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Abstract. Single-tank thermal energy storage (TES) systems represent not only a valuable alternative to the most 
commonly exploited two-tank configuration in conventional concentrating solar power (CSP) plants, but also the most 
suitable solution for air-based solar systems. The first parabolic trough CSP pilot plant (3.9 MWth peak), which uses air 
as heat transfer fluid (HTF), has been constructed in Ait-Baha Morocco. An important characteristic of this plant is the 
integration of a 100 MWhth TES unit based on a packed bed of gravel as storage medium. The TES unit is designed for 
daily operating conditions of 10 h of charging followed by 4.5 h of discharging, at higher HTF mass flow rate, and 9.5 h 
of idle. The nominal charging and discharging temperatures are 570°C and 270°C respectively. A previously validated 
computational fluid dynamics (CFD) approach was followed to evaluate the thermo-fluid dynamics behavior of the TES 
unit under investigation subjected to a total of 5 pre-charging cycles, to reduce the initial transients of the system, 
followed by 60 consecutive cycles. The TES performance was also evaluated on the basis of the first- and the second-law 
of thermodynamics. According to the simulation results, despite a relatively weak thermal stratification was observed 
into the packed bed, the TES performance showed an increase with cycles from 52% and 63% up to stable values of 90% 
and 88% for the energy and the exergy efficiencies respectively. 

INTRODUCTION 

On the basis of actual concentrating solar power (CSP) plants in operation, it is evident that the two most 
exploited technologies to capture solar radiation are solar towers and parabolic trough collector systems with molten 
salts (NaNo3 - KNO3) and oil as heat transfer fluid (HTF) respectively [1]. With more than 50 utility-scale plants 
globally installed, the latter represents the dominant technology accounting for about 85% of cumulative installed 
capacity at the end of 2015 [2]. Nevertheless, the overall performance of these conventional CSP plants are limited 
by technical and economic aspects such as [3,4]: (i) lack of rigidity of the metallic collector structure at large 
aperture, (ii) expensive glass-reflecting mirrors, (iii) limited maximum operating temperature below 400°C [5]. 
After some years of research and development activities, Airlight Energy SA proposed an alternative CSP solution 
to tackle the aforementioned limitations of actual technology. The main innovations introduced are: (i) larger 
collector structure made of fiber-reinforced concrete with ETFE pneumatic enclosure, (ii) high-reflective pneumatic 
aluminum foil, (iii) new cavity receiver working with air as HTF and operating at temperatures up to 650°C, (iv) 
integration of a single-tank thermal energy storage (TES) based on a packed bed of gravel as storage medium. To 
experimentally demonstrate this innovative CSP solution, a 3 MWth pilot plant has been constructed in Ait-Baha 
Morocco. The present study focuses on the packed bed TES system, 100 MWhth capacity, integrated into the pilot 
plant with the aim of characterizing its performance, under cyclic operating conditions, according to the first- and 
the second-law of thermodynamics. 
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AIT-BAHA CSP PILOT PLANT 

The first industrial-scale CSP pilot plant, based on Airlight Energy technology, has been constructed at the 
Cimar’s site (Italcementi group) in Ait Baha (Morocco) with the aim of boosting electricity production from the 
waste heat recovery system of the cement factory. The CSP plant is designed to provide 3.9 MWth peak to the air-to-
diathermic oil heat exchanger of the organic Rankine cycle (ORC) for power generation. The power capacity of the 
ORC turbine, manufactured by Turboden, is 2 MWe. The CSP pilot plant is composed of three 211.68 m long 
parabolic trough collectors, leading to a total useful aperture area of 6’159 m2. A 100 MWhth TES unit, based on a 
packed bed of rocks, is exploited to increase the CSP plant capacity factor. Figure 1 shows the CSP pilot plant 
layout with an aerial view of the construction site.  

  
FIGURE 1. Ait-Baha CSP pilot plant layout (l.h.s.) and aerial view of the construction site (r.h.s.).  

