted from the air mass flow rate being twice as high 

through the TES unit during discharging, as the discharging stage was assumed to last 4 hours, 

compared to 8 hours for the charging stage. The energy efficiency of the thermal energy 

storage unit for the presented configuration was approximately 96%. 

4.4. Numerical modelling – latent heat storage 

The graph shows the temperature evolution of the PCM capsule and the air flowing through 

the bed, as well as the phase change of the PCM over time. The red line represents the capsule 

temperature, the green line indicates the inlet air temperature to the bed, and the blue line 

shows the fraction of liquid PCM (0 – solid state, 1 – liquid state). Analysis of the graph indicates 

that the PCM material (Solar Salt) melts over approximately 429 seconds, or about 7 minutes. 

Complete heating of the capsule to the temperature of the flowing air, 300 °C, occurs after 

around 606 seconds, slightly over 10 minutes. The phase change curve shows gradual melting 

of the PCM as the capsule temperature rises. Once the material is fully liquid, further increase 

in capsule temperature approaches the inlet air temperature of 300 °C. Figure 25 shows the 
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temperature during the charging stage. Figure 26 presents the temperature distribution during 

the charging stage. Figure 27 illustrates the fractions of solid and liquid phases. 

 

Figure 27 Temperature during the charging stage. 
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7 
min. 

Figure 28 Temperature distribution during the charging stage. 

 

 

  
30 s. 5 min. 

  
3,5 min. 7 min. 

Figure 29 Fractions of solid and liquid phases. 

 

A temperature boundary condition of 300 °C was applied, surrounding the PCM capsule from 

all sides, resulting in uniform melting of the material. This is a significant simplification,  

as it does not fully replicate the actual temperature and melting profile, since the fluid flow  

is not considered. Consequently, the melting time is only about 7 minutes, and the temperature 

and melting profiles shown in Figures 25 and 26 are identical for each capsule. 

During the first 30 seconds, the PCM begins to partially melt only in small areas near the 

surface, visible in photos as thin layers of molten material, while the interior remains solid. Over 

time, the molten liquid flows downward, forming a solid core in the central part of the capsule. 

After approximately 3.5 minutes, the core is still partially solid, while the outer layers are fully 

melted. Complete melting occurs around 7 minutes, corresponding to the point at which the 

maximum fraction of liquid is achieved throughout the capsule. At this stage, the capsule 

temperature asymptotically approaches the surrounding air temperature (300 °C), and the 

temperature distribution becomes uniform throughout the volume. The resulting visual 
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temperature profile allows for identification of regions with varying heat transfer intensity, 

which is difficult to observe experimentally. 

In the second variant, variant 1 was extended with a vertical column containing PCM bottles. 

The column is a model of the actual installation on which PCM heat storage measurements 

were carried out. In the column, air flows between the bottles, transferring heat to the surface 

of the bottles.  In the extended model variant, which includes the geometry  

of the column and the air flow domain, 25 °C was set as the temperature of the bottles and the 

entire installation, and then 500 °C was set as the temperature of the air entering the column 

at the inlet. As in the first variant, the PCM material is solar salt (NaNO3-KNO3) with a melting 

temperature range of Tsolidus = 220 °C, Tliquidus = 225 °C. The air velocity at the inlet is 0.5 m/s.  

The PCM melting process begins when air flow with an inlet temperature of 500 °C  

is activated and lasts for approximately 180 minutes. The figure (Figure 30) shows a graph 

summarising the results. 

 

Figure 30 Summary of results. 

The horizontal axis of the graph shows time (min), the left vertical axis shows temperature (°C), 

and the right vertical axis shows the degree of liquefaction (%). The inlet air temperature 

remains constant at 500 °C throughout the simulation. The outlet air temperature rises from 

the initial value to approximately 400 °C, indicating intense heat absorption by the PCM bed. 

The average PCM temperature rises from the initial temperature to approximately 400 – 

420 °C. The temperature distribution is shown in the figure (Figure 31). 
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 Figure 31 Temperature distribution. 

