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Abstract

The energy considered as waste heat in industrial furnaces owing to inefficiencies represents a
substantial opportunity for recovery by means of thermal energy storage (TES) implementation.
Although conventional systems based on sensible heat are used extensively, these systems involve
technical limitations. Latent heat storage based on phase change materials (PCMs) results in a
promising alternative for storing and recovering waste heat. Within this scope, the proposed PCM-
TES allows for demonstrating its implementation feasibility in energy-intensive industries at high
temperature range. The stored energy is meant to preheat the air temperature entering the furnace
by using a PCM whose melting point is 885°C. In this sense, a heat transfer model simulation is
established to determine an appropriate design based on mass and energy conservation equations.
The thermal performance is analysed for the melting and solidification processes, the phase
transition and its influence on heat transference. Moreover, the temperature profile is illustrated
for the PCM and combustion air stream. The obtained results prove the achievability of very high
temperature levels (from 700 to 865°C) in the combustion air preheating in a ceramic furnace; so
corroborating an energy and environmental efficiency enhancement, compared to the initial
condition presenting an air outlet at 650°C.

HIGHLIGTHS

e A thermal energy storage based on PCM is proposed to recover high temperature heat.
e An energy intensive industry study case reached a temperature increase up to 200°C.

e 3D-numerical model assesses the thermal behaviour of the waste heat recovery system.
e Combustion air temperature profiles are analysed during charging and discharging.

e A basis is set for system design, thermal stress resistance and material selection.



1 Introduction

Over the past century, awareness of the environmental sustainability principle has been increasing
worldwide and has become deeply rooting in the culture of companies and industries. At present,
numerous compromises and initiatives aim at boosting the key performance guidelines in order
to meet environmental targets [1]. In particular, the energy-intensive industry (EII), which is
composed of aluminium, cement, steel, ceramic, glass and chemical industries, among others, is
making significant efforts to decarbonise their sectors following the 2050 roadmap for energy [2],
while being economically competitive. However, it is not straightforward to achieve an industrial
sector with zero carbon dioxide emissions and strong commitment is required in order to construct
a plan for a low carbon society. EII is facing major challenges to avoid dangerous anthropogenic
interference with the climate system; for example, by achieving the global warming target of 'well
under 2 degrees Celsius' expressed in the Paris Agreement [3]. To this end, the key actions are
focused on implementing clean energy policies, renewable energy integration, switching to
alternative fuels, removing carbon dioxide from the atmosphere by means of sequestration,
developing advanced materials, integrating energy storage and adopting the superior available
technologies [4, 5], all under a lifecycle product approach. All of these strategies arise as
promising actions to improve energy and resources efficiency, optimise production processes,
reduce heat losses and minimise residues [6]. In particular, the integration of energy
transformation and recovery is emphasised in order to avoid unnecessary entropy production,
while causing the production processes to be more cost-effective and environmentally friendly
[7]. This concept approach of integration, flexibility and symbiosis is defined as Smart Energy
System, according to H. Lund et al. [8].

The industrial sector accounts for one third of the total energy consumed in society, of which a
substantial part eventually becomes waste heat owing to inefficiencies. The average thermal
efficiency for installed industrial furnaces is approximately 60% [9], which represent a significant
opportunity for improvement by reducing the main causes of heat losses in industrial furnaces,
namely leaking of exhaust gases, poor insulation and inefficient performance of combustion
parameters. Applying the best available technology in industry can involve a 25% decrease in the
energy intensity; even more, an addition 20% can be achieved through innovative systems [8].
Within this context, industrial manufacturing plants are highly appropriate for integrating
technologies for waste heat recovery. Furnaces heated by the combustion of hydrocarbon fuels;
that is, natural gas, exhibit important heat losses in flue gases (with an average value of 40%,
although very poor performances may increase the heat losses up to 70%) [10]. In Europe alone,
this heat recovery potential has been estimated as more than 300 TWh per year [11], which would
imply a reduction of 250 million tonnes of CO, emissions per year.

