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 A B S T R A C T

Packed-bed sensible heat storage (SHS) is important for balancing energy supply and demand over time. To 
improve the efficiency of a packed-bed SHS system through second law analysis (SLA), we developed multi-
dimensional macroscopic entropy and exergy transport equations for fluid flow and heat transfer in porous 
media. These equations enable us to identify where and how much exergy is destroyed. Using a packed-bed 
SHS system developed at the PROMES-CNRS laboratory as a test case, we demonstrated how to apply SLA to 
optimize an SHS system. Our analysis revealed that, in addition to exit and heat leakage losses at tank surfaces, 
thermal and solid conduction losses inside the tank significantly contribute to total loss in the studied SHS 
system. These internal losses occur close to the thermocline. However, their slower transport causes a delay in 
their emergence. The SLA suggests an optimal tank aspect ratio of 𝐷∕𝐻 = 0.75, at which the total exergy loss 
coefficient, 𝜁 𝑏𝑡𝑜𝑡, reaches its minimum value when exit loss is not considered. As particle size decreases, 𝜁 𝑏𝑡𝑜𝑡 also 
decreases due to enhanced heat transfer between the fluid and solid phases. The pressure loss for the studied 
SHS system is found to be negligible. The SLA favors a truncated cone-shaped tank with a slightly larger upper 
surface. Through the SLA, 𝜁 𝑏𝑡𝑜𝑡 is reduced by approximately 16.3% from 4.9% for the original design to 4.1% 
for the optimized design. This study demonstrates that, when used in conjunction with energy analysis, the 
SLA is an effective tool for optimizing energy storage systems.
1. Introduction

Thermal energy storage (TES) is a technology that enables the 
storage of thermal energy for later use in heating, cooling or power 
generation applications. It helps bridge the temporal mismatch between 
energy supply and demand. TES is important for using intermittent 
renewable energies such as solar and wind energy, which are not al-
ways produced when needed. The development of efficient TES systems 
is therefore important for improving overall system-level efficiency, 
reducing environmental impact, and providing low-cost energy.

There are three main types of TES systems: sensible heat stor-
age (SHS), which stores thermal energy by raising or lowering the 
temperature of a storage material without changing its phase, latent 
heat storage (LHS), which stores thermal energy through the phase 
change of a material, and thermochemical heat storage (TCHS), which 
stores thermal energy through reversible chemical reactions or sorption 
processes [1–3]. Among these, SHS is regarded as the most established 
and straightforward thermal energy storage technology. In an SHS 
system, thermal energy is stored or released by raising or lowering 
the temperature of thermal energy storage materials (TESMs). These 
materials can be stored in either one or two tanks [4,5]. This study 
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focuses on one-tank SHS systems. In these systems, hot fluid is intro-
duced from the top during charging and cold fluid is introduced from 
the bottom during discharging. Consequently, a thermal gradient, or 
thermocline, occurs between the hot and cold zones in the tank. Thus, 
this system is also referred to as a thermocline thermal energy storage 
(TTES) system [6], as illustrated in Fig.  1.

While liquid thermal energy storage materials (TESM) are com-
monly employed in SHS systems, solid materials are sometimes in-
corporated into the tank to partially replace the liquid TESM. This 
configuration, known as a packed-bed one-tank SHS [7]. This further 
reduces the cost of the TES. Additionally, solid filler materials are 
also used to increase effective heat capacity, enhance regenerative heat 
transfer, improve thermocline formation, and increase heat transfer 
area. However, the solid particles also make the fluid flow and heat 
transfer inside the tank more complicated. The relevant parameters that 
have been studied in the literature include tank height 𝐿, tank diameter 
𝐷, porosity 𝜙, particle diameter 𝑑𝑝, heat transfer fluid (HTF) mass flow 
rate 𝑚̇, HTF cold and hot temperatures 𝑇𝑐 and 𝑇ℎ, TESM properties, 
etc. [6,8–10]. In addition to these parameters, transport processes in 
packed-bed energy storage systems may also depend on pore geometry,
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Nomenclature

Roman letters
𝐿̇ Loss rate, W
𝑙̇ Loss rate intensity, Wm−3

𝐴 Tank surface area, m2

𝐵 Exergy, J
𝑏 Specific exergy, J kg−1
𝐶𝑝 Heat capacity, J kg−1 K−1

𝐷 Tank diameter, m
𝐷0 Equivalent tank diameter, m
𝐷1 Upper surface diameter of a truncated-cone 

shaped tank, m
𝐷2 Lower surface diameter of a truncated-cone 

shaped tank, m
𝑑𝑝 Particle size, m
𝑒 Specific energy, J kg−1
ℎ Specific enthalpy, J kg−1
𝐻 Tank height, m
𝐾 Permeability, m2

𝑘 Heat conductivity, Wm−1K−1

𝑄 Thermal energy, J
𝑅𝑡ℎ Thermal resistance, KW−1

𝑠 Specific entropy, J kg−1 K−1

𝑇 Temperature, K
𝑡 Time, s
Greek symbols
𝛼 Heat transfer coefficient, Wm−2K−1

𝜂 Storage efficiency, –
𝜇 Dynamic viscosity, Pa s
𝜙 Porosity, –
𝜌 Density, kgm−3

𝜁 Loss coefficient, –
Superscripts

𝑏 Exergy
𝑒 Energy
𝑚𝑎𝑐 Macroscopic
𝑚𝑖𝑐 Microscopic

Subscripts

𝑏𝑜𝑡 Tank bottom surface
𝑐ℎ𝑔 Charge
𝑐𝑦𝑐 Charge–discharge cycle
𝑑𝑖𝑠 Discharge
𝑓 Fluid
ℎ𝑠𝑓 Heat transfer between fluid and solid
ℎ𝑡𝑓 Heat conduction in fluid
ℎ𝑡𝑠 Heat conduction in solid
𝐼 The first law
𝐼𝐼 The second law
𝑜𝑝𝑡 Optimized
𝑜𝑡ℎ Others
𝑝𝑟𝑒 Pressure
𝑠 Solid
𝑡𝑜𝑡 Total
𝑣𝑜𝑙 Tank volume
2 
𝑤, 𝑤𝑎𝑙 Tank wall
Abbreviations

CFD Computational fluid dynamics
HTF Heat transfer fluid
SHS Sensible heat storage
SLA Second law analysis
TCHS Thermo-chemical heat storage
TES Thermal energy storage
TESM Thermal energy storage material

spatial distribution, and other structural characteristics of the porous 
medium. Research on these parameters remains insufficient.

SHS systems can be studied using various methods, including exper-
imental and numerical approaches. One-dimensional simulations are 
most often used among the numerical simulations due to their low 
computational cost. Hoffmann, et al. (2016) [6] argue that a one-
dimensional model is sufficient to describe the general behavior of an 
SHS system. However, some studies use multi-dimensional computa-
tional fluid dynamics (CFD) simulations to investigate the flow and 
temperature fields in more detail. Many CFD studies have been con-
ducted to improve the understanding of thermal stratification during 
charging and discharging. For instance, Zachar, et al. (2003) examined 
the impact of various plate sizes positioned opposite the inlet to en-
hance thermal stratification [11]. They found that the diameter of the 
plate and the distance between the plate and the top of the tank have 
a significant effect on the temperature stratification within the tank 
when cold water enters at the top of the tank. Göppert, et al. (2009) 
proposed an efficient CFD method to study the impact of geometry on 
thermal stratification [12]. This method considerably reduces computa-
tional costs. Kursun (2018) studied the effect of insulation geometries 
on thermal stratification and proposed a novel geometry to enhance 
it [13]. With the optimized geometry, the maximum water temperature 
difference in the tanks increases by 85–138%. Li, et al. (2018) found that 
a truncated circular cone tank has the best temperature stratification 
and thermal charging efficiency [14]. Gao, et al. (2021) investigated 
the effect of a baffle plate on thermal stratification characteristics [15]. 
Based on the numerical and experimental results, they have proposed 
the optimized baffle position, aperture and inlet velocity. Hosseinnia, 
et al. (2021) simulated thermocline evolution during the charging 
phase of a stratified thermal energy storage tank. Their numerical 
results show that an ideal diffuser generates the minimum charging 
velocity with no mixing or turbulence [16].

CFD simulations were also used to study the effect of other param-
eters of SHS systems. For instance, Cascetta, et al. (2016) compared 
CFD and experimental results from a sensible thermal energy storage 
system. They indicated that the thermal properties of both phases 
must be temperature-dependent in the simulation to achieve high ac-
curacy [17]. Khan, et al. (2019) simulated the initial charge–discharge 
cycle of an SHS system consisting of rocks and pebbles poured into a 
mild steel tank and validated the numerical results with experimental 
data [18]. Andreozzi, et al. (2014) simulated the charge and discharge 
cycles of high-temperature thermal storage in a honeycomb solid ma-
trix [19]. They analyzed the effects of the storage medium, different 
porosity values, and mass flow rate on stored thermal energy and stor-
age time based on the numerical results. The numerical results suggest 
that an optimal porosity value could be evaluated by accounting for 
the pressure drop and the viscous dissipation inside the system. Elfeky, 
et al. (2021) investigated the performance of an air-rock thermocline 
thermal energy storage (TES) tank for concentrated solar power plants 
using a coupled discrete element method (DEM)-computational fluid 
dynamics (CFD) approach. Their numerical results show that a HTF 
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Fig. 1. Schematic illustration of a packed-bed thermal store (a) and the 
corresponding two-dimensional axisymmetric computational domain (b).

distributor can reduce the heat leakage at the wall [20]. In their com-
prehensive review of CFD studies on SHS systems, Chekifi and Boukraa 
(2023) [21] conclude that CFD is a powerful tool for understanding the 
effects of relevant parameters and optimizing system performance.

It can be observed that most numerical studies focus on the storage 
efficiency based on the first law of thermodynamics. In particular 
these studies often only consider the loss of the thermal energy. The 
corresponding storage efficiency is defined as, 

𝜂𝐼 =
𝑄𝑑𝑖𝑠
𝑄𝑐ℎ𝑔

, (1)

where 𝑄𝑑𝑖𝑠 is the quantity of thermal energy that is extracted during 
discharge and 𝑄𝑐ℎ𝑔 is the thermal energy entering the store during 
charge [8]. However, this definition neglects the difference of the 
energy quality, meaning that the same amount of thermal energy but 
at different temperatures may produce different amounts of work. To 
assess the difference in energy quality, one must consider the loss of 
exergy using the second law of thermodynamics.

