
AIP Conference Proceedings 2126, 200033 (2019); https://doi.org/10.1063/1.5117748 2126, 200033

© 2019 Author(s).

CFD modeling and experimental validation
of the TES unit integrated into the world’s
first underground AA-CAES pilot plant
Cite as: AIP Conference Proceedings 2126, 200033 (2019); https://doi.org/10.1063/1.5117748
Published Online: 26 July 2019

Simone A. Zavattoni, Lukas Geissbühler, Giw Zanganeh, Andreas Haselbacher, Aldo Steinfeld, and
Maurizio C. Barbato

https://printorders.aip.org/?utm_source=Scitation&utm_medium=banner&utm_campaign=PDF%20Cover%20Page%20POD
https://doi.org/10.1063/1.5117748
https://doi.org/10.1063/1.5117748
https://aip.scitation.org/author/Zavattoni%2C+Simone+A
https://aip.scitation.org/author/Geissb%C3%BChler%2C+Lukas
https://aip.scitation.org/author/Zanganeh%2C+Giw
https://aip.scitation.org/author/Haselbacher%2C+Andreas
https://aip.scitation.org/author/Steinfeld%2C+Aldo
https://aip.scitation.org/author/Barbato%2C+Maurizio+C
https://doi.org/10.1063/1.5117748
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5117748


CFD Modeling and Experimental Validation of the TES 
Unit Integrated into the World’s First Underground  

AA-CAES Pilot Plant 

Simone A. Zavattoni1, a), Lukas Geissbühler2, Giw Zanganeh3, Andreas 
Haselbacher2, Aldo Steinfeld2, Maurizio C. Barbato1, b) 

1Department of Innovative Technologies, SUPSI, 6928 Manno, Switzerland;  
2Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland; 

3ALACAES SA, Via Cantonale 19, 6900 Lugano, Switzerland. 
 

a)Corresponding author: simone.zavattoni@supsi.ch 
b)maurizio.barbato@supsi.ch 

Abstract. In the present study, a computational fluid dynamics approach has been developed with the aim of replicating 
the thermo-fluid dynamics behavior of the high-temperature thermal energy storage (TES) system integrated into the 
world’s first underground advanced adiabatic compressed-air energy storage (AA-CAES) pilot plant. A 120 m long 
section of an unused tunnel (4.9 m diameter) under the Swiss Alps (Canton of Ticino) was exploited as air reservoir. A 
12 MWhth packed rock bed TES system, directly integrated into the pressure chamber, was used to store and release the 
thermal energy produced during air compression. Several experimental tests were performed operating the pilot plant 
under different charge/discharge cycles with air temperature up to 550°C and a maximum pressure of 7 bars gauge. The 
numerical model developed was satisfactorily validated against experimental data demonstrating its accuracy in 
replicating the thermo-fluid dynamics behavior of the experimental TES unit. The performance of the TES unit were also 
evaluated in terms of energy and exergy efficiencies resulting to be in the range of 0.77-0.91 and 0.72-0.89 respectively. 

INTRODUCTION 

The latest data published on global renewable power generation capacity show that its strong growth towards the 
renewable energy transition is confirmed [1]. At the end of 2017, global renewable power generation capacity 
accounted for about 2.179 TW indicating an increment of 8.3%, with respect to 2016, perfectly aligned with the 8-
9% annual capacity growth of the recent years. Hydropower, wind and solar power represent the largest share with 
installed capacities of roughly 1.271 TW, 0.514 TW and 0.391 TW respectively. However, due to the stochastic 
nature of renewable energy sources like wind and solar, efficient and reliable long- and short-term energy storage 
solutions are of paramount importance to effectively exploit their potential. In the field of large-scale electrical 
energy storage systems, thanks to the foreseen advantages of limited environmental impact and lower estimated 
capital costs [2], a valid alternative to the commonly exploited solution of pumped hydroelectric energy storage, 
accounting nowadays for more than 96% of the global installed storage capacity [3], is represented by compressed-
air energy storage (CAES). CAES plants operate on a “decoupled” Brayton cycle in which air compression and 
expansion phases occurs at different times. During low-demand periods, excess of electricity is exploited to run a 
motor-compressor unit to compress air. Depending upon the adiabatic compressors compression ratio, air up to 500-
600°C can be obtained at the end of the compression phase. The resulting high-pressure, and high-temperature, air is 
then cooled down, by means of heat exchangers, and stored in large reservoirs (i.e., underground caverns). 
Consequently, during high-demand periods, electricity is produced by heating up and expanding the high-pressure 
air through a turbine connected with a generator. As of today, two industrial-scale CAES plants are successfully in 
operation: the 321 MW Huntorf plant (Germany), and the 110 MW McIntosh plant (USA). Since in both these 
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plants the large amount of thermal energy produced during compression is wasted, they need to burn fuel to increase 
the enthalpy of the compressed air prior to expansion limiting therefore the round-trip efficiency to 42% and 54% 
respectively [4]. To overcome this limitation, the concept of advanced adiabatic CAES (AA-CAES) has been 
proposed. The difference with respect to conventional, or diabatic, CAES is that in AA-CAES a high-temperature 
thermal energy storage (TES) is exploited to store the thermal energy produced during compression to be recovered 
prior to expansion. From the efficiency standpoint, although AA-CAES concept is still in the research and 
development stage, the expected round-trip efficiency is in the order of 70% [5-6]. 