Despite the improvement that recovering waste heat provides to the industries, it is limited by
technology and finance difficulties [12]. The implementation of new equipment usually requires
high investment as well as an in-depth renovation process. Manufacturing plants are long lasting,
offering few opportunities for upgrades to the energy efficiency of the core process [13]. This
constraint may be overcome by means of retrofitting strategies based on the refurbishment of
existing equipment. Retrofitting actions are mainly aimed at the cost optimisation of an already
existing plant, adaptation of plant components for new products, achievement of more efficient
and sustainable processes and a reduction in energy and resources consumption [6]. However,
these alternatives are not always possible, as there may be lifespan, cost and space restrictions in
the plant. Thus, benefits and costs must be thoroughly assessed in order to identify the most



profitable and efficient alternative.

The working temperature range of the EII achieves very high levels, as illustrated in Figure 1,
which is based on a report by the Bureau of Energy Efficiency [14]. The most common waste
heat streams may be gases (including exhaust gas, flaring gas, steam and hot air), liquids (such as
hot oil and refrigeration water) and solids (for example, waste and products) [15]. Examples of
typical heat sources in which it is possible to find these streams are melting and heating furnaces,
boilers, incinerators, thermal treatments and steam distributions. All of these represent the
possibility to recover considerable amounts of heat, which is otherwise wasted or simply released
to the environment. The wasted heat can be recovered and reused, either inside or outside the
process or even the plant, for different purposes in the functioning of each production process and
depending on the heat quality. For example, the most common uses are combustion air preheating,
charge preheating prior to entering the furnace and supplying energy to other upstream and
downstream processes.
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Figure 1. Typical operating temperature range of different energy-intensive industry processes
(adapted from data reported in [14]).

In light of the above, thermal energy storage (TES) can be applied as either a new integrated or a
retrofitting element for recovering waste heat in EIl. TES has been proven as an indispensable
approach to improving the energy efficiency of different systems, and consequently, both the
primary fuel consumption and environmental impact can be reduced [16]. The major technologies
for TES include sensible heat, latent heat and thermochemical systems [17]. Latent heat systems
are based on phase change materials (PCMs), owing to their property of releasing or absorbing
energy while changing their physical state, usually from solid to liquid, and vice versa. The PCM
turns into liquid as it absorbs thermal energy, while the stored thermal energy is released during
the solidification phase. Compared to other technologies, PCM is distinguished by its higher
energy storage density, storing thermal energy at a constant temperature, increasing the system
flexibility and exhibiting acceptable long-term reliability [18]. PCMs use the solid/liquid phase
transition to store thermal energy based on their latent heat capacity. This particularity allows
PCMs to store between 5 and 100 times more energy than sensible heat systems with the same
volume [19, 20]. For a certain application, the operating temperature of the heat transference
should match the PCM transition temperature. A wide variety of PCMs are already available and



applicable in various fields [20, 21], such as solar technology, water and air heating, buildings,
heat exchangers, thermal storage, textiles, medicine, transportation, food and beverage, and
thermal preservation.

These materials are classified as organic, inorganic and eutectic [22], depending on the material
nature. Organic materials are normally more suitable for operating temperatures below 100°C;
otherwise, inorganic materials (salts and metals) may fulfil higher temperature requirements (up
to 1680°C [23]). Thus, this group and its eutectic mixed variety offer adequacy for developing
applications in the EII sector [24]. However, despite the advantages offered by these materials,
considerable challenges must still be overcome, such as corrosion, reactivity, compatibility,
structural resistance and safety issues. Even though these materials have been tested at the
laboratory scale [20, 25-27], their applications are scarce at industrial levels, and very few
materials meeting these requirements have been fully commercialised.