Some works about using the second law analysis (SLA) to study the 
packed-bed thermal reservoirs exist in the literature. According to the 
SLA, the efficiency of an SHS system should be evaluated based on the 
exergy loss, which is defined as 

𝜂𝐼𝐼 =
𝐵𝑑𝑖𝑠
𝐵𝑐ℎ𝑔

, (2)

where 𝐵𝑑𝑖𝑠 is the quantity of exergy that is extracted during discharge 
and 𝐵𝑐ℎ𝑔 is the exergy entering the store during charge. White, et al. 
(2011) demonstrate the dependence of the losses on operating temper-
atures, reservoir geometry and mode of operation, and suggest methods 
of optimization [9]. In a later study, White, et al. (2014) suggest 
that the changes in specific heat capacity result in non-linear wave 
propagation, which may lead to the formation of shock-like thermal 
fronts. This has a significant impact on the exergetic losses due to 
irreversible heat transfer [22]. They have also analyzed the effect of 
segmenting the packed-bed into layers on exergy losses [10,23]. The 
study shows that segmentation of the packed beds is an effective way 
to attain high storage efficiency and fully utilize of the reservoirs. The 
TES system was optimized based on the SLA [24]. After optimization, 
losses due to pressure drop and irreversible heat transfer in the thermal 
reservoirs are reduced to a few percent. Abdulla and Reddy (2017) 
suggest that reduction in efficiency at higher temperature difference 
corresponds to higher value of exergy destruction inside the tank [25]. 
McTigue, et al. (2018) compared the exergy losses of radial-flow and 
3 
axial-flow packed beds for thermal energy storage, indicating that both 
designs have comparable thermodynamic performance [26]. They have 
also found that segmenting the packed bed into layers reduces the effect 
of perturbations during charge–discharge cycles [27].

These studies demonstrate the potential of using the SLA to optimize 
SHS systems. However, they are typically based on one-dimensional 
system simulation results. Herwig (2012) [28] states that the SLA can 
be used to answer four important questions concerning a momentum 
and/or heat transfer process. They are ‘‘Which is the ideal process (no 
entropy generation)? Where does entropy generation occur in a non-
ideal process? Why does entropy generation occur at a certain location 
and with certain strength? How can entropy generation be reduced 
overall or locally?’’ The answers to these questions are important for 
optimizing SHS systems. However, to address these questions, multi-
dimensional (two- or three-dimensional) simulations of fluid flow and 
heat transfer over extended periods (typically several hours or longer) 
are required, often demanding substantial computational resources. 
Additionally, developing multi-dimensional entropy and exergy trans-
port equations in an SHS system is important for evaluating local 
entropy generation and exergy destruction intensities. Entropy and 
exergy transport in an SHS system is more complicated than in pure 
flow and heat transfer problems because the effect of the packed bed 
(modeled as a porous medium) has to be considered. There is still a 
lack of derivation of the multi-dimensional macroscopic entropy and 
exergy transport equations for fluid flow and heat transfer in porous 
media from the microscopic equations.

The primary objective of this work is to develop and apply multi-
dimensional macroscopic entropy and exergy transport equations to 
identify and quantify the irreversibilities in packed-bed sensible heat 
storage systems. Parametric studies of an SHS system are presented 
as applications of the proposed framework to demonstrate how the 
method can be used to analyze exergy destruction and improve storage 
performance. The fundamental questions posed by Herwig (2012) [28] 
will be answered for the SHS system studied. The paper is struc-
tured as follows: After the introduction, Section 2 introduces the gov-
erning equations for multi-dimensional computational fluid dynamics 
(CFD) simulations of fluid flow and heat transfer problems in a porous 
medium. The macroscopic entropy and exergy transport equations are 
derived in this section. The application of the developed framework 
is demonstrated in Section 3, in which the test cases are introduced, 
and Section 4, in which results of application are discussed. Finally, 
Section 5 provides the conclusions.

2. Mathematical equations and numerical methods

2.1. Microscopic transport equations

We start from the governing equations for pore-scale resolved mi-
croscopic simulations of the charging and discharging processes in a 
packed-bed energy storage system. They are the classic equations for 
mass (3), momentum (4), and energy conservation in both the fluid (5) 
and solid (6) phases. These equations can be expressed as follows: 
𝜕𝜌𝑓
𝜕𝑡

+
𝜕
(

𝜌𝑓 𝑢𝑖
)

𝜕𝑥𝑖
= 0, (3)

𝜌𝑓
𝑑𝑢𝑖
𝑑𝑡

=
𝜕
(

𝜌𝑓 𝑢𝑖
)

𝜕𝑡
+

𝜕
(

𝜌𝑓 𝑢𝑗𝑢𝑖
)

𝜕𝑥𝑗
= −

𝜕𝑝
𝜕𝑥𝑖

+
𝜕𝜏𝑗𝑖
𝜕𝑥𝑗

+ 𝜌𝑓 𝑔𝑖, (4)

𝜌𝑓
𝑑ℎ𝑓
𝑑𝑡

=
𝜕
(

𝜌𝑓ℎ𝑓
)

𝜕𝑡
+

𝜕
(

𝜌𝑓 𝑢𝑖ℎ𝑓
)

𝜕𝑥𝑖
=

𝑑𝑝
𝑑𝑡

+ 𝜕
𝜕𝑥𝑖

(

𝑘𝑓
𝜕𝑇𝑓
𝜕𝑥𝑖

)

+ 𝜏𝑗𝑖
𝜕𝑢𝑖
𝜕𝑥𝑗

, (5)

𝜌𝑠
𝑑𝑒𝑠
𝑑𝑡

= 𝜕
𝜕𝑥𝑖

(

𝑘𝑠
𝜕𝑇𝑠
𝜕𝑥𝑖

)

. (6)

𝜌𝑓 , 𝑢𝑖, 𝜏𝑗𝑖, ℎ𝑓  and 𝑘𝑓  in the governing equations denote the density, 
velocity component, viscous stress, specific enthalpy and thermal con-
ductivity in the fluid phase, respectively. 𝜌 , 𝑒  and 𝑘  denote the 
𝑠 𝑠 𝑠
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density, energy and thermal conductivity in the solid phase, respec-
tively. Similar microscopic equations (excluding the energy equation in 
the solid phase) have been solved in our previous pore-scale resolved 
numerical simulations of convection in porous medium [29–32]. How-
ever, directly solving these equations for packed-bed thermal energy 
storage systems would be computationally very expensive. Therefore, 
these equations are introduced primarily as the theoretical foundation 
for the subsequent volume-averaging procedure, from which the macro-
scopic governing equations are derived. Multiplying Eq. (4) with 𝑢𝑖, the 
transport equation of the kinetic energy 𝑘 = 1

2 𝑢
2
𝑖  can be obtained in the 

fluid phase, expressed as, 

𝜌𝑓
𝑑𝑘
𝑑𝑡

=
𝜕
(

𝜌𝑓𝑘
)

𝜕𝑡
+

𝜕
(

𝜌𝑓 𝑢𝑖𝑘
)

𝜕𝑥𝑖
= −𝑢𝑖

𝜕𝑝
𝜕𝑥𝑖

+ 𝑢𝑖
𝜕𝜏𝑗𝑖
𝜕𝑥𝑗

+ 𝜌𝑓 𝑢𝑖𝑔𝑖, (7)

For a Newtonian fluid, the viscous stress is calculated as 

𝜏𝑖𝑗 = 2𝜇
(

𝑠𝑖𝑗 −
2
3
𝛿𝑖𝑗

𝜕𝑢𝑘
𝜕𝑥𝑘

)

+ 𝜂𝛿𝑖𝑗
𝜕𝑢𝑘
𝜕𝑥𝑘

, (8)

where 𝑠𝑖𝑗 is the strain rate tensor. 𝜇 and 𝜂 stay for the shear viscosity 
and bulk viscosity, respectively. For an ideal gas the following equation 
of state is used: 

𝜌𝑓 = 𝑝∕
(

𝑅𝑇𝑓
)

, (9)

where 𝑅 is the specific gas constant. Instead of Eq.  (9), a constant fluid 
density 𝜌𝑓  is used for an incompressible fluid.

Considering the fundamental equation of thermodynamics 𝑑ℎ𝑓 =
𝑇𝑓𝑑𝑠𝑓 + 1

𝜌𝑓
𝑑𝑝, there are 

𝑑ℎ𝑓
𝑑𝑡

= 𝑇𝑓
𝑑𝑠𝑓
𝑑𝑡

+ 1
𝜌
𝑑𝑝
𝑑𝑡

, (10)

for the fluid phase and 
𝑑ℎ𝑠
𝑑𝑡

= 𝑇𝑠
𝑑𝑠𝑠
𝑑𝑡

, (11)

for the solid phase. Here, 𝑠𝑓  and 𝑠𝑠 represent the specific entropies of 
the fluid and solid phases, respectively. By substituting Eqs. (5) and (6) 
into Eqs. (10) and (11), we can obtain the following transport equations 
of entropy in the fluid and solid phases: 

𝜌𝑓
𝑑𝑠𝑓
𝑑𝑡

=
𝜕
(

𝜌𝑓 𝑠𝑓
)

𝜕𝑡
+
𝜕
(

𝜌𝑓 𝑢𝑖𝑠𝑓
)

𝜕𝑥𝑖
= 𝜕

𝜕𝑥𝑖

(𝑘𝑓
𝑇𝑓

𝜕𝑇𝑓
𝜕𝑥𝑖

)

+
𝑘𝑓
𝑇 2
𝑓

𝜕𝑇𝑓
𝜕𝑥𝑖

𝜕𝑇𝑓
𝜕𝑥𝑖

+
𝜏𝑗𝑖𝑠𝑗𝑖
𝑇𝑓

,

(12)

𝜌𝑠
𝑑𝑠𝑠
𝑑𝑡

= 𝜕
𝜕𝑥𝑖

(

𝑘𝑠
𝑇𝑠

𝜕𝑇𝑠
𝜕𝑥𝑖

)

+
𝑘𝑠
𝑇 2
𝑠

𝜕𝑇𝑠
𝜕𝑥𝑖

𝜕𝑇𝑠
𝜕𝑥𝑖

. (13)

Here, 𝑠̇𝑚𝑖𝑐ℎ𝑡𝑓 = 𝑘𝑓
𝑇 2
𝑓

𝜕𝑇𝑓
𝜕𝑥𝑖

𝜕𝑇𝑓
𝜕𝑥𝑖

 and 𝑠̇𝑚𝑖𝑐𝑝𝑟𝑒 = 𝜏𝑗𝑖𝑠𝑗𝑖
𝑇𝑓

 are the entropy generation 
intensities in the temperature and flow fields of the fluid phase. 𝑠̇𝑚𝑖𝑐ℎ𝑡𝑠 =
𝑘𝑠
𝑇 2
𝑠

𝜕𝑇𝑠
𝜕𝑥𝑖

𝜕𝑇𝑠
𝜕𝑥𝑖

 is the entropy generation intensity in the temperature field 
of the solid phase. Hereby, we assume ideal contact between the fluid 
and solid phases and neglect any interfacial irreversibilities that could 
arise from imperfect contact or microscale roughness.

