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Industrial high-temperature waste heat remains a largely underused high-grade energy source due to the limited
techno-economic performance of conventional thermal energy storage (TES) systems. This paper proposes a
novel multi-layered hybrid TES concept that combines phase change materials (PCMs) and molten salts to
achieve high energy storage density while maintaining adequate heat transfer performance and stable charging-
discharging behavior. The design incorporates two concentric layers filled with different melting temperature
PCMs and a central core filled with molten salt, which serves as the heat transfer fluid and a high-temperature
thermal buffer. The paper analyzes the thermal response, cycling behavior, and techno-economic performance of
the hybrid TES for a given PCM pair. It benchmarks it against the two-tank TES across three scenarios: electricity
generation with a power block, heat supply to an industrial process, and standalone energy storage. The opti-
mized hybrid design reduces the levelized cost of electricity (LCOE), heat (LCOH), and storage (LCOS) by up to
2.6%, 12.4%, and 33.2%, respectively. The optimization also provides guidelines for the internal tube config-
uration, tube pitch, and energy storage allocation between the PCM layers. This article demonstrates the strong

potential of our hybrid TES approach for cost-effective high-temperature energy storage.

1. Introduction

While worldwide efforts to decarbonize the energy and industrial
sectors have intensified over recent decades, global warming remains a
critical and persistent challenge. In line with the target to limit the
global temperature rise to 1.5 °C [1], the European Commission aims to
reduce greenhouse gas (GHG) emissions by at least 55% by 2030 [1] and
reach climate neutrality by 2050 [2]. However, achieving these goals
will require significant improvement in the industry sector, which is
responsible for nearly half of the global CO2 emissions [3] and around
30% of global energy consumption [4]. Approximately 70% of the in-
dustrial energy demand is used for heat [5], most of which is still sup-
plied by fossil fuels [6]. Some intensive heating processes require an
unavoidable energy surplus [7], leading to considerable heat waste of up
to 50% of the process energy [5], with about 30% lost through the flue
gases [8].

The heat losses are more significant in high-temperature processes,
such as those in the chemical, iron, and steel-making factories [9]. For
instance, waste heat above 500 °C represents nearly 42% of Europe's
total industrial waste heat [10]. Cost-effective valorization,

* Corresponding author.
E-mail address: D.E.AvilesCedeno@tudelft.nl (D. Aviles).

https://doi.org/10.1016/j.est.2026.121873

recuperation, and reuse of high-temperature waste heat could reduce
dependence on fossil fuels [11,12]. Nevertheless, several challenges
remain regarding the intermittent nature of the industrial processes and
the mismatch between the waste heat availability and the heat required
by downstream applications [13]. Thermal energy storage (TES) pro-
vides an efficient solution to decouple the heat supply and demand,
giving flexibility and consistency to the system [14]. However, preser-
ving the exergy of high-grade waste heat streams requires high-
temperature TES technologies.

One of the most common ways to store heat at high temperatures is
by using molten salts. The two-tank molten salt configuration is a mature
and well-studied approach for high-temperature TES [15]. In this
configuration, molten salt is the heat transfer fluid (HTF) and the storage
medium. The arrangement consists of two tanks connected to the heat-
demanding application, typically a power block or an industrial process.
The hot tank stores the HTF at high temperature after it has absorbed
energy from the source. Once the thermal energy is transferred to the
heat-demanding application, the cold tank maintains the HTF at a lower
temperature until the next cycle [16,17]. Although this technology al-
lows a straightforward operation, the associated capital costs remain a
limitation for its adoption.
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Nomenclature

Symbols

(o specific heat [kJ/kg K]

Ciys capital cost [USD]

CosMit operating and maintenance cost in year t [USD]
d discount rate [—]

E energy stored [kJ]

E; net electricity generation in year t [MWhe]

fi liquid fraction [—]

H tank height [m]

h convective heat transfer coefficient [W/m? K]
hg melting enthalpy (latent heat of fusion) [kJ/kg]
k thermal conductivity [W/m K]

m mass [kg]

m mass flow rate [kg/s]

N number of internal tubes connected to a header [—]
n project lifetime [years]

Q: heat delivered in year t [MWhy,]

Quis.c discharged thermal energy in year t [MWhy,]

Q heat transfer rate [W]

Rpipe outer radius of the internal tubes [m]

o inner radius of the internal tubes [m]

T temperature [°C] or [K]

T solidus temperature [K]

T2 liquidus temperature [K]

t time [s]

UA thermal conductance [W/K]

v velocity [m/s]

Greek symbols

P density [kg/m®]

Subscripts

dsch discharging stage

el element

fg flue gases

in inlet

ins insulation

1 liquid phase

max maximum

min minimum

mt melting

ms molten salt

pipe internal tubes

out outlet

r radial direction

s solid phase

z axial direction
Abbreviations

EAF electric arc furnace

HRU heat recovery unit

HTF heat transfer fluid

HX heat-demanding application heat exchanger
LCOE levelized cost of electricity
LCOH  levelized cost of heat
LCOS levelized cost of storage
PCM phase change material
TES thermal energy storage
TIT temperature indicator transmitter sensor

In recent decades, phase change materials (PCMs) have attracted
attention for their potential in multiple energy storage applications,
including waste heat recovery, building energy management, and power
generation [18]. PCMs store significant energy during phase transitions
as latent heat. The capacity to absorb and release heat at a nearly con-
stant temperature makes PCMs ideal for integration with thermal pro-
cesses, minimizing thermal cycling losses and improving system
efficiency [19]. Several authors have categorized and listed PCM based
on their properties for low, medium, and high temperature applications
[20-22]. However, their industrial use is currently concentrated in low
and medium-temperature systems.

Although PCMs offer significant advantages for TES, their low ther-
mal conductivity is still a prominent problem affecting the charging and
discharging cycles [23]. Two of the most studied PCM-based configu-
rations to address this limitation are packed bed tanks with encapsulated
PCMs and shell-and-tube heat exchangers filled with PCMs [24]. The
encapsulation method implies enclosing the PCMs within a high thermal
conductivity material, optimizing the effective surface area per volume
of the storage medium [25]. Nevertheless, this method is not yet suitable
for high-temperature applications. PCM-based shell-and-tube heat ex-
changers are a preferred alternative due to their simplicity, cost-
effectiveness, and scalability [26]. Their design resembles traditional
shell-and-tube heat exchangers, with HTF flowing within the tubes,
while the PCM, occupies the shell.

Several researchers have investigated PCM-based heat exchangers
for TES applications. Li et al. conducted experimental and analytical
studies using this configuration to cool a data center. Their results
highlight critical parameters affecting the TES performance, such as the
specific surface area and the tube length-to-diameter ratio [27]. Fragnito
et al. performed numerical and experimental investigations on a vertical
PCM-based shell-and-tube heat exchanger for cooling. Their model

found that only 39% of the PCM mass suffered a complete phase change
process [28]. Bianco et al. further optimized their model's geometry
using a genetic algorithm, successfully increasing the usage of the PCM
mass up to 70% [29]. Huang et al. evaluated the benefits of incorpo-
rating a shell-and-tube PCM heat exchanger inside an existing cooling
and heating plant. The results showed an operational time increase of
65% and a reduction of the switch-on cycles by 33.5% [30].