 
The HTF (air at ambient pressure) enters the solar field at 270°C leaving it at 570°C. As depicted in the l.h.s. of 

Fig. 1, a fraction of the high temperature HTF is fed through the TES while, the remaining part, is sent to the power 
block. The TES unit is designed for daily operating conditions of 10 h of charging followed by 4.5 h of discharging 
and 9.5 h of idle. To effectively store the resulting amount of thermal energy, a total volume of 381.2 m3 of 
sedimentary rocks were positioned into the truncated cone shaped TES tank. The lateral walls of the TES tank 
consist of a first layer of ultra-high performance concrete with high mechanical stability, in direct contact with the 
packed bed of rocks, followed by a thicker layer of low-density concrete with a low thermal conductivity. To 
minimize heat losses, the TES tank is insulated with Foamglas® and Microtherm® on both the lateral walls and under 
the lid. The main characteristics of the packed bed, along with the reference operating conditions of the TES unit, 
are reported in Table 1. Figure 2 shows some pictures of the TES unit construction phase.  

TABLE 1. Packed bed characteristics and reference operating conditions of the Ait-Baha TES unit. 

Packed bed   
upper diameter 12 [m] 
lower diameter 10 [m] 

height 4 [m] 
rocks average diameter 0.03 [m] 

   
Operating conditions   

Charging   
temperature 570 [°C] 

HTF mass flow rate 1.72 [kg/s] 
nominal duration 10 [h] 

Discharging   
temperature 270 [°C] 

HTF mass flow rate 4.06 [kg/s] 
nominal duration 4.5 [h] 

Idle   
HTF mass flow rate 0 [kg/s] 

nominal duration 9.5 [h] 
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a) 

 

   b) 

 

c) 

 

   d) 

 
FIGURE 2. TES unit: a) metallic grid to sustain the packed bed, b) first layer of rocks with thermocouples sustaining structure, 

c) containing tank filled with rocks, and d) TES unit completed.  
(Courtesy of Airlight Energy SA and Italgen) 

CFD MODEL, BOUNDARY CONDITIONS AND NUMERICAL DETAILS 

A validated computational fluid dynamics (CFD) approach was followed to evaluate the performance of the TES 
unit subjected to a continuous cyclic operation covering a total of 60 days. Further information on the numerical 
model developed and details of the validation process can be found in ref. [6]. Right-hand side of Fig. 3 shows the 
2D axisymmetric geometry of the TES, assumed as computational domain, along with the main boundary conditions 
(BCs) applied to the model to simulate the charging (ch.) or the discharging (dis.) process. A grid sensitivity analysis 
was performed and grid independent results were obtained with about 92’500 quadrilateral cells.  

 

 
  

FIGURE 3. Ait-Baha TES unit: 3D CAD model and 2D axisymmetric computational domain with BCs. 
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The TES unit is charged form top and discharged from the bottom therefore, mass flow inlet and pressure outlet 
BCs were applied on the upper and the lower duct respectively to model charge phase. Conversely, the discharge 
phase was modeled by reversing the HTF inflow and outflow BCs: mass flow inlet and pressure outlet BCs were 
specified at the lower and at the upper duct respectively. The third and final process of each cycle is the idle phase. 
The latter was modeled by applying a wall BC, i.e. none HTF flow through the TES unit, to both the upper and the 
lower ducts. The inlet BC was specified with constant values of mass flow rate and temperature according to the 
operating conditions of the TES unit. Thermal energy losses by means of conduction through the ground and 
convection/radiation from the lid towards the environment were accounted for assuming a constant soil temperature 
boundary condition (BC), 1 m apart from the lateral and bottom TES walls, for the former and a mixed 
convection/radiation BC for the latter. Turbulence effects were accounted for by means of the realizable k-  model 
[7] with enhanced wall treatment, as near-wall modeling method [8]. To determine the flow regime into the packed 
bed, its permeability K was selected as characteristic length in the definition of the Reynolds number ReK [9]. 
Following this criterion, the transition from laminar to turbulent regimen occurs when  is in the order of 100. For 
the TES operating conditions, the value of ReK is well below this threshold and therefore, a laminar region is 
modeled into the packed bed. Furthermore, the packed bed was treated as a continuum and hence it was modeled 
exploiting the porous media approach under the assumption of local thermal equilibrium (LTE model) [9]. An 
effective thermal conductivity, based upon the Yagi & Kunii [10] and Kunii & Smith [11] models, was implemented 
to account for all the conductive-driven and radiative-driven heat transfer mechanisms occurring into the packed 
bed. A quadratic void fraction distribution, varying from 0.325 at the bottom up to 0.37 at the top of the packed bed, 
was implemented in order to replicate the thickness effect, i.e. axial variation of the void fraction [12]. Conversely, 
the effect of channeling, i.e. radial variation of the void fraction, was considered negligible since the characteristic 
ratio of vessel diameter over particle diameter (dvessel/dp) is well above the suggested threshold value of 25-30 [13]. 
Temperature dependent properties of air and solid materials (concretes and insulating materials) were modeled as 
piecewise linear interpolations of tabulated data [14] and manufacturers datasheets respectively. All the model 
equations were solved with second order accurate numerical schemes [15]. Mass, momentum and energy 
conservation equations, turbulent kinetic energy and turbulent dissipation rate transport equations were numerically 
solved by means of Fluent 17.1 code from ANSYS. 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. Besides the continuous monitoring of some physical quantities into the computational 
domain, convergence was considered achieved when mass, momentum and turbulence residuals were below 10-5 
and energy residual was below 10-8. 