Dividing the exergy difference in the fluid phase, 𝑑𝑏𝑓 = 𝑑ℎ𝑓 −
𝑇0𝑑𝑠𝑓 + 𝑑𝑘, and in the solid phase 𝑑𝑏𝑠 = 𝑑ℎ𝑠 − 𝑇0𝑑𝑠𝑠 by 𝑑𝑡, we can 
obtain 
𝑑𝑏𝑓
𝑑𝑡

=
𝑑ℎ𝑓
𝑑𝑡

− 𝑇0
𝑑𝑠𝑓
𝑑𝑡

+ 𝑑𝑘
𝑑𝑡

, (14)

for the fluid phase and 
𝑑𝑏𝑠
𝑑𝑡

=
𝑑𝑒𝑠
𝑑𝑡

− 𝑇0
𝑑𝑠𝑠
𝑑𝑡

, (15)

for the solid phase. 𝑏𝑓  and 𝑏𝑠 are the specific exergy in the fluid 
and solid phases, respectively. Substituting Eqs. (5), (12) and (7) into 
Eq. (14), the following transport equation of the exergy in the fluid 
4 
phase can be obtained, 

𝜌𝑓
𝑑𝑏𝑓
𝑑𝑡

=
𝜕
(

𝜌𝑓 𝑏𝑓
)

𝜕𝑡
+

𝜕
(

𝜌𝑓 𝑢𝑖𝑏𝑓
)

𝜕𝑥𝑖
=

𝜕𝑝
𝜕𝑡

+ 𝜕
𝜕𝑥𝑖

(

𝑘𝑓

(

1 −
𝑇0
𝑇𝑓

) 𝜕𝑇𝑓
𝜕𝑥𝑖

)

+ 𝜕
𝜕𝑥𝑗

(

𝑢𝑖𝜏𝑗𝑖
)

− 𝑇0
(

𝑠̇𝑚𝑖𝑐ℎ𝑡𝑓 + 𝑠̇𝑚𝑖𝑐𝑝𝑟𝑒

)

.
(16)

Similarly, substituting Eqs. (6) and (13) into Eq. (15) leads to the exergy 
transport equation in the solid phase, 

𝜌𝑠
𝑑𝑏𝑠
𝑑𝑡

= 𝜕
𝜕𝑥𝑖

(

𝑘𝑠

(

1 −
𝑇0
𝑇𝑠

)

𝜕𝑇𝑠
𝜕𝑥𝑖

)

− 𝑇0𝑠̇
𝑚𝑖𝑐
ℎ𝑡𝑠 . (17)

2.2. Macroscopic transport equations

Taking the volume averaging of the microscopic governing Eqs. (3)–(
in a representative elementary volume (REV), defined as smallest 
volume over which a volume-averaged measurement becomes inde-
pendent of further increases in the averaging volume, leads to the 
macroscopic governing equations, expressed as 

𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓

)

𝜕𝑡
+

𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓
)

𝜕𝑥𝑖
= 0, (18)

⟨

𝜌𝑓
𝑑𝑢𝑖
𝑑𝑡

⟩

=
𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓
)

𝜕𝑡
+

𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓 ⟨

𝑢𝑗
⟩𝑓

⟨𝑢𝑖⟩
𝑓
)

𝜕𝑥𝑗
= −𝜙

𝜕 ⟨𝑝⟩𝑓

𝜕𝑥𝑖

+𝜙
𝜕
⟨

𝜏𝑗𝑖
⟩𝑓

𝜕𝑥𝑗
+ 𝜙

⟨

𝜌𝑓
⟩𝑓 𝑔𝑖 + 𝜙𝐹𝑖,

(19)

⟨

𝜌𝑓
𝑑ℎ𝑓

𝑑𝑡

⟩

=
𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓 ⟨ℎ𝑓

⟩𝑓
)

𝜕𝑡
+

𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓 ⟨ℎ𝑓

⟩𝑓
)

𝜕𝑥𝑖
= 𝜙

𝜕 ⟨𝑝⟩𝑓

𝜕𝑡

+𝜙 ⟨𝑢𝑖⟩
𝑓 𝜕 ⟨𝑝⟩𝑓

𝜕𝑥𝑖
+ 𝜕

𝜕𝑥𝑖

(

𝑘̃𝑓
𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖

)

+ 𝜙
⟨

𝜏𝑗𝑖
𝜕𝑢𝑖
𝜕𝑥𝑗

⟩𝑓

+ 𝛼𝐴𝑣

(

⟨𝑇𝑠⟩
𝑠 −

⟨

𝑇𝑓
⟩𝑓

)

,

(20)

⟨

𝜌𝑠
𝑑ℎ𝑠

𝑑𝑡

⟩

=
𝜕
(

(1 − 𝜙) ⟨𝜌𝑠⟩
𝑠
⟨𝑒𝑠⟩

𝑠)

𝜕𝑡
= 𝜕

𝜕𝑥𝑖

(

𝑘̃𝑠
𝜕 ⟨𝑇𝑠⟩

𝑠

𝜕𝑥𝑖

)

+𝛼𝐴𝑣

(

⟨

𝑇𝑓
⟩𝑓 − ⟨𝑇𝑠⟩

𝑠
)

.

(21)

Here, the operator ⟨⟩ denotes the volume averaging in an REV. ⟨⟩𝑓  and 
⟨⟩

𝑠 denote the volume averaging in the fluid or solid phase of an REV. 
The dispersion effect due to the coupling of two variables is neglected 
in these equations, e.g., it is assumed that 𝜙⟨

𝜌𝑓 𝑢𝑖
⟩𝑓  is identical to 

𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓 . 𝑘̃𝑓  and 𝑘̃𝑠 in the energy Eqs. (20) and (21)are the effec-

tive thermal conductivities in the fluid and solid phases, respectively, 
which need to be modeled in a simulation. 𝐴𝑣 is the volume averaged 
fluid-solid interface area. 𝛼 is the heat transfer coefficient. 𝐹𝑖 is the 
total drag by the porous matrix, which can be approximated using the 
Forchheimer extension of the Darcy law, expressed as, 

𝐹𝑖 =
𝜇
𝐾
𝑢𝐷𝑖 +

𝑐𝐹
√

𝐾
|

|

𝐮𝐷|| 𝑢𝐷𝑖, (22)

where 𝑢𝐷𝑖 = 𝜙 ⟨𝑢𝑖⟩
𝑓  is the superficial velocity. 𝐾 is the permeability. 𝑐𝐹

is the Forchheimer constant.
Multiplying Eq. (4) with 𝑢𝑖 and performing the volume averaging, 

the transport equation for the macroscopic kinetic energy ⟨𝜌𝑓𝑘
⟩

=
1
2

⟨

𝜌𝑓 𝑢𝑖𝑢𝑖
⟩ can be written as 

⟨

𝜌𝑓
𝑑𝑘
𝑑𝑡

⟩

=
𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓 𝑘𝑚

)

𝜕𝑡
+

𝜕
(

𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓 𝑘𝑚

)

𝜕𝑥𝑖
= −𝜙 ⟨𝑢𝑖⟩

𝑓 𝜕 ⟨𝑝⟩𝑓

𝜕𝑥𝑖

+𝜙 ⟨𝑢𝑖⟩
𝑓 𝜕

⟨

𝜏𝑗𝑖
⟩𝑓

+ 𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓 𝑔𝑖 + 𝜙 ⟨𝑢𝑖⟩

𝑓 𝐹𝑖.

(23)
𝜕𝑥𝑗
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Here ⟨𝜌𝑓𝑘
⟩ is approximated with 𝜙⟨

𝜌𝑓
⟩

𝑘𝑚, where 𝑘𝑚 = 1
2 ⟨𝑢𝑖⟩

𝑓
⟨𝑢𝑖⟩

𝑓 , 
as the dispersion part of 𝜌𝑓 ⟨𝑘⟩𝑓  is neglected. In addition, it is assumed 
that the loss of the kinetic energy is dominated by the drag force 
by the porous matrix 𝐹𝑖. Thus, the viscous heat 𝜙

⟨

𝜏𝑗𝑖
𝜕𝑢𝑖
𝜕𝑥𝑗

⟩𝑓
 in the 

macroscopic energy Eq. (20) is approximated with 𝜙 ⟨𝑢𝑖⟩
𝑓 𝐹𝑖.