Among the shell-and-tube PCM-based TES, the cascaded configura-
tion has exhibited outstanding results. This approach overcomes the
limitation of single-PCM designs by using multiple PCMs in a cascaded
configuration [26]. Arranging the PCMs according to their melting
temperature maintains an almost constant temperature difference be-
tween the PCM and the HTF, thus keeping a uniform heat transfer rate
[31,32]. Furthermore, it has been demonstrated that cascaded systems
require shorter charging and discharging cycles, exhibit higher exergy
efficiency, and recover about 10% more exergy over 24-h cycles than
non-cascaded systems [33]. Tehrani et al. [26] and Prieto et al. [19]
have proposed cascaded PCM shell-and-tube TES for CSP plants; how-
ever, they didn't achieve considerable improvement and concluded that
further model studies are required.

The open literature indicates a research gap regarding the design of
cost-effective TES for industrial waste heat recovery applications oper-
ating above 500 °C. Moreover, there is a lack of techno-economic
analysis comparing molten salts and PCMs-based TES for heat recov-
ery applications. This article presents a hybrid high-temperature TES
concept that combines PCMs and molten salts to achieve a higher energy
storage density as compared to molten salts-based systems, without
compromising the energy output rate required by the heat-demanding
applications. The concept features a multi-layered storage tank with a
molten salt core enclosed by different PCM layers. This work comprises
the selection of feasible high-temperature PCM candidate materials, the
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development of a dynamic numerical model for the PCM tank, and a
multi-variable techno-economic optimization for a given PCM pair. To
assess the effectiveness of the proposed TES concept, the article presents
a case study on high-grade heat recovery in an electric arc furnace
(EAF), comparing the performance and key economic parameters be-
tween the hybrid TES and the two-tank molten salt TES.

2. Storage concept
2.1. Operational framework of the proposed TES

The proposed approach combines molten salt and high-temperature
PCMs to improve the energy storage density of high-temperature TES
while reducing the overall system costs. Although PCMs provide high
energy storage density at a lower price, maintaining molten salt in the
design enables operational flexibility, as it serves as a storage medium
and HTF. As a result, the heat-demanding application can draw the
readily available sensible heat from the molten salt while extracting
energy from the surrounding PCMs.

The proposed hybrid TES design is depicted in Fig. 1. The TES system
consists of a cylindrical tank with molten salt located in its core and
enclosed by concentric PCM layers, each separated by insulation. This
configuration maintains the molten salt above the crystallization tem-
perature over extended periods without requiring additional external
heating. Unlike molten salt-based TES systems, which store energy as
sensible heat within the molten salt, the hybrid design stores most of the
energy in the PCM layers as latent and sensible heat.

To ensure an efficient heat transfer rate between the PCM and the
HTF, the molten salt flows through the PCM layers using a homoge-
nously distributed tube arrangement similar to the shell-and-tube PCM
configuration, as illustrated in Fig. 1. The design keeps higher temper-
atures near the tank's core by extracting the heat from the outer layers
toward the center of the tank, thus decreasing the external energy losses.
The PCMs exhibit higher melting temperatures while approaching the
core to ensure the HTF reaches the desired temperature output during
the discharging stage. At the same time, the lower melting temperature
of the exterior PCM layer allows for charging the TES easily due to the
higher temperature gradient between the inlet HTF and the PCM.

The following sections explain the TES charging and discharging
processes and the integration with the heat recovery unit.

Insulation
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2.2. Charging process

As previously mentioned, the present paper evaluates the integration
of the hybrid TES system in high-grade waste heat recovery from an EAF.
Accordingly, the charging and discharging processes are customized to
the heat source's operational conditions. Fig. 2 provides the schematic of
the hybrid TES charging process.

During the charging, the molten salt absorbs thermal energy from the
EAF's flue gases via a heat recovery unit (HRU) integrated into the
exhaust system. This unit works as a heat exchanger, where the molten
salt flows through the interior of the tubes while the flue gases pass over
the tube exterior surface. After being heated by the flue gases (state
point 3), the three-way valve directs the molten salt to the TES to charge
the PCM layers. The molten salt transfers the thermal energy to the PCM
layers as it flows through the internal tubes, starting from the interior
and moving toward the exterior of the TES.

As the TES outlet temperature increases during the PCM charging,
Pump 1 adjusts the mass flow in the loop to maximize thermal energy
recovery from the flue gases. The pump operates under a standard PI
feedback controller that uses the temperature signal from the tempera-
ture indicator transmitter (TIT) to regulate its rotational speed via a
variable-frequency drive. Because the pump speed dynamics are orders
of magnitude faster than the thermal dynamics of the TES, the control
loop is assumed to operate in quasi-steady state. The HRU considers a
bypass to release the flue gases when the pump reaches the maximum
mass flow rate, or the TES is completely charged.

2.3. Discharging process

During the discharging, the molten salt flows through the HRU and
the TES to supply energy to the heat-demanding application, as pre-
sented in Fig. 3. After transferring its energy (state point 8), the three-
way valve splits the low-temperature molten salt stream into two
paths. The first stream absorbs thermal energy from the flue gases via
the HRU, like in the charging process. The second stream enters the TES
to remove the energy previously stored in the PCM layers. To do so, the
molten salt (state point 5) flows through the internal tubes, this time
starting from the exterior and moving toward the interior of the TES.

Since the PCM layers have different melting temperatures, the HTF
reaches the required outlet temperature by extracting the sensible and
latent heat from each layer. The inner PCM layer, which has a higher
melting temperature, enables achieving the target high outlet

PCM

o

Pipes
(molten salt)

000009
©00000°

%o

Fig. 1. Schematic cross-section of the hybrid TES.
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Fig. 3. Schematic of the waste heat recovery unit integrated with the hybrid TES during the discharging process.

temperatures. This configuration resembles a cascaded latent heat
storage but enhances the performance by maximizing the use of the
sensible heat.

As the molten salt absorbs the sensible heat above the melting tem-
perature and then the latent heat, its outlet temperature gradually de-
creases over time (state point 4). Both streams, the first coming from the
HRU and the second from the TES, recombine at the three-way valve. To
compensate for the temperature fluctuations, Pump 2 adjusts the mass
flow rate based on the TIT measurement, maintaining a constant heat
flow rate to the heat-demanding application (such as an industrial
process or power block). As in the charging process, the control loop is
assumed to operate in a quasi-steady state due to the slow thermal dy-
namics of the TES.