The Swiss company ALACAES SA built, and successfully tested, the world-first underground AA-CAES pilot 
plant in the Swiss Alps, near the city of Biasca (Canton of Ticino), with the aim of evaluating the feasibility of AA-
CAES technology exploiting existing rock caverns and a packed bed of rocks as high-temperature TES system [7]. 
Since the latter can be considered one of the key components of this technology, a computational fluid dynamics 
(CFD) approach was followed to optimize the air flow distributors design and to characterize the TES thermo-fluid 
dynamics behavior. In the present paper, the major results obtained will be presented and thoroughly discussed. 

PILOT PLANT DESCRIPTION 

Figure 1 shows a schematic layout of the AA-CAES pilot plant. The latter is characterized by four main 
components: an isothermal compressors train, a 260 kW electric heater, a TES unit and a large air reservoir. A 120 
m long section and 4.9 m diameter of a presently dismissed transportation tunnel, previously used for the AlpTransit 
project, was exploited as compressed air reservoir. The latter was mostly unlined and with an average rock 
overburden of 450 m. This rock tunnel section was enclosed by two 5 m thick concrete plugs, and steel doors, at the 
two ends. A reliable, efficient and cost-effective thermocline TES unit was directly installed into the air reservoir 
avoiding therefore the need of a pressurized containing tank which would sensibly increase complexity and costs. 
The AA-CAES pilot plant was designed to operate at pressure and temperature up to 33 bars and 550°C 
respectively. The energy storage capacities of air reservoir and TES unit were 1MWh and 12 MWhth respectively. 
During charging, high-pressure and high-temperature air is produced by means of the compressors train and the 
electric heater. The latter was integrated into the pilot plant with the aim of increasing the pressurized air 
temperature up to 550°C to replicate the effect of adiabatic compression not achievable with actual off-the-shelf (air- 
or liquid-cooled) compressors. The high-pressure and high-temperature air then flows through the packed bed TES 
from top leaving it from the bottom at nearly ambient temperature. The resulting high-pressure low-temperature air 
is stored in the air-reservoir for later use. During discharging, the air flow is reversed with the high-pressure and 
low-temperature air, stored into the air reservoir, flowing through the TES from the bottom and leaving it from top 
at high temperature. In normal AA-CAES plant operation, this high-pressure and high-temperature air is fed through 
a turbine-generator unit to produce electrical energy; however, since this was not the objective of the pilot-plant, 
none turbine was installed and the air was simply released to the environment through a silencer.  

 

 

FIGURE 1. Schematic layout of the world’s first underground AA-CAES pilot-plant.  
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Packed Rock Bed TES Unit 

As aforementioned, the single tank, or thermocline, TES solution exploited in the AA-CAES pilot plant is based 
on a 43 m3 packed bed of natural rocks with average diameter of 20 mm. As shown in figure 2, an unconventional 
shape of the TES containing tank, dictated by the tunnel topology, was designed to properly fit the TES unit into the 
pressure chamber. As a result, the side of the TES tank in contact with the tunnel wall is rounded, the opposite one is 
flat and those at the two extremes are slightly inclined to reduce the mechanical load exerted by the rocks during the 
operating cycles. The total height of the TES tank is about 3.1 m, 2.7 m of which occupied by the rock bed, with an 
average length and width of about 9.9 m and 2.4 m respectively. The TES tank structure is constituted by a sandwich 
of different materials: the innermost layer, in contact with the rock bed, is made by 1 cm thickness ultra-high 
performance concrete (UHPC) followed by a 4 cm layer of low density concrete (LDC), a 10 cm layer of 
microporous thermal insulation and a final 25 cm layer of reinforced concrete extended to 39 cm for the side 
adjacent to the cavern wall. A steel cover, lined with a 15 cm thickness microporous thermal insulation, is located on 
top of the TES. Figure 3 shows some pictures of the construction phase of the TES unit and of the completed 
system. The TES unit was equipped with a total of 19 resistance temperature detectors (red cables visible in the r.h.s. 
of figure 3) located into the packed bed at different axial and longitudinal positions to monitor the temperature 
evolution during cycles. The air mass flow rate was measured between the compressors and the TES unit. 