The macroscopic entropy generation intensities in the flow and 
temperature fields can be directly calculated by averaging 𝑠𝑔𝑒𝑛𝑓𝐷 and 
𝑠𝑔𝑒𝑛𝑓𝐶 + 𝑠𝑔𝑒𝑛𝑠𝐶  in an REV. However, this requires the flow and temperature 
fields to be resolved in pores, which is extremely expensive. Here, 
we propose a macroscopic entropy transport equation, in which the 
macroscopic entropy generation intensity is modeled: Taking volume 
average of 𝜌𝑓

𝑑𝑠𝑓
𝑑𝑡 + 𝜌𝑠

𝑑𝑠𝑠
𝑑𝑡  and considering Eqs. (10) and (11)

⟨

𝜌𝑓
𝑑𝑠𝑓
𝑑𝑡

+ 𝜌𝑠
𝑑𝑠𝑠
𝑑𝑡

⟩

=
⟨ 𝜌𝑓
𝑇𝑓

𝑑ℎ𝑓
𝑑𝑡

− 1
𝑇𝑓

𝑑𝑝
𝑑𝑡

+
𝜌𝑠
𝑇𝑠

𝑑ℎ𝑠
𝑑𝑡

⟩

(24)

is obtained. If the spatial variation of 𝑇𝑓  and 𝑇𝑠 in an REV is considered 
small, Eq. (24) can be further decoupled as 
⟨

𝜌𝑓
𝑑𝑠𝑓
𝑑𝑡

+ 𝜌𝑠
𝑑𝑠𝑠
𝑑𝑡

⟩

= 1
⟨

𝑇𝑓
⟩𝑓

⟨

𝜌𝑓
𝑑ℎ𝑓
𝑑𝑡

−
𝑑𝑝
𝑑𝑡

⟩

+ 1
⟨𝑇𝑠⟩

𝑠

⟨

𝜌𝑠
𝑑ℎ𝑠
𝑑𝑡

⟩

. (25)

Substituting Eqs. (20) and (21) into Eq. (25), the macroscopic transport 
equation of entropy can be expressed as 
⟨

𝜌𝑓
𝑑𝑠𝑓
𝑑𝑡

+ 𝜌𝑠
𝑑𝑠𝑠
𝑑𝑡

⟩

= 𝜕
𝜕𝑥𝑖

(

𝑘̃𝑓
⟨

𝑇𝑓
⟩𝑓

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖
+

𝑘̃𝑠
⟨𝑇𝑠⟩

𝑠
𝜕 ⟨𝑇𝑠⟩

𝑠

𝜕𝑥𝑖

)

+ 𝛼𝐴𝑣

(

⟨𝑇𝑠⟩
𝑠 −

⟨

𝑇𝑓
⟩𝑓

)2

⟨𝑇𝑠⟩
𝑠 ⟨𝑇𝑓

⟩𝑓

+
𝑘̃𝑓

⟨

𝑇𝑓
⟩𝑓2

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖

+
𝑘̃𝑠

⟨𝑇𝑠⟩
𝑠2

𝜕 ⟨𝑇𝑠⟩
𝑠

𝜕𝑥𝑖

𝜕 ⟨𝑇𝑠⟩
𝑠

𝜕𝑥𝑖
+

𝜙 ⟨𝑢𝑖⟩
𝑓 𝐹𝑖

⟨

𝑇𝑓
⟩ .

(26)

Eq.  (26) indicates that entropy is generated in an isolated system 
due to heat transfer between the fluid and solid phases, heat transfer 
within the fluid and solid phases, and pressure drop (or dissipation) in 
the flow field. The corresponding entropy generation intensities 𝑠̇𝑚𝑎𝑐ℎ𝑠𝑓 , 
𝑠̇𝑚𝑎𝑐ℎ𝑡𝑠 , 𝑠̇𝑚𝑎𝑐ℎ𝑡𝑓  and 𝑠̇𝑚𝑎𝑐𝑝𝑟𝑒  are 

𝑠̇𝑚𝑎𝑐ℎ𝑠𝑓 = 𝛼𝐴𝑣

(

⟨𝑇𝑠⟩
𝑠 −

⟨

𝑇𝑓
⟩𝑓

)2

⟨𝑇𝑠⟩
𝑠 ⟨𝑇𝑓

⟩𝑓 , (27)

𝑠̇𝑚𝑎𝑐ℎ𝑡𝑓 =
𝑘̃𝑓

⟨

𝑇𝑓
⟩𝑓2

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖
, (28)

𝑠̇𝑚𝑎𝑐ℎ𝑡𝑠 =
𝑘̃𝑠

⟨𝑇𝑠⟩
𝑠2

𝜕 ⟨𝑇𝑠⟩
𝑠

𝜕𝑥𝑖

𝜕 ⟨𝑇𝑠⟩
𝑠

𝜕𝑥𝑖
, (29)

and 

𝑠̇𝑚𝑎𝑐𝑝𝑟𝑒 =
𝜙 ⟨𝑢𝑖⟩

𝑓 𝐹𝑖
⟨

𝑇𝑓
⟩ , (30)

respectively. Eq. (30) assumes that the mechanical energy loss due to 
the Darcy–Forchheimer drag is dissipated as internal energy at the local 
fluid temperature 𝑇𝑓 , analogous to the dissipation of kinetic energy.

Similarly, taking volume average of 𝜌𝑓
𝑑𝑏𝑓
𝑑𝑡 + 𝜌𝑠

𝑑𝑏𝑠
𝑑𝑡  and considering 

Eqs. (14) and (15), there is 
⟨

𝜌𝑓
𝑑𝑏𝑓
𝑑𝑡

+ 𝜌𝑠
𝑑𝑏𝑠
𝑑𝑡

⟩

=
⟨

𝜌𝑓
𝑑ℎ𝑓

𝑑𝑡
+ 𝜌𝑠

𝑑ℎ𝑠

𝑑𝑡
− 𝑇0

(

𝜌𝑓
𝑑𝑠𝑓
𝑑𝑡

+ 𝜌𝑠
𝑑𝑠𝑠
𝑑𝑡

)

+ 𝜌𝑓
𝑑𝑘
𝑑𝑡

⟩

.

(31)

Substituting Eqs. (20), (21), (23) and (26) into Eq. (31), the follow-
ing macroscopic transport equation of exergy can be obtained and 
5 
expressed as, 
⟨

𝜌𝑓
𝑑𝑏𝑓
𝑑𝑡

+ 𝜌𝑠
𝑑𝑏𝑠
𝑑𝑡

⟩

= 𝜙
𝜕 ⟨𝑝⟩𝑓

𝜕𝑡
+ 𝜕

𝜕𝑥𝑖

(

𝑘̃𝑓

(

1 −
𝑇0

⟨

𝑇𝑓
⟩𝑓

)

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖

)

+ 𝜕
𝜕𝑥𝑖

(

𝑘̃𝑠

(

1 −
𝑇0

⟨𝑇𝑠⟩
𝑠

)

𝜕 ⟨𝑇𝑠⟩
𝑠

𝜕𝑥𝑖

)

− 𝑇0
(

𝑠̇𝑚𝑎𝑐ℎ𝑠𝑓 + 𝑠̇𝑚𝑎𝑐ℎ𝑡𝑓 + 𝑠̇𝑚𝑎𝑐ℎ𝑡𝑠 + 𝑠̇𝑚𝑎𝑐𝑝𝑟𝑒

)

.

(32)

Eq.  (32) shows that, the exergy is destructed due to the entropy 
generation. The corresponding exergy loss coefficients are termed as 
thermal loss coefficient 
𝜁𝑏ℎ𝑠𝑓 = 1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙
𝑙̇ℎ𝑠𝑓𝑑𝑉 𝑑𝑡 = 1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙
𝑇0𝑠̇

𝑚𝑎𝑐
ℎ𝑠𝑓𝑑𝑉 𝑑𝑡, (33)

fluid conduction loss coefficient 
𝜁𝑏ℎ𝑡𝑓 = 1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙
𝑙̇ℎ𝑡𝑓𝑑𝑉 = 1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙
𝑇0𝑠̇

𝑚𝑎𝑐
ℎ𝑡𝑓 𝑑𝑉 𝑑𝑡, (34)

solid conduction loss coefficient 
𝜁𝑏ℎ𝑡𝑠 =

1
𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙

𝑙̇ℎ𝑡𝑠𝑑𝑉 = 1
𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙

𝑇0𝑠̇
𝑚𝑎𝑐
ℎ𝑡𝑠 𝑑𝑉 𝑑𝑡, (35)

and pressure loss coefficient 

𝜁𝑏𝑝𝑟𝑒 =
1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙
𝑙̇𝑝𝑟𝑒𝑑𝑉 = 1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑣𝑜𝑙
𝑇0𝑠̇

𝑚𝑎𝑐
𝑝𝑟𝑒 𝑑𝑉 𝑑𝑡. (36)

where 𝐵𝑐ℎ𝑔 represents the difference between the total exergy entering 
the tank during the charging process and that entering the tank during 
the discharging process. 𝑙̇ℎ𝑠𝑓 , 𝑙̇ℎ𝑡𝑓 , 𝑙̇ℎ𝑡𝑠 and 𝑙̇𝑝𝑟𝑒 are the (local) exergy 
loss intensities due to the heat transfer between solid and fluid, heat 
transfer in the fluid, heat transfer in the solid and pressure loss, 
respectively. Integrating them in the tank volume yields the exergy loss 
rates 𝐿̇ℎ𝑠𝑓 , 𝐿̇ℎ𝑡𝑓 , 𝐿̇ℎ𝑡𝑠 and 𝐿̇𝑝𝑟𝑒. Besides these losses that occur inside the 
porous medium, the exergy is also lost at the boundary surfaces. The 
corresponding loss coefficients are the exit loss coefficient (due to the 
outflow of the HTF at the bottom tank) 

𝜁𝑏𝑏𝑜𝑡 =
1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐
𝐿̇𝑏
𝑏𝑜𝑡𝑑𝑡 =

1
𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐 ∫𝑏𝑜𝑡

𝜙
⟨

𝜌𝑓
⟩𝑓

⟨𝑢𝑖⟩
𝑓 ⟨

𝑏𝑓
⟩𝑓 𝑛𝑖𝑑𝐴𝑑𝑡, (37)

and the heat leakage loss coefficient (due to the heat release at the wall 
surfaces) 

𝜁𝑏𝑤𝑎𝑙 =
1

𝐵𝑐ℎ𝑔 ∫𝑐𝑦𝑐
𝐿̇𝑏
𝑤𝑎𝑙𝑑𝑡 =

1
𝐵𝑐ℎ𝑔

∫𝑐𝑦𝑐 ∫𝑤𝑎𝑙

(

𝑘̃𝑓

(

1 −
𝑇0

⟨𝑇𝑠⟩
𝑓

)

𝜕
⟨

𝑇𝑓
⟩𝑓

𝜕𝑥𝑖
+ 𝑘̃𝑠

(

1 −
𝑇0

⟨𝑇𝑠⟩
𝑠

)

𝜕 ⟨𝑇𝑠⟩
𝑠

𝜕𝑥𝑖

)

𝑛𝑖𝑑𝐴𝑑𝑡.