2.4. Flow arrangements

The flow arrangement in the internal tubes of the TES is a critical

variable for achieving an efficient heat transfer rate between the molten
salt and the PCM during charging and discharging. The design must
maximize the tube utilization, extracting and storing as much thermal
energy as possible, while ensuring a feasible operation and construction.
Natural convection in PCM-based TES can enhance heat transfer; how-
ever, it also leads to losses due to irreversibilities and thermal mixing,
making it difficult to maintain the required high-temperature output
over extended periods.

Fig. 4 illustrates three possible TES tube configurations. Fig. 4a and b
show configuration 1, which consists of multiple rows of tubes that cross
the PCM layers with alternating flow directions. A dedicated header at
both the top and bottom of the tank connects the tubes in each row. This
arrangement enhances the heat transfer rate by repeatedly circulating
molten salt through the PCM layers. However, the design requires one
header per row, resulting in considerable number of headers, increasing
both the complexity and cost of the system. Additionally, the alternating
flow creates vertical temperature gradients in the PCM, resulting in cold
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Fig. 4. Tube configurations in the TES during charging (left) and discharging (right) processes: (a—b) Configuration 1, (c-d) Configuration 2, (e-f) Configuration 3.

and hot zones. Hence, this configuration promotes natural convection in
the PCM.

Fig. 4c and d present configuration 2. This design features multiple
rows of tubes distributed across the PCM layers, all connected to a
common header at both the bottom and top of the tank. During the
charging process, the high-temperature molten salt flows downward
through the internal tubes, transferring energy to the PCM from the top
to the bottom. As a result, the PCM reaches a higher temperature near
the top, promoting thermal stratification. In contrast, during discharg-
ing, the low-temperature molten salt flows upward, removing energy
from the bottom to the top of the PCM. Hence, the PCM temperature is
lower near the bottom, maintaining thermal stratification in the TES.
While this configuration simplifies the design by requiring only one
header per layer, it significantly limits the heat transfer rate as the
molten salt circulates through the PCM layer only once.

Lastly, Fig. 4e and f illustrate configuration 3 where a common
header connects multiple rows of tubes, resulting in many headers per
PCM layer. The configuration adopts the same stratification strategy as

the previous design, maintaining higher temperatures at the top of the
tank by controlling the direction of the flow during both charging and
discharging processes. This design achieves a trade-off between the
previous two configurations, circulating the flow several times through
the PCM layers, while requiring fewer headers for its operation.

In the present work, the TES is intentionally designed to promote
thermal stratification in the PCM by controlling the molten salt flow
direction within the internal tubes of the TES. Thermal stratification in
shell-and-tube TES designs has been shown to limit the buoyancy-driven
mixing in the PCM [28]. Furthermore, the high tube density within the
PCM reduces the characteristic length scale for buoyancy-driven flow,
allowing natural convection effects to be neglected with minimal error
[34,35].

3. Modeling

This section presents the numerical model for the hybrid TES system
and its integration for industrial waste heat recovery. The model
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captures transient interactions during the charging and discharging
processes, allowing for a holistic understanding of the variables at every
point of the TES.

3.1. Assumptions

The system is modeled using a 2-D axisymmetric representation of
the tank. The following key assumptions are made to get a trade-off
between the accuracy of the results and the computational complexity
and runtime:

e The PCMs are isotropic (each PCM has identical thermophysical
properties in all directions).

e The thermophysical properties of the PCMs and the molten salt
remain constant with the temperature (for both liquid and solid
phase).

e The volume change during the melting or solidification processes is
neglected.

e Axial conduction in the molten salt inside the tubes is negligible.

e Natural convection inside the PCM is neglected.

e The surrounding air temperature is spatially uniform at any given
time.

3.2. Governing equations

The two-dimensional axisymmetric model comprehends specific
energy equations for the PCM layer, the internal tubes, the molten salt
core, and the insulation layers.

Firstly, the energy equation for the PCM can be written as shown in
Eq. (1). This model is based on previous studies carried out by Tehrani
et al. [26], Prieto et al. [19], and Liu et al. [36], which focuses on PCM
modeling and cascaded shell-and-tube TES configurations. The equation
has been adapted to match the design and operating conditions of the
hybrid TES proposed in this study.

JaT, 0 9 oT, 19 oT
/’PCMCp,PCM% +/)PCMh51£ == (kPCM PCM) + (rkPCM PCM)

t 0z ror or
(@]

where p, kpcy, f1, and hy represent the density, conductivity, liquid
fraction, and melting enthalpy. The equation is based on the enthalpy
method, which linearizes enthalpy in the mushy zone within a small
temperature interval AT, defined between the solidus T,; and the
liquidus temperature T,,». The liquid fraction, conductivity, and specific
heat are evaluated using Egs. (2)-(4).

0 Tpem < Tm (Solid phase)
Teem — T
A(T) = % T < Tpem < Tz (Mushy zone) (2)
m2 — iml
1 Tecp > Tz (quuld phase)
Cps Trem < T (Solid phase)
G(T) = w Tm1 < Tpem < T (Mushy zone) 3
Gy Tpem > Tz (Liquid phase)
ks TPCM < Tml (SOlid phase)
K(T) = { ki(f) + k(1 —fi) T < Tpeu < Tz (Mushy zone) 4
ky Tem > Tz (Liquid phase)
ATy = 4’[""2 ; T )

The molten salt flowing through the internal tubes is modeled ac-
cording to Eq. (6) [35].
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aTms mTESCp.m aTms
4"
ot Npipgs 0z

[)mscp,m.c”r(z) = huvemll (Tr:ro - Tms) 27"'0 (6)

In the equation, 1y, nygs, and Ny, are the inner radius of the tubes,
the mass flow rate through the TES, and the number of tubes connected
to the dedicated header, respectively. The convective heat transfer co-
efficient of the molten salt inside the tubes, hy., is calculated using the
Gnielinski correlation [37].

The model considers the effects of the tube wall thickness on the
overall heat transfer coefficient, h,ye.q, as described in Eq. (7) [38]. The
tubes are made of stainless steel 316, having an average conductivity of
20 Wm ! K~! in the TES operating temperature range [39].

kpipehpipe (7)

)lovemll -
Ry
kpipe + hpipero ln( PW)

o

Eq. (8) models the molten salt inside the core layer of the TES. The
effect of natural convection was not considered due to the molten salt's
thermal stratification.

0T OTws 0 (, OTw\ 10 [, 0Ty
o bt gt =5 (k) 3 () ®)

Finally, Eq. (9) presents the mathematical model for the insultation
layers located between the PCM and the exterior of the tank.

OTws 0 (, OTus) 10 [, 0Tn
PusCpins ot oz <k"“ 0z ) + ror (rk"“ or ) ®

Egs. (10)-(16) define the TES's internal and external boundary
conditions. Specifically, Egs. (10)-(11) describe the continuity of tem-
perature and heat flux at the interfaces between each concentric layer
(molten salt core, PCMs, and insulation). Eq. (12) represents the
convective heat transfer at the external insulation surface exposed to the
ambient air. The top and bottom surfaces of the tank are assumed
adiabatic, as presented in Eq. (13). Finally, Eq. (14) describes the heat
flux in the interface between the internal tubes and the surrounding
PCM.