Most of the applications have been found in hot water or steam generation processes in solar
plants [28-32]. Y. Lin et al. [12] highlighted the existing gap between theoretical researches and
practical operations. Furthermore, there remains a lack of research owing to the mentioned
technical and economic implications under real conditions, no reports in the assessment of the
energy savings and an unclear knowledge about the PCM thermal performance at high
temperatures in industrial applications [33]. It is even more complicated to find results at higher
temperature ranges, since only a few demonstrators of high-temperature LHS has been
constructed and operated over 200 °C, due to the high cost of experimental test and model
validation with experimental data under real conditions [34]. Therefore, there exists a clear need,
which the present work aims at contributing, to establish computational models for predicting the
thermal behaviour of PCM-TES working under real operational conditions. Accomplishing an
appropriate design and material selection is of paramount importance for storage systems at such
high temperatures.

Thus, the main aim of this study is to address the previous issues in order to expand the PCM-
TES incorporation into the EII sectors at high temperature levels. This research intends to make
advances towards PCM-TES industrial applicability, in order to overcome the performance of
conventional commercial sensible heat solutions, which are limited in recovering high-
temperature heat [36]. To achieve this, it is necessary a detailed evaluation of the PCM-TES
system performance which is proposed to recover high temperature waste heat from an exhaust
gas stream at around 1100 °C. Furthermore, the use of PCM results in non-linearity of the
enthalpy-temperature function, which severely limits the application of conventional design
methods [35]. To solve this, a computer-aided design based on an own developed 3D model is
applied to a case study in the ceramic sector, as one of the most relevant within the European EII.
The simulation results allow performing an appropriate design in material and sizing, ensuring
the technical feasibility of this kind of systems working at critical temperature ranges. In addition,
this modelling could predict the feasibility and potential implications of the system as a first stage,
supporting the design of the PCM-based heat recovery system and decreasing the uncertainty
level prior to developing a more optimised and detailed approach. The results aim at representing
the thermal performance during the PCM phase transition by means of temperature profiles, and
also describe the combustion air temperature during the charge and discharge processes.



2 Methods

2.1  System requirements

A case study in a ceramic production plant belonging to the EII is considered, as considerable
wasted heat can be identified in this sector. In the ceramic sector, frits are the main component of
almost all ceramic glazes, which are a homogeneous mixture of a variety of inorganic materials
resulting from a melting process in a fusion furnace at a high-temperature, followed by rapid
quenching. Finally, the frits are dried with air and an ulterior milling process is applied to convert
them into small glass particles. Therefore, a large quantity of hot flue gases at around 1100 °C is
generated from the furnace. Within this context, the PCM-TES integration aims at recovering heat
from these high-temperature exhaust gases in order to preheat the combustion air entering the frit
furnace (around 850 °C), as depicted in Figure 2. In the present case, although a conventional
sensible heat exchanger exists at the plant, there remains potential value for heat recovery.
Moreover, if the industry does not use any type of heat recovery system, the potential would be
greater, as would the energy and resources savings.
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Figure 2. Diagram for PCM-TES integration for heat recovery in an industrial plant.

Firstly, the heat demand (Q) of the combustion air preheating is quantified in order to determine
the PCM-TES system storage capacity. In Eq. (1), #.omp.q: 15 the mass flow, ¢, is the specific heat
and AT.,u».4 1 the gradient from the combustion air. Assuming no losses in the storage system,
the heat demand in the combustion air sets the requirement for the amount of PCM required to
store the heat.

Q = mcomb.air .Cp 'ATcomb.air (l)

Regarding the PCM selection, several alternative PCMs underwent a comparison process [37],
weighting the advantages and disadvantages in order to reach a suitable decision for the specific
application. The expected outlet temperature should approximately correspond to the selected
PCM melting point. This temperature must be defined in the highest possible range in order to
absorb high-quality heat (high exergy), so it is more valuable in upstream or downstream
processes. The selected PCM is a commercial inorganic molten salt, which is highlighted by its
high latent heat capacity (properties described in Table 1). This salt is the only option available
at such high temperatures on a technical and commercial level [12]. Molten salts are widely used
as TES materials in the industry because of its higher decomposition temperature [38]; however,
the low thermal conductivity may result in long-lasting charge/discharge processes.