During the TES design phase, particular attention was devoted to the air flow distributors to ensure uniform air 
flow conditions through the packed bed. This is an important aspect to be controlled since the TES performance can 
be affected by a not optimal air flow distribution. For this reason, a CFD technique was applied to optimize the 
geometry of both the air flow distributors located on top and at the bottom of the packed bed. 

 

 

FIGURE 2. CAD model of the TES tank (l.h.s.) and schematic cross section of the pressure chamber and TES unit (r.h.s.).  
 

  

FIGURE 3. Pictures of the TES unit: positioning of the insulating material on top (l.h.s.)  
and system completed (r.h.s.). Courtesy of ALACAES SA. 
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CFD MODEL, BOUNDARY CONDITIONS AND NUMERICAL DETAILS 

A previously validated CFD-based approach was followed to evaluate the performance of the TES unit under 
investigation. Further information on the numerical model developed and details of the validation process can be 
found in ref. [8]. Despite the unconventional TES shape, a preliminary comparison between 3D and 2D CFD 
simulations results allowed to demonstrate that none relevant 3D effects on the air flow through the TES unit should 
be expected. Therefore, to reduce the computational cost, a 2D computational domain, shown in figure 4, was 
assumed. A grid sensitivity analysis was performed and grid-independent results were obtained with a grid of about 
68’000 quadrilateral cells. 

The CFD model developed solves mass, momentum and energy conservation equations along with turbulence 
transport equations using ANSYS Fluent 17.1. The realizable k-ε model [9], with enhanced wall treatment [10], was 
exploited to account for turbulence effects. The measured values of air inlet mass flow rate, temperature and 
pressure were implemented into the software through purpose-built user defined functions with the aim of closely 
replicating the experimental conditions. The packed bed of rocks was modeled using the porous media approach 
[11], under the assumption of local thermal equilibrium, accounting for conductive and radiative heat transfer 
mechanisms through an effective thermal conductivity of the packed bed [12-13]. The main boundary conditions 
applied to the CFD model are reported in figure 4. 

Heat losses by natural convection and radiation, towards the pressure chamber, and by conduction through the 
tunnel wall were also considered. Air was assumed to behave as ideal gas with temperature dependent properties 
[14]. The properties of the solid materials were also implemented as a function of temperature with reference data 
gathered from manufacturers’ datasheet and, concerning the rocks, from laboratory measurements [15]. 

All the model equations were solved with second order accurate numerical schemes. The transient CFD 
simulations were performed on a Linux Cluster with AMD multicore processors. The pressure-implicit with splitting 
of operators (PISO) algorithm and the pressure staggering option (PRESTO!) scheme were used to couple the 
velocity and pressure fields and to solve the pressure-correction equation. Convergence was considered achieved 
when mass, momentum and turbulence residuals were below 10-5 and energy residual was below 10-8. 

 

 

FIGURE 4. TES unit computational domain, materials and main boundary conditions applied. 

REFERENCE EXPERIMENTAL TEST 

Two major test campaigns were run on the AA-CAES pilot plant: the first one was a “cold” test devoted to 
assess the air tightness of the air reservoir and therefore it was performed without heating up the air but just 
exploiting the compressed air to charge the air reservoir. Conversely, in the second experimental campaign, the full 
pilot plant was tested; the compressed air, prior being injected into the TES unit and air reservoir, was heated up to 
550°C at most by means of the electric heater.  

Since the present study aims at the development and validation of a suitable CFD model to replicate the behavior 
of the TES unit, the experimental results of the second experimental campaign were assumed as reference for the 
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validation process. In detail, the reference experimental test is characterized by a 42 h pre-charging, to rapidly reach 
a stable thermal stratification into the packed bed [16], followed by 5 partial charge/discharge cycles of variable 
durations. The temporal evolution of the measured air mass flow rate and temperature (acquired at the entrance 
region at the top of the TES) along with the gauge pressure into the air reservoir are reported in figure 5. In the 
graphs, the non-dimensional temporal scale is defined as the ratio between the actual time divided by the total 
duration of pre-charging (42 h). In the two graphs, the light-green, white and light-blue backgrounds indicate the 
pre-charging, the charging and the discharge phases of the pilot plant respectively. As aforementioned, the temporal 
evolution of these quantities was implemented as boundary condition into the numerical model by means of 
purpose-built used defined functions, i.e. C routines that can be directly loaded into the solver. 