0Ti 6Tl
kis (r=Riz,t) =kin 0:1 (r =Ry,z,t) (10
Ti(r = R, 2,t) = Ty (r = Ry, 2,1) an)
0T s
kins? (r = Rexn z, t) = hair(T(r = Rexnzy t) - Tamb (t) ) (12)
oT JaT
Z2=0=0 S (rnz=H1t)=0 13)
OTecym _ _
kPCMT (r - Rpipmzy t) - huvemll(T(r - Rpipea z, t) - Tms (Z-, t) ) (14)

For the initial condition, the TES is assumed to be fully charged at the
maximum temperature, as shown in Eq. (15).

T(r,2,0) = Trax (15)
3.3. Dynamic modeling of the TES and the HRU

The TES dynamic model was developed in MATLAB environment
[40] using a finite volume discretization in both radial and axial di-
rections. A Crank-Nicolson scheme is applied to the PCM and insulation
layers to improve the stability and accuracy under transient conduction
conditions. The molten salt flowing inside the tubes and the TES core are
modeled using a fully implicit scheme to capture the advection-
dominated energy transport. The TES and the HRU are dynamically
integrated to evaluate the transient performance of the system.
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3.3.1. Charging process

During the charging process (Fig. 2), the three-way valves connect
the HRU and the TES in a closed loop, enabling the TES to charge using
energy recovered from the flue gases. Eq. (16) determines the heat
transfer rate from the flue gases, while Eq. (17) calculates the mass flow

of molten salt entering the HRU.
Qg = Cp ey (Tin — T2
Qg

Cp‘ms(THRU‘out - THRU‘in)

My HRU =

(16)

a7

The HRU is modeled as a counterflow heat exchanger using the
effectiveness-NTU method. Pump 1 regulates the molten salt mass flow
rate to compensate for the TES outlet temperature increase. Eq. (18)
corrects the conductance based on the mass flow rate variation [41].

ml Jref mZ,ref

. 0.8 : 0.8 n:.lo-s +n'10,8
vA = UA,ef( - ) < e ) (.”_ef o

0.8 0.8
m;” +m,

) 18

Fig. 5 shows the flowchart of the TES charging process. The model
considers HRU-TES coupling, molten salt mass flow rate regulation, and
the phase-change behavior of the PCM layers. It captures the transient
changes in the TES temperature field and the outlet molten salt tem-
perature by solving these steps at each time interval.

3.3.2. Discharging process

During the discharging process, the three-way valves connect the

Journal of Energy Storage 163 (2026) 121873

HRU, TES, and the heat-demanding application heat exchanger (HX), as
shown in Fig. 3. The HX outlet temperature is equal to the inlet tem-
peratures of both the TES and the HRU. In this phase, the HRU operates
close to its design conditions, regulating the molten salt mass flow rate
to compensate for the small deviations in the HX outlet temperature. Eq.
(19) shows the energy balance to calculate the TES energy demand,
while Eq.(20) gives the TES mass flow rate using the previous time step
temperatures.

QTES = QHX - QHRU (19)

Qrzs

Cp.ms (Tdsch‘out - Tdsch‘in)

Mygs = (20)

Eq. (21) calculates the HX inlet temperature, accounting for the

mixing of TES and HRU outlet stream at the three-way valve.

T 1itrgs (Taschou) + Mims sirv (TrrUout )
HXin —

- - 21
M7Es + Mins HRU

Fig. 6 shows the flowchart of the TES discharging process. The model
accounts for HRU-TES-HX coupling, the molten salt mass flow rate
regulation, and the PCM phase-change behavior. It assumes a constant
thermal output power and a fixed HX outlet temperature for the in-
dustrial case, as the end-use conditions depend on the specific applica-
tion. In contrast, when coupled with a power block, the model calculates
the HX outlet temperature from the dynamic thermodynamic interaction
with the Rankine cycle.

Proceed to the charging process
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Fig. 5. Flowchart of the TES charging process.
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Fig. 6. Flowchart of the TES discharging process.

3.4. Model validation geometric configuration, inlet conditions, and environmental parame-
ters of the experimental system. This comparison assesses the validity of
Fig. 7 compares the predicted TES outlet temperature from the pre- the governing equations and modeling assumptions. Although the
sent numerical model with experimental data reported by Fragnito et al. operating temperature range and materials differ from those in the
[28] for a PCM-based shell-and-tube heat exchanger. The model was current application, the heat transfer mechanisms and phase-change
adapted to match the reported PCM thermophysical properties, behavior are equivalent. The comparison results in a root mean square
22 T T T T T T T T T T T
20 |eeeeeeees Experimental data (Fragnito et al. [28]) B

Numerical model (present work)

Temperature [°C]
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Fig. 7. Comparison between numerical model prediction and experimental temperature measurements reported by Fragnito et al. [28] for a PCM shell-and-tube

configuration.



D. Aviles et al.

error of 0.9 K, providing confidence in the current modeling approach.

3.5. Dynamic evaluation of stored energy in the TES

The energy stored in the proposed TES is critical for evaluating its
effectiveness during charging and discharging cycles. Eq. (22) de-
termines the maximum usable energy that can be stored in the PCM
layers, as sensible heat in the solid and liquid phases and as latent heat
during phase change. Here, Ty and Ty denotes the maximum and
minimum allowable temperatures in the TES.

nP
(miCpl(Tma_x - Tmt i) + mihsli + miCps(Tmti - Tmin) )
i=1

(22)

Epnax = PcM

The energy stored in the TES at every time step is calculated by
summing the stored energy in each element (E,) across all layers (nP),
radial divisions (nr), and axial divisions (nz), as shown in Egs. (23) and
(24).

nP  nr  nz
Erps(t) =3 > Y Eaijlt) (23)
=1 j=1 k=1
melcps(Tel - Tmin) Tel < Tml
Eel(T) = melcps(Tmt - Tmin) +flmelhsl Tmp < Ta < T2
melcps(Tmt - Tmin) + melhsl + melcpl(Tel - Tmt) Tel > Tm2
24

The percentage of energy stored in the TES during the charge and
discharge cycles, relative to its maximum usable capacity, is calculated
using Eq. (25).

_ Eg(t)

%E(t) = 5 (25)

The energy removed by the molten salt flow from the TES during
each time step is calculated using the inlet and outlet TES temperatures,
the mass flow and the time step, as shown in Eq. (26). The cumulative
energy removed up to a given time is obtained using the Eq. (27).