The heat transferred in the PCM (Qpcys) on either sides of the tube during the charge/discharge
process is governed by the log mean temperature difference method [35] between the heat transfer
fluid (HTF) and PCM, as described by Eq. (2). This methodology strongly depends on the PCM-
TES configuration and design, since it evaluates the heat transfer as a function of ATy pcys, Which
is the temperature difference between the inlet/outlet HTF and PCM melting temperature, heat
exchange area (4) and global heat transfer coefficient (U). The overall heat transfer coefficient is
calculated as the sum of the HTF thermal resistances, wall tube and PCM, with the phenomena
of convection and conduction.

Opcyr =UAAT 1 _pey ()

2.2 System description

In this specific case, the proposed configuration to be analysed is a shell and tube system. This
configuration is among the most commonly used [39-41], owing to its robust construction
geometry, as well as ease of maintenance, disassembly and possibility for future upgrades.
Furthermore, in the shell and tubes systems, heat losses are minimal and the heat transference is
enhanced along the PCM tubes [42, 43]. The system is composed of seven double concentric
tubes embedded in a shell with a 2 m diameter and 3.5 m length. The double concentric tube
design sets the suitable arrangements considering the quantity and quality of the waste heat
sources, defining the basic sizing and operational parameters of the PCM-TES, following the
above methodology. Besides this configuration allows the disassembly for maintenance labours
or PCM replacement, if needed. A summary of the most relevant parameters of the PCM-TES
solution and main PCM thermo-physical properties is provided in Table 1.

Table 1. Main design parameters and thermal-physical properties of PCM-TES.

PCM-TES parameters/properties | Value and units

System configuration | Shell and tube
Number and type of tubes | 7 double-concentric
Tube length filled with PCM | 3.5 m
Tube / Shell diameter | 0.6 m /2 m
System material | Ni-based alloys, stainless steels
PCM type | Inorganic, molten salt
PCM Melting temperature | 885 °C
PCM mass | 4700 kg
PCM latent heat of fusion | 236 kl/kg
PCM thermal conductivity | 0.6 W/(m-K)
Metal tube conductivity | 25.6 W/(m-K)
System storage capacity | 300 kWh

During the charging, the flue gases move through the innermost part of the double concentric tube
to transfer the heat to the PCM, as detailed in Figure 3. The convective heat transfer coefficient
for the tube side is calculated according to Eq.(3) and it takes into account both thermomechanical
properties of the materials (such as the thermal conductivity £ and the Nusselt number (Nu)) and
the representative geometrical parameters (D) [44].The convection inside the tubes influences the
charging process and it is defined by the flue gas stream (/;,=6.9 W/(m?-K)). The PCM inside the



tubes absorbs the heat and starts increasing its temperature until it reaches the phase-change point.
During the phase transition, the heat is stored by conduction (k) in function of the latent heat
capacity; while the PCM becomes liquid. The PCM ring thickness will be set considering the
technical aspects in order to ensure suitable thermal transference. This process lasts until almost
all the PCM is completely melted. After that, the flue gas stream through the PCM-TES is closed
and the air combustion starts flowing through the shell during the discharging. Then, the PCM
becomes solid again while releasing the heat, thus increasing the temperature of the combustion
air stream, which is flowing through the external shell. In this case, the discharging phase is
governed by the combustion air streaming in counter flow inside the shell. The equation for
calculating the convective coefficient through the shell is defined by Eq.(4) [44], corrected with
the baffle pitch factor (4.,,~67.2 W/(m?-K)); where Re and Pr correspond to the Reynolds and
Prandtl number, correspondingly.

k-Nu
hyg=—p— (3)
k 1
heg = 5-0.36-Re°'55-Pr /3 4)

Combustion air
inlet at 650 °C
me= 1850 Nm3/h

[

metal
Combustion air outlet
expected around 850 °C

>

kpcm

Flue gases
at 1100 °C

v
mg, =780 Nm¥h .

Figure 3. Diagram of PCM-TES input/output streams, cross-section and tube configuration.