(38)

The total exergy loss coefficient, denoted by 
𝜁𝑏𝑡𝑜𝑡 = 𝜁𝑏ℎ𝑠𝑓 + 𝜁𝑏ℎ𝑡𝑓 + 𝜁𝑏ℎ𝑡𝑠 + 𝜁𝑏𝑝𝑟𝑒 + 𝜁𝑏𝑏𝑜𝑡 + 𝜁𝑏𝑤𝑎𝑙 , (39)

is the sum of the exergy loss coefficients due to the aforementioned 
mechanisms. These loss coefficients are termed to be consistent with 
the definitions by White, et al. (2016) [23], while they can be used 
to perform the SLA of multi-dimensional CFD results. The sources of 
modeling errors in the macroscopic equations arise from the assump-
tions made during the volume-averaging of the microscopic equations. 
These include the uncertainty of the REV size, modeling of the drag 
force 𝐹𝑖, the effective thermal conductivities 𝑘̃𝑓  and 𝑘̃𝑠, the interfacial 
heat transfer coefficient 𝛼, the neglection of the momentum and ther-
mal dispersions, and the assumption that the pressure loss is entirely 
dissipated into internal energy.

2.3. Solver for macroscopic simulations and numerical methods

In this study the macroscopic Eqs. (18)–(21) are solved. The pore-
scale geometry of the packed bed is modeled, rather than explicitly 
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Table 1
Main parameters used in the experiments by the 
PROMES-CNRS laboratory. The parameter with ∗ is ten-
tatively given in this study.
 Energy 8.3 kWhT  
 Discharge time 𝑡𝑑𝑖𝑠 3 h  
 ∗Charge time 𝑡𝑐ℎ𝑔 3 h  
 Tank height 𝐻 1.8m  
 Tank diameter 𝐷 0.4m  
 Tank volume 𝑉 0.23m3  
 Tank surface area 𝐴 2.26m2  
 Porosity 𝜙 0.41  
 Particle diameter 𝑑𝑝 40mm  
 Permeability 𝐾 1.76 × 10−6 m2 
 HTF mass flow rate 𝑚̇ 0.019 kgm−1  
 HTF high temperature 𝑇𝐻 483K  
 HTF low temperature 𝑇𝐿 433K  

resolved, by employing a homogeneous porous medium assumption. 
Pore-scale geometry of the packed-bed is modeled, not directly re-
solved, with a homogenous porous-medium assumption. A finite vol-
ume method is used for the simulation. The solver is developed based 
on the conjugate heat transfer solver chtMultiRegionFoam from the 
open-source code package OpenFOAM 22.12. An Euler implicit scheme 
is used for the time discretization. A second-order central difference 
scheme is used for the convective terms in the momentum and energy 
equations of the fluid phase. A second order central difference scheme 
is used for the diffusion terms in both the fluid and solid phases. The 
solid and fluid regions completely overlap. The temperature of each 
phase is interpolated into the other phase to calculate the heat source 
term due to the heat transfer rate between the two phases. The same 
numerical schemes used for the fluid phase have also been applied in 
our previous studies on pore-scale resolved simulations of convection in 
porous media [29–32], as well as in macroscopic simulations [33,34]. 
In the present study, conjugate heat transfer between the fluid and solid 
phases is additionally considered. Therefore, further validation of the 
solver is performed.

3. Description of test cases and validation

To demonstrate the application of the SLA to system optimization, 
we have simulated the charge and discharge process of a laboratory-
scale packed-bed SHS system. The experiment was performed in the 
PROMES-CNRS laboratory and reported in [6]. In the experiment, the 
storage tank, which is filled with quartzite rocks (TESM), is heated and 
cooled with rapeseed oil. The oil acts as the heat transfer fluid (HTF) 
and flows through the tank. A schematic illustration of the studied SHS 
system is shown in Fig.  1. The computational domain is assumed to be 
axi-symmetric to reduce the computational cost. The main parameters 
used in the experiments are shown in Table  1. The permeability 𝐾 is 
calculated using the Carman–Konzeny equation [35], expressed as 

𝐾 =
𝑑2𝑝𝜙

3

180 (1 − 𝜙)2
. (40)

The properties of the HTF and the TESM are shown in Table  2. The 
working fluid used in the experiments is liquid rapeseed oil, which is 
also adopted in the present simulations. Within the temperature range 
considered in this study (433–483 K), the density variation of the oil 
is approximately 4% relative to the reference value (𝜌𝑓 = 804 kgm−3). 
Therefore, the fluid density is assumed to be constant in the present 
model, and buoyancy effects associated with temperature-dependent 
density variations are neglected.

The tank is insulated with 𝛿𝑤 = 20 cm of rock wool covered with 
aluminum. The insulation effect is modeled at the wall surface. The 
corresponding boundary conditions for the fluid and solid phases are 

𝑘̃𝑓𝐧 ⋅ 𝛁𝑇𝑓 = 𝜙𝑘𝑤
𝑇𝑜 − 𝑇𝑤𝑓 = 𝜙𝛼𝑎

(

𝑇𝑎 − 𝑇𝑜
)

, (41)

𝛿𝑤
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Table 2
Thermal properties of the HTF and TESM.
 HTF density 𝜌𝑓 804 kgm−3  
 TESM density 𝜌𝑠 2500 kgm−3  
 HTF heat capacity 𝐶𝑝𝑓 2086 − 0.84𝑇𝑓 J kg−1 K−1  
 TESM heat capacity 𝐶𝑝𝑠 830 J kg−1 K−1  
 HTF heat conductivity 𝑘𝑓 0.0981 − 2.4 × 10−4𝑇𝑓 Wm−1 K−1 
 TESM heat conductivity 𝑘𝑠 5.69 Wm−1 K−1 
 HTF dynamic viscosity 𝜇𝑓 0.02184 − 3.9 × 0−5𝑇𝑓 Pa s  

Table 3
Boundary conditions used in the study.
 Velocity Temperature Temperature Pressure  
 (fluid) (solid)  
 Charge:  
 Top Zero-gradient Constant 𝑇𝐻 Zero-gradient Constant 𝑝1  
 Bottom Zero-gradient Zero-gradient Zero-gradient Constant 𝑝0  
 Wall Slip Eq.  (41) Eq.  (42) Zero-gradient 
 Discharge:  
 Top Zero-gradient Zero-gradient Zero-gradient Constant 𝑝0  
 Bottom Zero-gradient Constant 𝑇𝐶 Zero-gradient Constant 𝑝1  
 Wall Slip Eq.  (41) Eq.  (42) Zero-gradient 

and 

𝑘̃𝑠𝐧 ⋅ 𝛁𝑇𝑠 = (1 − 𝜙) 𝑘𝑤
𝑇𝑜 − 𝑇𝑤𝑠

𝛿𝑤
= (1 − 𝜙) 𝛼𝑎

(

𝑇𝑎 − 𝑇𝑜
)

. (42)

Here 𝑇𝑤𝑓  and 𝑇𝑤𝑠 are the inner wall surface temperatures of the fluid 
and solid phases, respectively. It is assumed that their difference is 
small. 𝑇𝑜 is the external surface temperature of the insulation. 𝑇𝑎 is 
the ambient temperature, which is assumed to be 300K. According to 
the experimental study [6], the total thermal resistance between the 
storage tank and the ambient environment is reported to be in the range 
𝑅𝑡ℎ = 0.65 − 0.83KW−1. In the present study, an intermediate value 
𝑅𝑡ℎ = 0.7KW−1 is adopted. Using the tank surface area 𝐴 = 2.26 m2

(see Table  1), the corresponding heat transfer coefficient 𝛼𝑎 can be 
calculated as 1∕(𝐴𝑅𝑡ℎ) = 0.63 Wm−2K−1.

A slip boundary condition is applied at the tank boundary walls. The 
viscous layer near the wall surfaces is neglected since its effect is limited 
to a very thin boundary layer close to the wall [35]. Table  3 summarizes 
the boundary conditions in the simulations. The ambient pressure 𝑝0 is 
set to the atmospheric pressure (𝑝0 = 101325 Pa). The inlet pressure 𝑝1
is adjusted during the simulation to ensure that the prescribed mass 
flow rate is achieved (0.19 kgm−2 s−1 for the experimental case). The 
gravitational force is not considered explicitly since it can be combined 
with the pressure gradient term and it does not cause losses in energy or 
exergy. Initially, the velocity, temperature, and pressure fields are set 
to zero velocity, 𝑇𝐶 , and 𝑝0, respectively. A steady-state solver is first 
employed to compute the velocity and pressure fields. It is assumed that 
the flow field remains unchanged during the charging and discharging 
processes. Subsequently, the transient temperature field is calculated 
using an unsteady solver while keeping the flow field fixed.

The pressure, velocity, and energy residual tolerances are set to 
10−6, 10−12, and 10−12 respectively. Three mesh resolutions are used 
to examine their effect on the numerical simulations, corresponding to 
100 (mesh A), 150 (mesh B), and 200 (mesh C) mesh cells per meter. 
Fig.  2a shows the time evolution of the HTF temperature at the tank 
centerline obtained using the three mesh resolutions. The numerical 
results change slightly when the mesh resolution is increased from mesh 
A to mesh B, while almost no difference is observed when the mesh 
resolution is further increased to mesh C. In addition, the numerical 
results obtained with time steps of 𝑑𝑡 = 1 s and 0.5 s are nearly identical. 
Based on the mesh resolution and time-step sensitivity study, mesh C 
and 𝑑𝑡 = 1 s are adopted in this study.