Erem(t) = mTESCp‘ms (Tdsch,out - Tdsch.in) At (26)
N

Ecum(t) = Z Erem(s) @7
s=1

3.6. Candidate materials for the TES

Table 1 lists feasible high-temperature PCM and molten salt

Journal of Energy Storage 163 (2026) 121873

candidates for the TES and their thermophysical properties compiled
from the literature. The PCMs' costs were estimated in this work based
on their mass fraction composition. The prices of pure substances are
provided in Appendix A.

3.7. Economic indicators

This work uses the levelized cost of electricity (LCOE), heat (LCOH),
and storage (LCOS) as the main indicators to assess the feasibility of the
proposed TES concept. These metrics are calculated as follows [45]:

n Cogme
Cos + 2t

LCOE = T (28)
2 (1+d)f
Cys + Tpy 2t
LCOH = ———5 —— (29)
Zt:1(1+d)‘
Cays + 01, Cout
t=1{1+d)

where Cyy; denotes the total capital cost of the system, and Cognm, rep-
resents annual operating and maintenance costs in the year t. E, is the
net electricity generation, Q; is the useful heat delivered, and Qg;s, is the
discharged thermal energy from the TES, all in year t. The discount rate
is d, and the project lifetime is n years. The project life is 25 years with a
discount rate of 6.4% [46].

The capital and O&M costs for each sub-system were estimated from
literature data, simulation outputs, and scaling factors, as summarized
in Table 2. The capital cost for the hybrid PCM-molten salt TES was
determined by summing the cost of its main elements. The storage
material costs (PCM and molten salt) were calculated from unit prices in
Table 1 and the mass per layer from the MATLAB simulation. Correla-
tions developed by the National Renewable Energy Laboratory (NREL)
for molten salt-based TES [44] were adapted by volume to estimate tank
structure, instrumentation, foundation, electrical system, sitework, and
insulation. Internal piping costs were determined from the number of
tubes obtained by the simulation and their mass per unit length,
including an 80% allowance for installation, fittings, valves, and
headers. Stainless steel 316 ($4.4/kg) was assumed for the tank and
piping to ensure corrosion resistance when operating with high-
temperature PCM [47]. The detailed cost breakdown is presented in
the results section.

Table 1

Thermophysical properties and estimated costs of candidate materials for the TES.
Material composition wt% T °C k W/m-K pr kg/m® hgq kJ/kg Cps kJ/kg-K Cyi kJ/kg-K Price” $/kg Ref**
MgCl,(60)-KCl(20.4)-NaCl(19.6) 380 0.744 1700 400 0.96 1.04 0.269 [42]
Li;CO3(32.1)-K3C03(34.5)-Na,CO3(33.4) 397 2.02 2300 276 1.67 1.63 4.198 [20]
MgCl,(39)-KCl(61) 435 0.81 2110 351 0.80 0.96 0.350 [20]
NaCl(48)-MgClx(52) 450 0.95 2230 430 0.92 1.00 0.190 [43]
NaCl(50)-MgClx(50) 450 0.96 2240 450 0.93 - 0.185 [20]
MgCl,(64)-KCI(36) 470 0.83 2190 388 0.84 0.96 0.325 [20]
KCl(25)-CaCl,(27)-MgCl,(48) 487 0.83 2530 342 0.80 0.8 0.301 [20]
NapCO03(55.6)-Li>CO3(44.4) 496 2.09 2320 370 1.80 2.09 6.606 [20]
NayCO3(72)-Li2CO3(28) 498 1.85 2240 263 1.46 1.80 3.468 [20]
NaCl(33)-CaCl(67) 500 1.02 2160 281 0.84 1.00 0.189 [20]
CaCly(66)-KCl(5)-NaCl(29) 504 1.00 2150 279 1.17 1.00 0.203 [20]
K2CO3(65)-Li>CO5(35) 505 1.89 2260 344 1.34 1.76 4.762 [20]
BaCl,(53)-KCl(28)-NaCl(19) 542 0.86 3020 221 0.63 0.80 0.374 [20]
Na,CO3(60)-Li;CO3(20)-K2C0O5(20) 550 1.83 2380 283 1.59 1.88 2.711 [20]
BaCl»(47) —CaCl,(29)-KCl(24) 551 0.95 2930 219 0.67 0.84 0.385 [20]
Solar salt: NaNO3(60)-KNO3(40) - 0.53 1772 - - 1.53 1.1 [44]

* PCM blend prices have been calculated by mass-fraction weighting of pure constituent substances. Pure constituent prices are listed in Appendix A.

" Reference for thermophysical properties.
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Table 2
Cost estimation basis for each sub-system.

Journal of Energy Storage 163 (2026) 121873

Component Capital cost estimation

O&M cost

Additional information

Power block Power cycle: $1040/kWe; Balance of plant: $290/kWe

Fixed: $66/kW-yr;

A penalty was applied to the capital cost due to the smaller capacity

[44] Variable: $3.5/MWh (Penalty factor: 1.3)
[44]
Heat exchanger Estimated with Aspen EDR [48] 5% of the capital cost HX was designed in Aspen EDR for the required specifications [48]
(HX)
Heat recovery unit  Estimated with Aspen EDR [48] 5% of the capital cost A penalty was applied to the capital cost to account for the modified
(HRU) configuration, auxiliary equipment, and additional instrumentation

Two-tank molten
salt TES

Hybrid PCM-
molten salt TES

$22/kWhy, [44]

Estimated from material cost (Table 1 and MATLAB
simulation), NREL molten salt tank correlation, and
piping requirements.

5% of the capital cost

5% of the capital cost

(Penalty factor: 2)

A penalty was applied to the capital cost due to the smaller capacity
(x1.3 cost penalty)

The costing methodology is detailed in Section 3.7

Contingency 7% of capital cost - It was applied to each sub-system.

Table 3 cases, including the economic indicator used to assess their

Operational parameters of the EAF. performance.
Parameter Value
EAF Power 50 MW 4.2. Baseline simulation
Waste heat fraction 25%
Flue gases specific heat 1.1 kI/kgK [12] Although Table 1 presents different high-temperature PCMs to cover
Flue gases outlet temperature 700°C a wide range of operating temperatures, this study focuses on a fixed
EAF operating days 300 days/year

Ambient temperature 20°C

4. Results and discussion
4.1. Case definition

The present case study considers the continuous operation of a 50
MW EAF with the parameters listed in Table 3. The HRU-TES arrange-
ment must be capable of supplying heat for 8 h, either to a 16 MW in-
dustrial process or to a power block with a nominal electrical power
output of 6.5 MW. Table 4 summarizes the HRU-TES system
requirements.

The techno-economic analysis assesses the system's feasibility using
two TES configurations: a traditional two-tank molten salt TES and a
hybrid PCM-molten salt TES. We analyzed each TES configuration in
three applications: electricity generation, where the HRU-TES provides
thermal energy to a power block; industrial heat supply, where the HRU-
TES system delivers a constant heat rate to a high-temperature appli-
cation (above 500 °C); and thermal energy storage, where the TES
operates without a specific end-use. Table 5 summarizes the six modeled

Table 4
HRU-TES system requirements.