Figure 3 gathers the information related to the PCM-TES configuration, the heat source
temperatures and flows, and the target preheating in the combustion air after moving through the
PCM-TES. The tubes are distributed in a triangular arrangement, as depicted in the cross-section.
In this manner, the air turbulence through the shell is greatest, and the shell diameter is smaller
than in a rectangular arrangement [45]. Moreover, the use of baffles attached to the shell side with



a minimum pitch of 15% along the tube is suggested in order to support the tube bundle and direct
the flow inside the shell. The baffles enhance the mechanical stability of the overall system and
extend the residence time of the fluid to be heated, thereby increasing the heat transference and
final outlet temperature achieved. Moreover, it is advisable to install the PCM-TES in a vertical
position, because this offers improved mechanical stress resistance, easier cleaning and
acceleration of the melting process compared to the horizontal orientation. The main reason for
the difference of performance in time is the effect of gravity on the system, which induces a larger
portion of natural convection.

2.3 Numerical model for PCM system
2.3.1 Governing equations

During the design phase, one of the most commonly used methodologies is simulation tools based
on numerical models [35]. These allow for the generation of representative results considering
boundary conditions associated with the operating conditions of the real process in which the
PCM system is intended to be coupled. Simulation code in MATLAB® software was developed
based on a numerical model, to obtain both the temperature profile and phase change performance
along the charge/discharge cycles. A three-directional finite differences method (FDM) is selected
to solve the heat equation in the transient state with stair-step modification [46], increasing the
mesh points in the radius vicinity [47], which allows for an appropriated adaptation for these
geometries. The analysis of the method accuracy reported in reference [48] shows that the
incurred errors can be ignored in applications where the boundary is not the focus of the
simulation, as in the present case. Furthermore, the advantages over other methods are easier
programming, as well as less memory resources and iteration time required. The heat conduction
and convection are investigated and considered within this model; while radiation was neglected
due to practical issues. This 3D model is the core of the computer-aided design, which allows
adapting the main parameters to achieve a suitable PCM solution for each specific study case.

In order to solve the complete model, calculation of the temperature profile (7) is presented in the
main equation, Eq. (5), for three dimensions, in accordance with the studies of S. Mazumder [49]
and Ferziger [46]. An adiabatic system is considered, where p is the density, x refers to the
equivalent thermal conductivity and Of is the time variation:

oT o’T oO*T 0O*T
p-c = &)

. —=K + +
P ot ox*  oy* oz’

Regarding the boundary conditions of Eq. (5), the internal and external tube walls are governed
by the convection heat transfer inside and outside the tube, where each HTF (exhaust gases and
combustion air) flows. At the beginning of the simulation (first charge) all surfaces are assumed
to be at ambient temperature. During the performance of a cycle, the charging ends when the
PCM melted percentage achieves more than 90%. At that point, the calculated temperature
profiles set the initial conditions for the discharge process and the temperature at the flue gas
outlet is also calculated. During this stage, the new temperature profiles for the PCM are
calculated, as well as the combustion air outlet temperature. The discharge phase should last for
as long as there is an increase with respect to the combustion air without PCM-TES integration
(650°C). Hence, the minimum limit for acceptable discharging is fixed at 700°C. Finally, when



the discharging is finished, the resulting temperature profiles becomes the initial conditions for
the next cycle.

In the simulation, the temperature discretisation applied for an internal node is illustrated in Eq.
(6) [50], where 7 is the Fourier number.

+7"

(i,j+1,k)
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(i,j-1,k)
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Moreover, the interface described in Eq. (7) is applied in each node, with the contact between the
PCM and tube walls within a length differential (L).
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All of the PCM thermo-physical properties utilized to solve the previous equations are
temperature independent, but different values are considered in the function of the state
(liquid/solid). The state is demarcated by the liquid fraction (f), which is defined for each time ()
in the function of the PCM melting temperature (7,,) according to Eq. (8) [51] and considering
the phase change as an isothermal process. This parameter is important since it defines the portion
of PCM melted or solidified, which is the limit condition for the charging process.

f (i.], k)
ﬁl Js k) ]((1 J.k) (t) %f (i,), k) (8)
f (GYR k)