Concerning the experimental results, it can be observed that, once the air reservoir achieved 5.7 bars during the 
initial pre-charging, the plant was discharged by mistake for approximately 40 minutes. Nevertheless, at the end of 
the pre-charging, the pressure in the air reservoir was restored at 5.7 bars. 

 

 

FIGURE 5. Measured mass flow rate and temperature of the air at the upper entrance region of the TES (top) and  
air reservoir gauge pressure (bottom) during the reference experimental test. Light green background indicates the pre-charging 

of the pilot plant; while, white and light blue backgrounds indicate charging and discharging phases respectively. 

RESULTS AND DISCUSSION 

The comparison between CFD simulation results and experimental data is reported in figure 6. The temperature 
measurements of three resistance temperature detectors, located at different heights into the packed bed, were 
compared with the resulting temperature distribution of the CFD simulation. A fairly good agreement between 
simulation results and experimental data was obtained especially during pre-charging and during the first charging. 
After that, the model tends to overestimate the amount of thermal energy stored into the packed bed as demonstrated 
by the resulting higher temperatures. Plausible reasons of this discrepancy might be: inhomogeneous air-flow 
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distribution through the packed bed (demonstrated by a difference of up to 75°C in the temperature measurements of 
different RTDs at equal axial position) and air leakages from the steel cover at the top of the TES due to the 
observed deformation of this component. The deformation was caused by the pressure difference between the 
internal upper air volume into the TES and the pressure of the air reservoir as a consequence of the pressure drop 
through the TES. Nevertheless, the numerical model resulted to be accurate enough to provide useful information on 
the thermo-fluid dynamics behavior of the TES system under investigation.  

From a graphical standpoint, the temperature distribution into the TES unit, at different time intervals, is shown 
in figure 7. From the results obtained it is interesting to observe that, at the end of the pre-charging, the amount of 
rocks at the maximum temperature is a small fraction of the whole packed bed. The reason of this is that the packed 
bed was largely oversized in order to guarantee a suitably low temperature (20-25°C) of the air flow entering the 
pressure chamber (safety reason). The non-dimensional time equal to 1.07 indicate the resulting temperature 
stratification into the packed bed at the end of the first charging. During the consecutive cycles, the amount of 
thermal energy stored, and its thermodynamics quality, slightly reduces. 

The performance of TES unit were also characterized in terms of energy and exergy efficiencies defined as the 
ratio of the energy recovered by the airflow during discharging divided by the amount of energy conveyed into the 
TES by the airflow during charging. A similar definition holds for the exergy efficiency. On the basis of the 
measured air temperature and mass flow rate during the experimental campaign, the resulting energy and exergy 
efficiencies of the TES unit were in the range of 76.7% to 90.9% and 71.9% to 88.7% respectively. 

 

 

 

FIGURE 6. Comparison between CFD simulation results (solid lines) and experimental data (markers).  
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FIGURE 7. Resulting temperature contours of the TES unit at different times. Temperature values are [°C]. 
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SUMMARY AND CONCLUSIONS 

The world’s first underground AA-CAES pilot plant was built exploiting a 120 m long section of an unused 
tunnel (4.9 m diameter), under the Swiss Alps, as air reservoir. The latter was mostly unlined and with an average 
rock overburden of 450 m. A 12 MWhth packed bed TES system was used to store the thermal energy produced 
during air compression phase. The TES unit was directly installed into the air reservoir avoiding therefore the need 
of a mechanically robust containing structure to withstand the pilot plant operating pressure of up to 33 bars. A CFD 
model was developed with the aim of replicating the thermo-fluid dynamics behavior of the experimental TES unit 
under investigation. The numerical model was satisfactorily validated against experimental data demonstrating its 
suitability in the analysis and characterization of TES system operating under variable-pressure conditions. 

Concerning the experiments, although the maximum pressure reached was limited to 7 bars gauge due to 
unexpectedly large air leakages through the concrete plugs, the TES unit and the cavern performed properly. The 
estimated efficiency of the pilot plant was in the range of 0.63-0.74 and the energy and exergy efficiencies of the 
TES unit were between 0.77-0.91 and 0.72-0.89 respectively. 
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