Requirement Value

combination of materials that satisfies the required temperatures
(Table 4) while maintaining a low storage material cost. Accordingly, we
selected CaCl2(66)-KCl(5)-NaCl(29) for the internal PCM layer and
MgCl2(60)-KC1(20.4)-NaCl(19.6) for the external PCM layer.

As described in Section 2.4, we evaluated different flow configura-
tions in the hybrid TES (Fig. 4). Configuration 1 achieved the required
outlet temperature but induced significant natural convection and
required one header per row. Configuration 2 promoted thermal strat-
ification and simplified the design to only two headers per layer but did
not reach the target outlet temperature. Configuration 3 also promoted
stratification while achieving the required outlet temperature with a
feasible number of headers; therefore, we selected it for further simu-
lations. Appendix B provides additional insight into the influence of the
number of rows per header on the TES outlet temperature (Fig. B.1).

As defined in Section 4.1, we design the TES to compensate for the
difference between the heat recovery from the HRU and the downstream
energy demand. Our approach exploits the PCMs' storage capacity not
only as latent heat but also as sensible heat within the operating tem-
perature range. However, operating at the maximum usable energy of
the TES (Eq. (22)) is impossible. The molten salt stream must maintain
an outlet temperature above 500 °C during discharge, which requires a
fraction of the PCM to remain at high temperature to sustain heat
transfer to the molten salt stream. Therefore, in the baseline case, we
operate the TES at 76% of its maximum usable energy, including the
sensible and latent heat contributions.

We sized the molten salt core to supply at least 15 min of energy,

Thermal power output ) 16 MW, serving as a thermal buffer during variations in mass flow rate. The PCM
Electrical power output (nominal) 6.5 MW, R hi d d h 1 . h
Charging time 16 h mass in each layer depends on the total TES energy capacity, the er.lergy
Discharging time 8h split between the PCM layers, the effective energy storage capacity of
Maximum outlet temperature (molten salt stream) 550 °C each PCM within the operating range, and the non-usable energy frac-
Minimum Oﬁﬂe‘ Lelmpersﬂmre (molten salt stream) Zgg (é tion required to maintain the temperature outlet above 500 °C. The TES
Mini TES t t o s . .
Hnimum atowab’e cmperature sizing includes insulation between the molten salt core and the PCM
Table 5
Summary of the six analyzed cases.
Case TES configuration Application Economic indicator Sub-system
Al Two-tank molten salt TES Electricity generation LCOE TES + HRU + power block
ATl Hybrid PCM-molten salt TES Electricity generation LCOE TES + HRU + power block
BI Two-tank molten salt TES Industrial heat supply LCOH TES + HRU + HX
BII Hybrid PCM-molten salt TES Industrial heat supply LCOH TES + HRU + HX
CI Two-tank molten salt TES Thermal energy storage only LCOS TES
clI Hybrid PCM-molten salt TES Thermal energy storage only LCOS TES

10
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Table 6
Baseline design parameters of the hybrid TES system.

Parameter Value

52% in PCM 1-48% in PCM 2
15 min of energy supply
Stainless steel 316

Energy storage capacity split
Molten salt core buffer capacity
Concentric shell (3 layers) material

Tube external diameter 25 mm

Tube wall thickness 1 mm

Tube material Stainless steel 316
PCM layer 1 tube pitch 62.4 mm

PCM layer 2 tube pitch 61.1 mm

Internal insulation thickness 50 mm

External insulation thickness 200 mm

Rows per header 3

layers, as well as the external insulation. In the baseline case, we treat
the tube pitches in each layer as decision variables based on the number
of tubes per layer. Table 6 summarizes baseline design parameters for
the hybrid TES system, and Table 7 gives an overview of the resulting
TES geometry, materials, and configuration.

The power block (cases Al and All) uses a conventional superheated
Rankine cycle with reheat. At design-point conditions, we set the turbine
inlet temperature and pressure to 470 °C and 120 bar, respectively, with
a reheating temperature of 420 °C. Under these conditions, the cycle
achieved an efficiency of 40.8%. In the hybrid TES case (AIl), the TES

Table 7
Geometry and materials of the hybrid TES system.

Journal of Energy Storage 163 (2026) 121873

outlet temperature decreases during discharging, which reduces the
turbine inlet temperature. Hence, the cycle efficiency gradually declines
from 40.8 to 39.7%, and the power output from 6.5 MW to 6.33 MW.

4.2.1. Dynamic energy contributions and balance

Fig. 8 illustrates the evolution of the sensible and latent energy
contributions and the overall energy balance in the PCM layers of the
TES during discharge. The molten salt flowing in the internal tubes ex-
tracts sensible heat from the liquid and solid phases, as well as latent
heat during the solidification process, due to the local temperature
gradient between the salt stream and the PCM. Hence, one region of a
PCM layer may release sensible heat, while another region releases
latent heat, depending on the local phase state, as further visualized in
the following section. However, the molten salt cannot extract all the
stored energy, since its outlet temperature must remain above 500 °C
throughout the process. The unrecovered energy is mostly the sensible
heat of the solid phase. Specifically, the proposed TES approach utilizes
88% of the latent heat, 41.9% of the sensible heat in the solid phase, and
100% of the sensible heat in the liquid phase of the PCMs. The figure also
shows that the cumulative energy removed increases linearly, consistent
with the constant heat flow rate required by the power block or the heat-
demanding application. Finally, the energy balance, obtained by sum-
ming the stored energy and the cumulative energy removed, remains
nearly constant, with environmental losses lower than 0.1%.

Description Material Melting temperature [°C] Height [m] Radial Thickness [m] Mass [kg] Number of tubes
Molten salt core NaNO3(60)-KNO3(40) — 6 0.80 21,876 -

PCM layer 1 CaCly(66)-KCl(5)-NaCl(29) 504 6 2.12 288,079 6339

PCM layer 2 MgCl,(60)-KCl1(20.4)-NaCl(19.6) 380 6 1.16 234,287 6660

100 T T T

90

80 [

Energy [MWh]

Stored energy
————— Cumulative energy removed .
— — —Energy balance
Latent heat

Sensible heat (solid phase) -
Sensible heat (liquid phase)

Time [hours]

Fig. 8. Energy contributions and balance in the TES during discharge.
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Fig. 9. Cycling behavior of the TES and each PCM layer.

4.2.2. Thermal cycling behavior

Fig. 9 illustrates the charge-discharge cycling behavior of the TES
and each PCM layer (PCM1 and PCM2). Under baseline conditions, the
TES charges up to 99.9% of its maximum usable capacity (Eq. (25)),
corresponding to nearly full charging cycles. However, due to the re-
sidual thermal energy required to sustain the heat transfer to the molten
salt stream, the TES only discharges up to 24.2%. PCM 2 charges and
discharges more easily due to its lower melting temperature, utilizing up
to 81.3% of its energy storage capacity. In contrast, PCM 1 charges and
discharges more slowly because of its higher melting temperature

PCM1 (t = 2h) PCM1 (t = 4h)

PCM1 (t = 6h)

utilizing up to 69.7% of its storage capacity. These results highlight the
importance of including both PCM layers; the second layer enables a
higher and faster storage capacity, while the first layer enables reaching
the required molten salt outlet temperatures.