Finally, both convection and conduction are considered as the dominant phenomena during the
PCM melting and solidification. The effects of natural convection inside the concentric tubes
were taken into account during the PCM melting and freezing by utilising an effective

conductivity ( K, ) by following Eq. (9) [52]. In this equation, Pr is de Prandtl number, Ra is the

Rayleigh number, D,,, defines the interior diameter and D,,, is the external diameter of the double
concentric tubes.
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As a summary of the computational calculation process, Figure 4 represents the steps followed to
perform heat transfer and temperature simulation.
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Figure 4. General description of thermal simulation algorithm.
2.3.2 Validation

The developed PCM modelling algorithm is generic and flexible enough to be adaptable any shell-
and-tube configuration. Therefore, during the validation phase, the finite difference code was
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adjusted to operate exactly under the same operational parameters, PCM thermo-physical
properties and boundary conditions established in reference [53]. As a result, a profile temperature
is obtained in transient state; which can be directly compared to the experimental data reported in
[53], in order to validate the reliability of the results obtained using the in-house developed code.
The comparison was performed for one charging cycle in a horizontal-oriented shell and tube heat
exchanger, incorporating a medium-temperature PCM (erythritol) with a melting point of 117°C
and a heat of fusion of 340 kJ/(kg-K). The diameter of inner copper tubes is 54 mm where the
water is flowing as HTF; while the shell diameter is near 150 mm. the initial temperature of water
inlet was 20°C and it achieved and average output temperature of 61.6°C. The temperature
gradients were compared along the three system directions under the same operating conditions,
sizing and geometry parameters.

A cross-section of the tube with the temperature profile following three hours of charging is
illustrated in Figure 5. The fluid layer thickness increases from the inside, around the heat transfer
tube and towards the more external layers. This behaviour follows a symmetrical dynamic during
the melting phase, particularly during the first several hours of the heat transference, when
conduction is the dominant mechanism. As time progresses, the natural convection will have
progressively more important effects and the profile will not be as symmetrical. The remainder
of the PCM remains in the solid phase. Overall, the measured temperatures reported in [53] are
very similar compared to this case, only differing by approximately 5°C, as a maximum. The
dissimilarities can be identified mainly at 117 °C, at the beginning and end of the phase change.

140 °C

135°€

130°C
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120 °C

115°€
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Figure 5. Temperature profile in a cross-section of the PCM tube.

Moreover, Figure 6 illustrates a comparison between the variation of average temperature of the
control PCM system, which is calculated from the thermocouple readings in reference [53], and
the average simulated temperatures in the same locations along the PCM. Along a five- hour
period, the maximum difference exhibits a relative error of 8%. The temperatures from the
numerical model simulations are slightly higher than those of the control system. Once the
transition is achieved, both temperatures present a very similar curve and remain almost constant
during the phase transition dominated by latent heat.
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Figure 6. Temperature profile evolution for validating the PCM model.

The differences can be explained by the adiabatic assumption in the numerical model and by the
approximation of the spatial and temporal derivative of the heat diffusion equation in the FDM.
Furthermore, the thermo-physical properties are assumed to be temperature independent, making
the simulated temperature phase change less smooth than the experimental one. In order to
achieve a more accurate model, a characterisation of the PCM properties is necessary in the
temperature function. In conclusion, a strong agreement is observed between the present
developed numerical model simulation and PCM behaviour described in [53], so the modelling
is assumed to be satisfactory. Furthermore, this process allowed confirming the robustness and
flexibility of the simulation code.

3 Results and discussion

The previously described PCM modelling allows for obtaining the thermal performance of the
defined PCM-TES operational and thermo-physical parameters (Table 1). The temperature was
calculated for all mesh points, enabling determination of the thermal profiles of the PCM, metal
tubes, flue gases and combustion air along the tube length as well as at every time of the entire
process. A summary of the most relevant results is presented in this section.