Each test case is computed using a single processor (Intel E5-2680v4 
or AMD EPYC 9354) at the computing center of Hamburg University 
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Fig. 2. Time evolution of the HTF temperature along the centerline. (a) Comparison of numerical results obtained with mesh A (20 × 180), mesh B (30 × 270), 
and mesh C (40 × 360). (b) Comparison of results obtained with time steps of 𝑑𝑡 = 1 s and 0.5 s.
Fig. 3. Time evolution of the HTF temperature at the center line. The 
numerical results are compared with the experimental results in [6].

of Technology. The simulation of one complete cycle (charging and 
discharging) requires approximately 31 min of wall-clock time. Due 
to the relatively simple tank geometry and moderate grid size, the 
computational cost remains manageable even for transient multi-cycle 
simulations.

The numerical results are compared with the experimental data 
in [6], see Fig.  3. There is a slight discrepancy between the two results, 
as the experiment has not been fully represented in the simulation. For 
instance, the heat release at the wall is modeled using zero-dimensional 
Eqs. (41) and (42), while the heat conduction within the insulating 
walls is neglected. However, it is expected that this difference will not 
affect our analysis.

4. Results and discussion

The three-hour charging duration is adopted based on the experi-
mental study of this test case [6], in which the storage tank is reported 
to be nearly fully charged after approximately three hours of oper-
ation. Therefore, the same charging duration is used in the present 
simulations to remain consistent with the experimental conditions. 
Since experimental data for the discharge process are not available, the 
discharge duration is also set to three hours for consistency. Additional 
numerical tests show that the storage tank is nearly fully discharged 
within this period. Similar to [27], we have neglected the heat released 
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during the storing time between charge and discharge. Eleven charge–
discharge cycles are calculated, see Fig.  4. A fully developed cycle, 
which is also called a steady-state cycle in [27], is obtained by the third 
cycle. The flow and temperature fields change periodically once the 
charge–discharge process is fully developed. We use the results of one 
fully developed cycle in our analysis. Fig.  5 shows the fluid temperature 
fields in a fully-developed charge–discharge cycle. For simplicity, the 
starting time of this cycle is set to 𝑡 = 0 h, whose results are the same 
as those at the end of the cycle (𝑡 = 6 h). The thermocline indicated 
by the region between 𝑇𝑓 = 455K and 𝑇𝑓 = 465K can be clearly seen 
during the charge (𝑡 = 1 h and 2 h) and discharge (𝑡 = 4 h and 5 h). The 
thermocline in the solid phase is very similar to the thermocline in the 
fluid phase; therefore, they are assumed to be the same.

4.1. Energy and exergy loss coefficients

Fig.  6 shows the (thermal) energy and exergy loss rates during 
a fully developed cycle. The energy analysis shows that the primary 
energy losses occur at the system boundaries, due to heat release at the 
outlet during the charging process and heat leakage through the tank 
wall. The heat leakage loss (𝐿̇𝑒

𝑤𝑎𝑙) is considerably smaller than the exit 
loss (𝐿̇𝑒

𝑏𝑜𝑡) and remains relatively constant throughout the cycle. During 
the discharging process, the flow direction is reversed and the bottom 
boundary becomes the inlet, through which cold fluid enters the storage 
tank. Consequently, the heat loss associated with the outlet flow at the 
bottom no longer occurs. This change in the boundary condition leads 
to the sudden decrease in the energy and exergy loss rates observed 
after the charging stage in Fig.  6.

Losses in external system components (e.g., pipes, pumps, or heat 
exchangers outside the storage tank) are not included in the present 
analysis, since the focus of this study is the thermodynamic perfor-
mance of the storage tank itself. In addition, as stated in [23], the 
exit loss cannot always be regarded as a real loss because the HTF 
leaving the tank may be utilized by other components in the cycle. 
This assumption is particularly relevant for integrated energy systems, 
such as concentrated solar power plants, where the outlet HTF from 
the storage tank can be directly supplied to downstream. In such cases, 
the exergy carried by the outlet flow can still be recovered and used 
within the overall system. By contrast, in standalone storage systems, 
where the outlet HTF is not directly utilized by other components, 
the exit exergy should be treated as a real thermodynamic loss. To 
account for this uncertainty, two limiting conditions are considered in 
the analysis. In the first case, the exit loss is treated as a pure loss from 
the storage system. In the second case, the exit exergy is assumed to 
be fully recoverable. These two assumptions provide upper and lower 
bounds for the thermodynamic losses associated with the outlet flow.



Y. Jin et al. Applied Thermal Engineering 300 (2026) 131220 
Fig. 4. Time evolution of the averaged HTF temperature at the top and bottom of the storage tank.
Fig. 5. Fluid temperature 𝑇𝑓  fields during charge (0 h–3 h) and discharge 
(3 h–6 h). The iso-surfaces of 𝑇 = 463 K (black lines) and 𝑇 = 453 K (white 
lines) are shown to indicate the location of the thermocline. The axis of the 
tank is indicated at 𝑇 = 1 h.

The internal flow and heat transfer processes do not lead to a net 
energy loss from the storage tank, but lead to internal irreversibilities, 
see Fig.  6b. These internal irreversibilities include thermal loss (due 
to heat transfer between the fluid and solid phases), fluid conduction 
loss (due to heat conduction in the fluid phase), solid conduction loss 
(due to heat conduction in the solid phase), and pressure loss associ-
ated with flow resistance. These loss mechanisms are quantified using 
Eqs. (33)–(36) based on the CFD results. The numerical results show 
that, besides the external losses, internal losses such as the thermal loss 
(𝐿̇𝑏

ℎ𝑠𝑓 ) and the solid conduction loss 𝐿̇𝑏
ℎ𝑡𝑠 are not negligible. Fig.  7 shows 

the internal losses in details. The thermal loss accounts for the largest 
share. This can be explained with the solid particles size used in the 
experiment. They are relatively large, which reduces the efficiency of 
heat transfer between the fluid and solid phases. In addition, the solid 
conduction loss (𝐿̇𝑏

ℎ𝑡𝑠) is more significant than the fluid conduction loss 
(𝐿̇𝑏

ℎ𝑡𝑓 ) because the thermal conductivity of the solid phase is higher 
than that of the fluid phase which leads to a higher entropy production 
(see (28), (29)) and hence a higher exergy loss. The pressure loss 
strongly depends on the mass flow rates considered, and thus on the 
corresponding velocities. In this particular case the pressure loss (𝐿̇𝑏

𝑝𝑟𝑒) 
is comparatively smalldue to the highly laminar flow and very low 
velocity. A comprehensive comparison of the energy and exergy loss 
coefficients is shown in Fig.  8, where the energy loss coefficients are 
calculated as 𝜁𝑒𝑤𝑎𝑙 =

1
𝑄𝑐ℎ𝑔

∫𝑐𝑦𝑐 𝐿̇
𝑒
𝑤𝑎𝑙𝑑𝑡 and 𝜁𝑒𝑏𝑜𝑡 =

1
𝑄𝑐ℎ𝑔

∫𝑐𝑦𝑐 𝐿̇
𝑒
𝑏𝑜𝑡𝑑𝑡.

Based on the numerical results, we can determine where the losses 
occur and how strong they are. It is already known that the exit loss 
occurs at the bottom of the tank and the heat leakage loss occurs at the 
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wall surface. The other losses occur within the tank. Fig.  9 shows the in-
stantaneous exergy loss intensities, 𝑏̇𝑏ℎ𝑠𝑓  and 𝑏̇𝑏ℎ𝑡𝑠, at typical time instants 
during the charge (𝑡 = 1, 2, 3 h) and discharge (𝑡 = 4, 5, 6 h) processes. As 
can be seen in the figure, the thermal and the solid conduction losses 
occur very close to the thermocline indicated by the region between 
the iso-surfaces of 𝑇 = 455 K and 𝑇 = 465 K. Both 𝑏̇𝑏ℎ𝑠𝑓  and 𝑏̇𝑏ℎ𝑡𝑠
are larger near the beginning of the charge or discharge processes, 
suggesting stronger heat transfer during these periods. The thermocline 
moves slightly faster than 𝑏̇𝑏ℎ𝑠𝑓  and 𝑏̇𝑏ℎ𝑡𝑠. This occurs because the heat 
transfer between the fluid and solid, as well as the heat conduction 
within the solid, only happen once the surrounding fluid has reached a 
high temperature. Additionally, it can be also seen that the thermocline 
is slightly inclined to the wall surface, which is due to the heat release 
at the wall.

4.2. Effect of tank aspect ratio

To reduce the total (energy or exergy) loss, we have kept the tank 
volume at the original value 𝑉 = 0.23m3, then studied the effect of the 
tank aspect ratio 𝐷∕𝐻 on the loss coefficients. The studied tank diame-
ter 𝐷 ranges from 0.4m to 1.2m. The corresponding tank height ranges 
from 1.8m to 0.2m. Fig.  10 shows that, the energy exit loss coefficient 
𝜁𝑒𝑏𝑜𝑡 increases as 𝐷 increases. This is because that increasing the tank 
diameter reduces the fluid velocity, which weakens the heat transfer 
between the fluid and solid phases. Meanwhile, the heat leakage loss 
coefficient 𝜁𝑒𝑤𝑎𝑙 decreases as the wall surface area decreases. The energy 
analysis favors a low tank aspect ratio 𝐷∕𝐻 for the parameters under 
consideration. It is expected that there is a minimum value of 𝜁𝑒𝑡𝑜𝑡 at a 
vary small tank diameter, which is not considered in this study. Note 
that this study does not consider the storage time between the end of 
charging and the start of discharging. If this is taken into account, the 
heat leakage loss could be more significant.