Figs. 10-13 present the temporal and spatial evolution of the tem-
perature and liquid fraction within the PCM layers. The results corre-
spond to discharging at t = 2, 4, 6, and 8 h, and charging at t = 12, 16
20, and 24 h. According to the temperature profiles of PCM1 (Fig. 10)
and PCM2 (Fig. 12), PCM1 retains higher temperatures during
discharge, especially near the molten salt core. This behavior enables the

PCM1 (t = 8h)

550
450
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300

a
o
o

Temperature [°C]

w
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o

Liquid fraction

Fig. 10. PCM temperature (top) and liquid fraction (bottom) profiles for PCM layer 1 during discharging.
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PCM1 (t = 12h)

PCM1 (t = 16h)

PCM1 (t = 20h)
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Fig. 11. PCM temperature (top) and liquid fraction (bottom) profiles for PCM layer 1 during charging.

TES to maintain the required molten salt outlet temperature.

Since PCM2 reaches lower temperatures during discharge, the TES
utilizes a larger portion of its maximum storage capacity, as also shown
in Fig. 9. Furthermore, the lower temperatures in the PCM2 region near
the external wall reduce the temperature gradient with the surrounding
environment, thereby decreasing ambient energy losses. Regarding the
charging processes in PCM1 (Fig. 11) and PCM2 (Fig. 13), PCM2 un-
dergoes phase change faster than PCM1. As PCM2 has a lower melting
temperature than PCM1, the temperature gradient during melting is
larger, accelerating the charging process of the layer. Nevertheless, by t
= 24 h, both PCM layers are fully charged.

4.2.3. Energy output

Fig. 14 shows the transient temperature and mass flow rate profiles
of the molten salt streams at the TES outlet and HX inlet during
discharge. As the TES discharges, the molten salt outlet temperature
gradually decreases from 550 °C to 472 °C, with a nearly isothermal
interval around 504 °C. This interval occurs after the molten salt has
removed most of the sensible heat from the PCMs' liquid phase and
begins to absorb latent heat, as also seen in the temperature and liquid
fraction profiles. To maintain a constant thermal power supply of 16 MW
to the heat-demanding application, the pump compensates by increasing
the molten salt mass flow rate through the TES from 21.1 to 29.5 kg/s.
The TES outlet stream mixes with the high-temperature stream from the
HRU, increasing the molten salt's temperature and keeping it above 500
°C, thereby meeting the requirements.

13

Table 8 summarizes the annual energy outputs that serve as the basis
for the economic indicators. Each pair of cases is compared according to
its corresponding energy output. Specifically, cases Al and All evaluate
the LCOE based on the annual electricity generated through the power
block. Alternatively, cases BI and BII assess the LCOH using the annual
heat supplied to the heat-demanding application during discharge,
including TES and HRU contributions. Finally, cases CI and CII evaluate
the LCOS, accounting only for the annual energy stored in the TES.

4.2.4. Economic analysis

Table 9 compares the two-tank molten salt TES and the hybrid
PCM-molten salt TES through a breakdown of component costs. The
main cost savings come from the storage material, as the PCMs used are
more than four times cheaper than solar salt per kilogram. Additionally,
the hybrid TES requires less material because of the higher energy
storage density of PCMs. Moreover, since the hybrid TES consists of a
single multi-layered tank with lower volume and weight, costs related to
foundation and sitework are considerably reduced. The main downside
of the hybrid design is the internal tube layout, which accounts for more
than 25% of its total cost. Overall, the hybrid design reduces the TES
capital cost by approximately 28.4% compared to the two-tank molten
salt approach.

Table 10 lists the capital and operating cost for each sub-system (in
thousand USD).
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Fig. 12. PCM temperature (top) and liquid fraction (bottom) profiles for PCM layer 2 during discharging.

4.3. Optimization

To further improve the economic performance of the hybrid TES, we
conducted a multivariable optimization, using the system cost as the
objective function. The optimization considers three decision variables:
the energy storage capacity split between PCM layer 1 and PCM layer 2,
the tube pitch in PCM layer 1, and the tube pitch in PCM layer 2. As the
tube pitch depends on the number of tubes in each layer, these variables
take discrete values. The analysis evaluated 31 storage capacity splits
between 75%-25% and 45%-55% (PCM1/PCM2). For each one, we
tested three tube pitch values in PCM layer 1 and two in PCM layer 2,
resulting in 186 cases. We simulated each case in MATLAB to analyze
the cycling performance, associated costs, and the molten salt outlet
temperature supplied to the heat-demanding application.

Fig. 15 presents the optimization results. In panel (a), we plot the
tube pitch in PCM layer 1, and in panel (b), the tube pitch in PCM layer
2, both against the cost reduction relative to the two-tank TES. The color
gradient represents the storage capacity split, while the marker shape
indicates the molten salt outlet temperature.

The result highlights two trade-offs. The first relates to tube density,
which affects the TES performance. A higher density ensures the
required outlet temperature but increases the cost. In contrast, lower
density significantly reduces costs but fails to meet the temperature
requirement. The second trade-off relates to the energy storage distri-
bution between the PCM layers. Increasing the PCM2 storage share

reduces costs, since the TES requires fewer internal tubes for charging;
however, it lowers the outlet temperature because the TES stores less
high-temperature energy. Contrarily, allocating more storage for PCM1
ensures the required outlet temperature but demands a higher internal
tube density for charging the TES, raising the cost.

The optimal case was a 67%-33% storage capacity split between
PCM1 and PCM2, with tube pitches of 71.8 mm in layer 1 and 74.2 mm
in layer 2. The results show that using two PCM layers with different
melting temperatures allows the system to meet the design requirements
without relying on excessively small tube pitches. The optimization also
offers design guidance on appropriate tube pitch and storage capacity
split for hybrid TES.

4.4. Economic indicators for the optimized case

Fig. 16 illustrates and lists the levelized costs of electricity, heat, and
storage for the two-tank molten salt TES and the hybrid PCM-molten
salt TES. The optimized case of the hybrid TES design reduces the LCOE,
LCOH, and LCOS by 2.6%, 12.4%, and 33.2%, respectively. The LCOE
shows the smallest reduction because the power block cost dominates
over the other subsystem costs. In contrast, the LCOH and LCOS exhibit
larger reductions, as the TES accounts for a greater share of the capital
costs in these cases. These results highlight the economic advantage of
the hybrid TES design, particularly for applications that focus on heat
supply and storage.
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Fig. 13. PCM temperature (top) and liquid fraction (bottom) profiles for PCM layer 2 during charging.