TES PERFORMANCE EVALUATION 

The TES performance was evaluated, for each cycle, on the basis of an energy and an exergy efficiency index 
based on the first- and the second-law of thermodynamics respectively. The energy efficiency is defined as the ratio 
of the net thermal energy recovered during discharging divided by the net thermal energy input during charging: 
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t
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where m  [kg/s] is the HTF mass flow rate and h  [kJ/kg] the specific enthalpy of the HTF, evaluated at the 
upper ( top ) and at the lower ( .bott ) sections of the TES unit, during charging ( .ch ) and discharging ( .dis ) 
respectively. Similarly, the exergy efficiency is defined as the ratio of the net exergy recovered during discharging 
divided by the net exergy input during charging. In the equation, refT  [K] is the reference absolute temperature (293 
K) and s  [kJ/(kg·K)] the specific entropy of the HTF. 
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RESULTS AND DISCUSSION 

The Ait-Baha TES unit was analyzed by simulating 60 consecutive charging/discharging/idle cycles according to 
the operating conditions reported in Table 1. At the beginning of the numerical simulation the TES unit was 
assumed to be in thermal equilibrium with the environment (20°C). Before starting with the cyclic operation, a total 
of 5 consecutive pre-charging cycles (10 h charging and 14 h idle) were assumed with the aim of reducing the time 
required by the TES to achieve a stable thermal stratification into the packed bed [16]. Another important aspect of 
the cyclic operation of the TES unit is related to the discharging. According to the operating conditions (Table 1), 
the nominal duration is 4.5 h but, in the real TES operation, the discharging duration is governed by the HTF 
outflow temperature which, for an efficient TES integration into the pilot-plant, cannot decrease by more than 40-
45°C from the nominal charging temperature. Therefore, the discharging duration lasts as long as the HTF outflow 
temperature constraint is verified and anyway no longer than 4.5 h (nominal discharging duration).  

According to the simulation results, the temperature constraint was achieved after 4 h of discharging; as a 
consequence, the duration of the idle phase was extended to 10 h. Figure 4 shows the evolution of the HTF outflow 
non-dimensional temperature at the end of all the charge (red squares) and discharge (blue squares) phases analyzed. 
The non-dimensional temperature is obtained dividing the resulting HTF outflow temperature by the nominal 
charging or discharging temperature. Concerning the charging phases the simulations results show that that during 
the first 10 cycles, the final HTF outflow temperature is lower than the nominal discharging temperature. For all the 
consecutive cycles, a partial discharge of the thermocline is observed with the non-dimensional final HTF outflow 
temperature approaching asymptotically the value of 1.13. Conversely, the final HTF outflow temperature during 
discharging showed a more pronounced variation with a rapid decrease down to the minimum of about 0.917 at the 
end of the 12th cycle. From this point forward, the non-dimensional HTF outflow temperature increases approaching 
asymptotically the value of 0.93 once a stable thermal stratification into the packed bed is achieved. 

Figure 5 shows the transient evolution of the HTF outflow temperature during some of all the discharge phases 
analyzed. An important consideration that can be drawn from the simulation results is that the HTF outflow 
temperature decreases monotonically throughout the whole discharge phase with a more pronounced reduction at the 
very beginning of the process. This indicates that, despite the 10 h of charging, the average temperature of the upper 
layers of the packed bed is lower than the charging temperature and therefore the TES unit cannot provide a stable 
HTF outflow temperature since the thermocline is discharged from the beginning of the process.  