The trend of the exergy loss coefficient 𝜁𝑏𝑡𝑜𝑡 is similar to that of 𝜁𝑒𝑡𝑜𝑡
since the exit loss dominates the total loss, see Fig.  10b. However, 
if the exit loss is not considered a real loss, then the other losses 
become significant, see Fig.  11. Among the irreversible losses, the 
heat leakage loss coefficient 𝜁𝑏𝑤𝑎𝑙 decreases as 𝐷 increases, while the 
conduction loss coefficients 𝜁𝑏ℎ𝑡𝑠 and 𝜁𝑏ℎ𝑡𝑓  increase due to the large cross-
section of the thermocline. The exergy thermal loss is influenced by 
two competing effects: a reduced heat transfer coefficient between the 
solid and fluid phases tends to decrease entropy generation, while an 
increased temperature difference between the solid and fluid phases 
enhances irreversibility. As a result of these competing mechanisms, 
the thermal loss coefficient 𝜁𝑏ℎ𝑠𝑓  exhibits a minimum value at 𝐷 = 0.8m
and 𝐻 = 0.45m. These losses lead to an optimal tank diameter of 
𝐷 = 0.6m and an optimal tank height of 𝐻 = 0.8m (𝐷 ∕𝐻 =
𝑜𝑝𝑡 𝑜𝑝𝑡 𝑜𝑝𝑡 𝑜𝑝𝑡
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Fig. 6. Energy (a) and exergy (b) loss rates due to different mechanisms in a fully-developed charge–discharge cycle.
Fig. 7. Internal exergy loss rates due to different mechanisms in a fully-
developed charge–discharge cycle.

Fig. 8. Total energy and exergy loss coefficients and those due to different 
mechanisms.

0.75). Through optimization, the total loss coefficient 𝜁𝑏𝑡𝑜𝑡 is minimized 
to 4.5%, whereas 𝜁𝑏𝑡𝑜𝑡 for the original storage tank is 4.9%.

Fig.  12 shows the locations and strengths of the thermal and solid 
conduction losses in the optimized storage tank. Compared to the orig-
inal storage tank, the thermal loss intensity is weaker in the optimized 
tank, while the solid conduction loss becomes stronger, see Figs.  9 and
9 
Fig. 9. Thermal loss intensity 𝑙̇ℎ𝑠𝑓  (a) and solid conduction loss intensity 𝑙̇ℎ𝑡𝑠
for the original storage tank during the charge (0h–3h) and discharge (3h–6h). 
The iso-surfaces of 𝑇 = 463K (black lines) and 𝑇 = 453K (white lines) are 
shown to indicate the location of the thermocline.

12 for comparison. The thermocline still moves faster than the regions 
loss, however the lag is less evident.

4.3. Effect of particle size

The particle size 𝑑𝑝 significantly affects energy or exergy losses. On 
the one hand, decreasing 𝑑𝑝 enhances the heat transfer of the fluid and 
solid. This reduces the exit and thermal losses, thus improving the effi-
ciency of a TES system. However, a decrease in 𝑑𝑝 also causes a larger 
pressure loss, reducing the exergy storage efficiency 𝜂𝐼𝐼 . Therefore, a 
SLA of the effect of 𝑑𝑝 on a SHS system often yields an optimal 𝑑𝑝, 
which results in a minimum total loss coefficient 𝜁𝑏 .
𝑡𝑜𝑡
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Fig. 10. Effect of the tank diameter 𝐷 on the energy (a) and exergy (b) loss coefficients due to different mechanisms. The tank volume is kept as a constant 
(0.23m3). The exit loss is taken into account in the total loss.
Fig. 11. Effect of the tank diameter 𝐷 on the exergy loss coefficients due to 
different mechanisms. The tank volume is kept constant (0.23 m3). The exit 
loss is not taken into account in the total loss.

Fig. 12. Thermal loss intensity 𝑙̇ℎ𝑠𝑓  (a) and solid conduction loss intensity 𝑙̇ℎ𝑡𝑠
for the storage tank with 𝐷∕𝐻 = 0.75 during the charge (0 h–3 h) and discharge 
(3 h–6 h). The iso-surfaces of 𝑇 = 463 K (black lines) and 𝑇 = 453 K (white 
lines) are shown to indicate the location of the thermocline.
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However, the SLA of the present TES system does not provide an 
optimized 𝑑𝑝 value, see Fig.  13. The total energy loss coefficient 𝜁𝑒𝑡𝑜𝑡
and the exergy loss coefficient 𝜁𝑏𝑡𝑜𝑡 both decrease as 𝑑𝑝 decreases. This 
is because the pressure loss in the current storage tank is very small 
due to the low flow velocity (𝑣 = 8.4 × 10−5 m∕s for the optimized 
tank). Using the particles with their original size (𝑑𝑝 = 40mm) results 
in a pressure drop of only 0.08 Pa, while reducing the particle size to 
2mm increases the pressure drop to 30.4 Pa, which remains relatively 
low. The pressure loss is significantly smaller than the other losses. 
Consequently, we have not identified an optimized 𝑑𝑝 that minimizes 
the total exergy loss coefficient 𝜁𝑏𝑡𝑜𝑡.

The total exergy loss coefficient 𝜁𝑏𝑡𝑜𝑡 does not provide an optimized 
particle size either when the exit loss is not considered, as shown in Fig. 
14. As the tank’s aspect ratio 𝐷∕𝐻 decreases from 0.75 to 0.22 (the 
original value), the total exergy loss coefficient still decreases with a 
decrease in 𝑑𝑝, but more sharply (Fig.  15). However, since considering 
𝜁𝑏𝑡𝑜𝑡 decreases very slowly with a decrease in 𝑑𝑝 when 𝑑𝑝 ≤ 8mm, we use 
the particles with 𝑑𝑝 = 8mm in our optimization. Fig.  16 shows that the 
thermal loss intensity weakens further as the particle size decreases, 
while the solid conduction loss intensity increases. Additionally, it 
can be seen that the thermocline becomes more parallel after the 
optimization, suggesting that the effect of the heat leakage at the wall 
becomes smaller.

4.4. Truncated-cone-shaped storage tanks

Based on the multi-dimensional CFD results, we can optimize the 
tank geometry to further improve the storage efficiency. One option for 
the shape optimization is replacing the current cylindrical tank with 
a truncated cone-shaped tank. The tank volume and height are kept 
constant at 𝑉 = 0.23m3 and 𝐻 = 0.8m. The truncated cone has an 
upper surface diameter 𝐷1 and a lower surface diameter 𝐷2. We define 
an equivalent diameter 𝐷0 as the diameter of a cylinder with the same 
volume and height as the truncated cone. For the cylinder optimized 
in Section 4.2, the equivalent diameter is 𝐷0 = 0.8m. In this study, we 
have investigated 𝐷1 in the range of 0.4m to 1.0m (0.33 ≤ 𝐷1∕𝐷0 ≤
1.67).

The effect of the diameter ratio 𝐷1∕𝐷0 on the energy and exergy loss 
coefficients is shown in Fig.  17. The exit loss is taken into account in 
the total loss in these figures. 𝐷1∕𝐷0 affects the spatial distribution of 
the heat transfer coefficient and thus the entropy generation inside the 
tank. The CFD results show that a slightly larger top diameter improves 
the heat transfer in the colder region of the tank and reduces the total 
energy or exergy loss coefficients. The minimum energy loss coefficient, 
𝜁𝑒𝑡𝑜𝑡 = 18.8%, is obtained as 𝐷1 is set to the optimal value 𝐷1,𝑜𝑝𝑡 = 0.64𝑚
(𝐷 ∕𝐷 = 1.07). However, the SLA suggests a slightly higher optimal 
1,𝑜𝑝𝑡 0



Y. Jin et al. Applied Thermal Engineering 300 (2026) 131220 
Fig. 13. Effect of the particle size 𝑑𝑝 on the energy (a) and exergy (b) loss coefficients due to different mechanisms. The tank height and diameter are 𝐻 = 0.8m
and 𝐷 = 0.6m (𝐷∕𝐻 = 0.75). The exit loss is taken into account in the total loss.
Fig. 14. Effect of the particle size 𝑑𝑝 on the exergy loss coefficients due 
to different mechanisms. The tank height and diameter are 𝐻 = 0.8m and 
𝐷 = 0.6m (𝐷∕𝐻 = 0.75). The exit loss is not taken into account in the total 
loss.

Fig. 15. Particle size 𝑑𝑝 versus total exergy loss coefficients for different tank 
height-diameter ratios. The exit loss is not taken into account in the total loss.
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Fig. 16. Thermal loss intensity 𝑙̇ℎ𝑠𝑓  (a) and solid conduction loss intensity 𝑙̇ℎ𝑡𝑠
for the storage tank with 𝐷∕𝐻 = 0.75 and 𝑑𝑝 = 8mm during charge (0 h–3 h) 
and discharge (3 h–6 h). The iso-surfaces of 𝑇 = 463 K (black lines) and 
𝑇 = 453 K (white lines) are shown to indicate the location of the thermocline.

value of 𝐷1,𝑜𝑝𝑡 = 0.68𝑚 (𝐷1,𝑜𝑝𝑡∕𝐷0 = 1.13). Additionally, 𝜁𝑏𝑡𝑜𝑡 increases 
very slowly as 𝐷1 increases beyond its optimal value. The total energy 
and exergy exit loss coefficients at their optimal 𝐷1 values are only 
slightly smaller than that of an equivalent cylindrical tank.

If the exit loss is not considered a real loss, then the optimal value of 
𝐷1 is 𝐷1, 𝑜𝑝𝑡 = 0.6𝑚 (𝐷1, 𝑜𝑝𝑡∕𝐷0 = 1), meaning the optimal geometry is a 
cylinder, see Fig.  18. This differs from the study of Li, et al. (2018) [14], 
who suggest that the truncated cone-shaped tank has better tempera-
ture stratification and thermal charging efficiency than cylindrical and 
spherical tanks. One possible reason of this discrepancy is that different 
HTF and THSM are used in this study, which may significantly affect 
on the optimal tank geometry. Additionally, a much more complicated 
heating system is studied in [14], which has a significant effect on the 
losses.