Additionally, the arrangement achieves a considerable cost reduc-
tion in both heat and electricity compared to the European benchmark
for non-household consumers. In the least favorable case (two-tank
TES), the LCOH is nearly four times lower than the natural gas price,
reported as 0.0541€/kWhy, (0.0632$/kWhy,) in 2024 [49]. Similarly,
the LCOE using the two-tank configuration is about 33% lower than the

average electricity price of 0.16€/kWh (0.187$/kWh) in 2024 [50].
These low costs result from utilizing waste heat as the energy source,
eliminating fuel expenses. These findings underscore the economic po-
tential of high-grade waste heat recovery in industrial applications.
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Fig. 14. Variation of temperature and mass flow rate of the molten salt streams at the TES outlet and HX inlet during discharge.
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Table 8
Annual energy outputs used for evaluating the economic indicators in each pair
of cases.

Cases  Economic Variable Units Case I Case II
indicator
A LCOE Electricity MWh, 15,600 15,367
generated
B LCOH Heat supplied MWhy, 38,400 38,400
C LCOS Heat stored MWhy, 20,753 20,753

Journal of Energy Storage 163 (2026) 121873

TES thermal performance by raising the outlet molten salt temperature
but also increases system costs. The second trade-off concerns the allo-
cation of energy storage capacity between the PCM layers. A larger share
of PCM2 (low melting temperature) enhances the TES heat transfer rate
because of the higher temperature gradient with the molten salt,
requiring fewer internal tubes for charging; however, it lowers the
maximum outlet temperature since less high-temperature energy is
stored. In contrast, a larger share of PCM1 (high melting temperature)
increases the storage of high-temperature energy, but it requires higher

Table 9

Breakdown of component costs for two-tank molten salt TES and hybrid PCM-molten salt TES.
Component Units Two-tank TES Hybrid TES
Molten salt inventory kUSD 867.47 24.11
PCM 1 inventory kUSD - 58.79
PCM 2 inventory kUSD - 63.31
Hot tank (stainless steel) kUSD 375.91 -
Cold tank (carbon steel) kUSD 158.28 -
External shell (stainless steel) kUSD - 339.27
Middle shell (stainless steel) kUSD - 171.28
Internal shell (stainless steel) kUSD - 12.43
Tank insulation kUSD 138.49 103.87
Structural steel kUSD 19.79 9.89
Foundation + Sitework kUSD 138.49 69.25
Instrumentation and electrical kUSD 19.79 59.35
Internal tubes (material) kUSD - 199.24
Headers, fittings, and tube installation kUSD - 119.54
Total kUSD 1718.21 1230.32

5. Conclusions

This article presented a novel multi-layered hybrid TES concept that
combines PCMs and molten salts to achieve high energy storage den-
sities without compromising cycling behavior or heat transfer perfor-
mance. The design employs two concentric PCM layers with different
melting temperatures and a central molten salt core. The external PCM
layer enhances charging through its high temperature gradient with the
molten salt in the internal tubes, while the internal PCM layer ensures
that the molten salt reaches the required outlet temperature. The molten
salt in the core serves as the heat transfer fluid and a thermal buffer
during mass fluctuations.

The article assessed the feasibility of the hybrid TES for high-
temperature waste heat recovery against the two-tank molten salt TES
technology. The optimized hybrid configuration reduces the LCOE,
LCOH, and LCOS by up to 2.6%, 12.4%, and 33.2% respectively. The
standalone TES case shows the greatest improvement since it accounts
for the full capital cost of the system. Moreover, the waste heat recovery
strategy with both TES configurations demonstrates clear economic
competitiveness compared to the European benchmark for non-
household consumers. The heat recovery is four times less expensive
than burning natural gas, while the generated electricity is about 33%
cheaper than the average European price in 2024.

The optimization revealed two main trade-offs. The first trade-off
involves the internal tube density, where a higher density improves

tube density to achieve effective charging cycles.

The study employed PCM thermophysical properties reported in the
literature, with pricing estimated from pure constituent substances.
Since the design relies on literature-based properties, further advances
in commercially available high-temperature PCMs are important to
support the practical implementation of this concept. Future work will
investigate the integration of the hybrid TES into systems where storage
plays a more significant role, such as CSP plants and Carnot batteries for
electricity arbitrage.
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Table 10

Capital and operating costs for each sub-system.
Sub-system Units Al ATl BI BII CI CII
Power block—capital cost* kUSD 12,025 12,025 - - - -
Power block-operating cost kUSD/y 484 483 - - - -
HX-capital cost* kUSD - - 1177 1177 - -
HX-operating cost kUSD/y - - 55 55 - -
HRU-capital cost* kUSD 1926 1926 1926 1926 - -
HRU-operating cost kUSD/y 90 90 90 90 - -
TES-capital cost* kUSD 1838 1316 1838 1316 1838 1316
TES-operating cost kUSD/y 85.9 61.5 85.9 61.5 85.9 61.5

" Capital costs include a 7% contingency.
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Fig. 15. Cost reduction of the hybrid TES relative to a two-tank TES as a function of tube pitch in (a) PCM layer 1 and (b) PCM layer 2. Color indicates the storage
capacity split, and marker shape indicates the outlet temperature.
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Data availability

Data will be made available on request.

Appendix A. Estimated prices of pure constituent substances

Table A.1 lists indicative prices for the pure constituent substances. These values were compiled from multiple suppliers and specialized
commodity-market reports [51], covering different regions over the period 2023-2025. Reported prices are approximations, as they vary depending

on the demand and the region.

Table A.1
Estimated prices of pure constituent substances.

Pure constituent Unit Value
MgCly $/MT 275
KCl $/MT 370

(continued on next page)
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Table A.1 (continued)

Journal of Energy Storage 163 (2026) 121873

Pure constituent Unit Value

NaCl $/MT 78
Li»CO3 $/MT 11,100
CaCly $/MT 230
BaCl, $/MT 450
NayCO3 $/MT 270
K2CO3 $/MT 1000

Appendix B. Influence of flow arrangement on the TES outlet temperature

This appendix illustrates the effect of the flow arrangement on the TES outlet temperature and provides additional support for the selection of
Configuration 3. Fig. B.1 shows the TES outlet temperature during discharge for configurations with a similar total number of tubes per layer but
different numbers of rows per header.
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Fig. B.1. TES outlet temperature during discharge for configurations with a similar total number of tubes but different numbers of rows per header.

As the number of rows per header increases, the TES outlet temperature decreases more rapidly over time, as the molten salt circulates fewer times
over each layer, ultimately failing to meet the target outlet temperature of 500 °C. In contrast, reducing the number of rows per header results in
higher outlet temperatures over time, but it also increases system complexity and pumping requirements. Considering the trade-off between the TES
outlet temperature and system complexity, we selected three rows of tubes per header for this study.
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