The resulting performance of the TES unit, evaluated according to the first law (eq. 1) and the second law (eq. 2) 
of thermodynamics, are summarized in Fig. 6. Green dots and purple squares indicate the cycle’s energy and exergy 
efficiency respectively; however, it has to be mentioned that, for the performance evaluation of the TES system, the 
thermal energy stored during pre-charging is not accounted for. The resulting transient performance of the TES unit 
show a similar evolution increasing monotonically from 0.52 and 0.63, for the first cycle, up to a stable value of 
about 0.9 and 0.88, after the 60th cycle, for the energy and exergy efficiency respectively. An interesting point is 
that, thanks to pre-charging, the exergy efficiency is higher than the energy efficiency for the first 4 cycles while, 
from the 6th cycle the behavior is reversed.  

From a graphical standpoint, a comparison between the temperature contours of the TES unit during the 1st cycle 
(l.h.s of the figures) and the 60th cycle (r.h.s. of the figures) is reported in Fig. 7. According to the simulations 
results, it can be observed that the thermocline zone spreads over the whole packed bed height from the 1st cycle 
indicating a relatively weak thermal stratification and hence a reduced thermodynamic quality of the energy stored, 
i.e. lower exergy stored. Focusing on the temperature contours at the end of discharging (Fig. 7b), strong 
temperature gradient in the radial direction can be observed in the bottom region of the packed bed due to the 
geometry of the HTF distributor of the lower duct. At the end of the idle phase (Fig. 7c), the combined action of heat 
losses and internal heat transfer mechanisms lead to a slightly reduction of the average temperature of the packed 
bed and to a mitigation of the radial temperature gradients. Once a stable thermal stratification into the packed bed is 
reached, the pressure drop through the TES unit is about 45 Pa and 158 Pa for the charging and the discharging 
respectively. The heat losses resulted to increase with time stabilizing in the order of 10% at most of the net thermal 
energy input during charging. According to the simulation results, the major contribution of heat losses can be 
attributed to the lid in the upper region of the TES unit (60% of the total heat losses) followed by the lateral walls 
(20%) and the basement (20%). 
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FIGURE 4. Non-dimensional final HTF outflow temperature of charging (red squares) and discharging (blue squares). 

 
 

 
FIGURE 5. Transient HTF outflow temperature during some of the discharge phases simulated. 

 
 

 
FIGURE 6. Performance of the Ait-Baha TES unit: Energy (green dots) and exergy (purple squares) efficiencies. 
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FIGURE 7. Comparison of the TES unit temperature contours at the end of the 1st (l.h.s) and the 60th (r.h.s.) charge (a), 

discharge (b) and idle (c) processes. Temperature values [°C]. 

SUMMARY AND CONCLUSIONS 

The thermo-fluid dynamics behavior of the packed bed TES system integrated in the Ait-Baha pilot plant was 
evaluated exploiting a 2D CFD-based approach. The TES unit was analyzed under 60 consecutive cycles of 10 h 
charging followed by 4 h discharging, with higher HTF mass flow rate, and 10 h of idle. The real discharging 
duration of 4 h was determined by the HTF outflow temperature which, for an efficient integration into the pilot 
plant, cannot be reduced by more than 40-45°C with respect to the nominal charging temperature of 570°C. Since at 
the beginning of the simulation the TES unit was considered to be in thermal equilibrium with the environment, a 
total of 5 pre-charging cycles were assumed prior to the cyclic operation to reduce the initial transients. 

An important result of the simulation is that a relatively weak thermal stratification into the packed bed 
characterizes the behavior of the TES unit. In terms of HTF outflow temperature during discharging, a monotonic 
decrease was observed throughout the whole phase with a more pronounced reduction at the very beginning of the 
process indicating that the TES unit cannot provide a stable HTF outflow temperature. Conversely, an HTF outflow 
temperature increase during charging, up to 35°C at most above the nominal discharging temperature, was obtained; 
in this case also the thermocline is discharged from the beginning of the process. 

The performance of the TES unit was evaluated on the basis of the first and the second law of thermodynamics. 
The resulting transient performances of the TES unit showed a similar evolution increasing monotonically up to a 
stable value of about 90% and 88% for the energy and exergy efficiency respectively.  
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