Fig.  19 shows the solid conduction loss intensity 𝑙̇ℎ𝑡𝑠 at typical 
times during a charge–discharge cycle. The change in 𝑙̇ℎ𝑡𝑠 is the most 
significant among internal losses when the exit loss is not considered, 
see Fig.  18. As can be seen, the solid conduction loss during discharge 
is much stronger than during charge. This is due to the strong thermal 
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Fig. 17. Effect of the diameter ratio 𝐷1∕𝐷0 on the energy (a) and exergy (b) loss coefficients due to different mechanisms. The tank volume is kept as (𝑉 = 0.23m). 
The exit loss is taken into account in the total loss.
Fig. 18. Effect of the diameter ratio 𝐷1∕𝐷0 on the energy (a) and exergy 
(b) loss coefficients due to different mechanisms. The tank volume is kept as 
(𝑉 = 0.23m). The exit loss is not taken into account in the total loss.

conduction in the solid phase at the start of the discharge process. 
Another interesting phenomenon is that, as 𝐷1∕𝐷0 increases, the total 
energy loss coefficient 𝜁𝑒𝑡𝑜𝑡 increases beyond the optimal value, however, 
𝜁𝑏𝑡𝑜𝑡 almost does not change. Fig.  20 shows the temperature fields at the 
end of the discharge process (or the start of the charge process) for three 
𝐷1∕𝐷0 values (0.8, 1.0 and 1.2) and explains this phenomenon. On the 
one hand, the remaining energy in the tank after the discharge increases 
as 𝐷1∕𝐷0 increases. This results in a higher energy loss coefficient 𝜁𝑒
during charging. However, the iso-surfaces of 𝑇 = 433 K and 434K
shown in the figure suggest that, as 𝐷1∕𝐷0 increases, the temperature 
becomes more uniformly distributed near the tank bottom. This leads to 
higher entropy near the tank bottom, which reduces the exergy leaving 
the tank during charging. Fig.  21 shows the time evolution of the exit 
loss rate 𝐿̇𝑏

𝑏𝑜𝑡 during the charge. It confirms that, as 𝐷1∕𝐷0 increases, 
𝐿̇𝑏
𝑏𝑜𝑡 is lower during the earlier discharge period and higher during 

the later period. This explains why 𝜁𝑏𝑡𝑜𝑡 changes very slightly as 𝐷1∕𝐷0
increases beyond its optimal value.

4.5. Final results of optimization

Summarizing the results above, we are able to optimize the packed-
bed SHS system. If only an energy analysis is considered and the exit 
loss is excluded, the results suggest that reducing the tank height and 
the particle size would continuously improve the storage performance. 
12 
Fig. 19. Volume averaged exergy loss rates due to the heat transfer in the solid 
phase 𝑙̇ℎ𝑡𝑠 during charge (0 h–3 h) and discharge (3 h–6 h). The iso-surfaces of 
𝑇 = 463 K (black lines) and 𝑇 = 453 K (white lines) are shown to indicate 
the location of the thermocline. The results for 𝐷1 = 0.68m, 𝐷2 = 0.48m, 
𝐻𝑜𝑝𝑡 = 0.8m and particle size (𝑑𝑝,𝑜𝑝𝑡 = 8mm) are shown.

Fig. 20. Temperature fields for 𝐷1∕𝐷0 = 0.8, 1 and 1.2 at the end of discharge 
(𝑡 = 6 h). The white and black lines indicate the iso-surfaces of 𝑇 = 434 K and 
433 K, respectively.

In this case, no optimal design can be identified. In contrast, the second-
law analysis (SLA) evaluates the destruction of available work and 
reveals the trade-offs between different loss mechanisms. Based on the 
main parameters shown in Table  1, we recommend using a truncated 
cone-shaped tank with height of 𝐻𝑜𝑝𝑡 = 0.8m, an upper surface diam-
eter of 𝐷1, 𝑜𝑝𝑡 = 0.68m and a lower surface diameter of 𝐷2, 𝑜𝑝𝑡 = 0.52m
(𝐷1, 𝑜𝑝𝑡∕𝐷0 = 1.13). The tank is filled with the particles of 𝑑𝑝, 𝑜𝑝𝑡 = 8mm, 
while the other parameters remain unchanged. Through optimization, 
the total exergy loss coefficient 𝜁𝑏𝑡𝑜𝑡 is reduced by approximately 16.3% 
from 4.9% to 4.1% when the exit loss is not considered a real loss. The 
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Fig. 21. Time evolution of the exit exergy loss rate 𝐿̇𝑏
𝑏𝑜𝑡 for 𝐷1∕𝐷0 = 0.8, 1 

and 1.2 during the charge.

Fig. 22. Comparison of the exergy loss rate and its components for the original 
(dash-dotted lines) and optimized (solid lines) designs. The exit loss is not 
taken into account in the total loss.

comparison of the total exergy loss rate and its components for the orig-
inal and optimized designs is shown in Fig.  22. As can be seen, the heat 
leakage loss (𝐿̇𝑏

𝑤𝑎𝑙) and the thermal loss (𝐿̇𝑏
ℎ𝑠𝑓 ) are reduced through the 

optimization, while the solid conduction loss (𝐿̇𝑏
ℎ𝑡𝑠) increases.

When the exit loss is treated as a pure loss, the energy loss coef-
ficient 𝜁𝑒𝑡𝑜𝑡 is slightly reduced from 19.7% to 19.0% in the optimized 
design, while 𝜁𝑏𝑡𝑜𝑡 is almost unchanged (18.6%). However, the exit 
exergy may be recoverable by downstream components and there-
fore does not necessarily represent a true thermodynamic loss. Under 
this assumption, the improvement achieved through the SLA-based 
optimization becomes is apparent. It is necessary to note that, the 
optimal design parameters obtained in this study are specific to the 
selected operating conditions, material properties, and boundary con-
ditions. Variations in these parameters may lead to different optimal 
configurations. Additionally, the optimized tank geometry does not 
significantly increase manufacturing difficulty or introduce additional 
structural constraints compared with the original cylindrical design. 
The reduction of particle size does not lead to a significant increase 
in pressure drop. Replacing the cylindrical tank with a truncated-
cone-shaped geometry may slightly increase manufacturing cost, which 
should be considered in practical design and fabrication.
13 
5. Conclusions
In this study, we derived multi-dimensional macroscopic entropy 

and exergy transport equations for fluid flow and heat transfer in 
porous media from the microscopic transport equations. This derivation 
establishes a connection between pore-scale transport processes and 
the macroscopic fields used in continuum modeling. In contrast to 
previous second-law analyses of thermal energy storage systems, which 
are typically based on one-dimensional system simulations, the present 
formulation enables second-law analysis (SLA) using multi-dimensional 
CFD results and supports geometry optimization. It indicates where 
the irreversibility occurs and its strength. To our best knowledge, this 
derivation has not appeared in previous articles.

Using the laboratory scale packed-bed SHS system developed in the 
PROMES-CNRS laboratory as a test case, we have demonstrated how 
to perform a SLA with CFD results and optimize the design. The CFD 
results for this system show that energy loss primarily occurs at the 
tank bottom (exit loss) during charge and on the wall surface (heat 
leakage loss). In addition to the exit loss and the heat leakage loss, the 
SLA shows that thermal loss (due to heat transfer between the fluid 
and solid) and solid conduction loss (due to thermal conduction in the 
solid) are also significant contributors to the total exergy loss, while 
the other losses are negligible for the studied SHS system. Unlike the 
exit and heat leakage losses, which occur at the boundary surfaces, 
the thermal and solid conduction losses occur inside the tank, close to 
the thermocline. The thermocline moves faster than the regions where 
these losses occur. This results in a delay in the emergence of the losses.

The SLA framework developed in this study enables optimization 
of the storage tank geometry based on the global irreversible losses 
and their distribution, which has not been reported in previous studies 
either. The SLA of the present case suggests an optimized tank aspect 
ratio of 𝐷𝑜𝑝𝑡∕𝐻𝑜𝑝𝑡 = 0.75, which yields a minimum total exergy loss 
coefficient 𝜁𝑏𝑡𝑜𝑡 as the exit loss is not considered as a real loss. As the 
exit loss is considered, both energy and exergy loss coefficients 𝜁𝑒𝑡𝑜𝑡 and 
𝜁𝑏𝑡𝑜𝑡 decrease as 𝐷∕𝐻 decreases, since this reduces the exit loss, which 
dominates the total loss. Additionally, both 𝜁𝑒𝑡𝑜𝑡 and 𝜁𝑏𝑡𝑜𝑡 decrease with 
𝑑𝑝, regardless of whether the exit loss is considered. The pressure loss 
is negligible for the SHS system studied. The SLA recommends a tank 
with a truncated cone shape, with a slightly larger the upper surface 
(𝐷1, 𝑜𝑝𝑡∕𝐷0 = 1.13). This tank geometry yields the lowest value of 𝜁𝑏𝑡𝑜𝑡 as 
the exit loss is considered. Through the SLA, we have proposed a SHS 
system with a tank aspect ratio of 𝐷𝑜𝑝𝑡∕𝐻𝑜𝑝𝑡 = 0.75, a diameter ratio of 
𝐷1,𝑜𝑝𝑡∕𝐷0 = 1.13 and a particle size 𝑑𝑝,𝑜𝑝𝑡 = 8mm. Without considering 
the exit loss, the total exergy loss coefficient 𝜁𝑏𝑡𝑜𝑡 is reduced from 4.9% 
for the original design to 4.1% for the optimized design. It represents 
a relative reduction of about 16% in the total exergy destruction. 
In addition, the present test case represents a system with relatively 
small internal losses. In systems where irreversibilities are stronger, 
for example when compressed air is used as the HTF and the pressure 
loss becomes significant, the potential improvement achievable through 
second-law-based optimization is expected to be larger.

The study shows that the SLA is an effective tool for optimizing 
energy storage systems. Based on the SLA of multi-dimensional CFD 
results, we are able to identify where exergy is destroyed and how 
strong it is. This information provides useful guidance for improving 
system design. The proposed approach could be extended to other 
porous-medium-based storage configurations, such as radial-flow ther-
mal energy storage systems. One limitation of the present model is that, 
applying the method to systems using phase change materials (PCM) 
may be more challenging, since such systems often involve moving 
phase boundaries and may not always be well represented by a homo-
geneous porous-medium model. Additionally, the computational cost 
may become significant for storage systems with complex geometries 
or strongly unsteady flow behavior. This is mainly because a wider 
range of geometric length scales may require finer mesh resolution and 
smaller time steps. These will be the focus of our future work.
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