The figure (Figure 32) shows the flow profile in a steady state. 

 

 

 

Figure 32 Flow profile. 

 

The distribution of the liquid fraction is shown in the figure (Figure 33). The degree of PCM 

liquefaction increases from 0% to a value close to 100%. The fastest melting occurs in the range 
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of approximately 40 – 120 minutes, while after 160 – 170 minutes the material is practically 

completely melted. At the end of melting, the average temperature of the PCM  

is approximately 400 – 420 °C, and the temperature difference between the air inlet and outlet 

decreases, which means a decrease in the intensity of heat exchange. The results clearly 

indicate that the PCM bed melts completely in less than 3 hours of system operation under the 

specified flow and temperature conditions. 
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 Figure 33 Liquid fraction (red: liquid, blue: solid). 

The first variant involved direct modelling of the bottle bed in the column, while the second 

variant presented a column heated by an air stream, in which the bed was replaced  

by an averaged model corresponding to the properties of the first variant. This approach made 

it possible to compare the impact of bed geometry on heat transfer and the PCM melting 

process while maintaining comparable boundary conditions. 
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5. Summary 

As part of the implementation of WP5 within the HESS project, comprehensive multi-variant 

experimental investigations of thermal energy storage units with porous fillings were 

conducted. Thermal energy storage units constitute key components of the energy storage 

system proposed under the HESS framework, as they provide the core system functionalities 

and enable thermal integration of its individual subsystems. The studies carried out by research 

teams from the Silesian University of Technology and the Institute of Energy and Fuel 

Processing Technology employed materials capable of storing both sensible and latent heat, 

identified during earlier stages of the project. 

The experimental and numerical investigations conducted led to the formulation of the 

following conclusions and recommendations for further work: 

 It was observed that, for all experimental cases, the temperature of the storage material 

decreases along the axial direction toward the outlet of the thermal energy storage unit. 

Due to heat losses to the surroundings, it was not possible to achieve a uniform 

temperature distribution along the axis of the storage unit. 

 The depletion of the storage capacity of the thermal energy storage unit is associated 

with intensive outlet losses. It is recommended to introduce an appropriate excess 

volume of the storage bed in order to mitigate this effect. 

 The application of a rock bed with smaller particle size enhances the intensity of heat 

transfer between the air and the storage material; however, it also results  

in an increased air pressure drop. 

 The state of charge of the thermal energy storage unit increases linearly during the 

charging stage up to a threshold of approximately 70–80%. Beyond this point, the rate 

of increase decreases significantly due to rising outlet losses. 

 Numerical modeling performed in ANSYS Fluent was successfully validated against the 

experimental results. 

 It was demonstrated that an increase in the air mass flow rate leads to an increase  

in the energy efficiency of the TES cycle. At the same time, due to the associated 

pressure drop, a decrease in overall energy efficiency is observed. 

 Full-scale numerical modeling of a TES unit is feasible; however, multi-variant analyses 

are impractical due to the extremely long computation time of a single simulation cycle 

(approximately 130 hours). Full-scale numerical modeling of the TES unit confirmed the 

necessity of applying an excess volume of storage material to minimize outlet losses 

during the charging stage. 

Ultimately, based on the analysis of experimental and numerical results, it was concluded that 

for thermal energy storage within an adiabatic A-CAES system, sensible heat storage in solid 
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materials (natural rocks) is the preferred technology. This is primarily due to economic factors, 

as natural rocks are relatively inexpensive because of their widespread availability. Direct 

contact between the heat transfer medium and the storage material also reduces exergy losses. 

Previous studies have further shown that a large proportion of phase change materials are 

characterized by toxicity, which would pose a hazard in the context of operating a thermal 

energy storage system in a mining shaft. Selected phase change thermal energy storage 

systems may, however, play a key role as integrators of energy storage subsystems, for example 

through their installation within interstage heat exchangers of air compressors. The stored heat 

can then be used for additional air heating during the discharge stage. 
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