3.1 PCM temperature profile

The simulated temperature profile in the middle of the PCM-TES tube is presented for the
charging process in Figure 7. In the first instance (melting 0%), less energy is required to heat the
PCM than during the phase transition. Hence, the PCM temperature increases more rapidly before
and after the phase change is completed, owing to the sensible heat effect. When the PCM initiates
melting, its temperature has already achieved the transition point (885°C) and it absorbs thermal
energy by means of latent heat. Following six hours (upper right side of Figure 7), only the closer
layers to the inner tube are melted, where flue gases are flowing, while the more external layers
remain solid. When the charging time reaches 11 hours, half of the PCM is melted and the
temperature profile is more uniform along the thickness. From this time, the liquid PCM expands
more homogenously, layer by layer. Following 15 hours, 85% of the PCM is in a liquid state at a
temperature of approximately 925°C for the PCM in contact with the inner tube and 885°C near
the outer tube, where it is still undergoing a phase change.

12
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Figure 7. PCM Temperature profile [°C] during charging in the middle of the tube.

Correspondingly, Figure 8 illustrates the temperature profile for the discharge phase in the tube
midpoint, as well as the solidification rate at certain relevant times. During the first hours of
discharging, the phase transition inside the PCM is very well illustrated in the thermal profile, as
different temperature layers are distinguished. In the first hour, the solidification process advances
up to 35% and the majority of the PCM thickness reaches the transition temperature until the tube
midpoint. After three hours, a substantial amount of PCM is already solidified by releasing the
stored heat, and only the inner part of the ring is still in the liquid state, with a temperature above
its melting point. The PCM achieves a complete solidification state after five hours. At this time,
the combustion air can still exit the PCM-TES at a very high temperature, with values near 800°C.
This is because thermal energy exists in terms of sensible heat available in the storage system,
which may be useful for the preheating process. Thereafter, the heat transference exhibits a much
more homogenous and uniform profile (depicted on the bottom-right side of Figure 8) as the PCM
temperature decreases, until it reaches the minimum temperature that is acceptable for the
combustion air.
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Figure 8. Combustion air and PCM temperature profile [°C] during discharging in the middle
of the tube.

3.2 PCM-TES thermal performance and charge/discharge processes

The results gathered in Table 2 indicate the melting/solidification percentages during the
charge/discharge processes, respectively. Moreover, the evolution of the combustion air
temperature is defined during discharging.

Table 2. Main operational parameters of the PCM-TES.

Time Charge Discharge Teompair

(hours) (% 1iquia) (% solia) (C)

1 0 35 865

2 0 63 836

3 0 83 824

4 0 95 811

5 0.5 100 796

6 3 100 771

7 10 100 744

8 19 100 723

9 30 100 705
10 39
11 50
12 60
13 70
14 80
15 85
16 92
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Once the PCM-TES has recovered the waste heat from the high-temperature exhaust gases, the
energy is discharged into the combustion air in order to preheat the stream entering the frit
furnace. At the combustion air outlet, the temperature ranges from 865 to 705°C during the whole
discharge process. This indicates a relevant increase with reference to the combustion air inlet,
which reaches 650°C after passing through a conventional heat exchanger beforehand. At the
beginning of the discharging, most of the contribution of the combustion air temperature increase
takes place by means of the stored heat as latent heat (70%), while the share of sensible heat (solid
state) is substantially smaller. In this sense, the temperature increase can be considered as a nearly
isothermal process, as it decreases by only approximately 50°C in four hours. Conversely, the
combustion air decreases its temperature by more than 100°C in the following five hours, once
the PCM has solidified completely. The PCM temperature decreases under its melting point,
thereby reducing the gradient with the combustion air. Along with this gradient reduction, the
heat transference rate also decreases, but it still provides a higher temperature with respect to the
inlet baseline (650°C) without PCM-TES integration.

The PCM charging process ends after 16 hours, when almost the totality of the material is melted.
However, the discharge process should be stopped after nine hours, because at this moment, the
temperature of the combustion air will still be over 700°C and the PCM is already 100% in the
solid state. In conclusion, a complete cycle of the PCM for charging and discharging lasts for a
total of 25 hours. When the discharge phase is over, the cycle is complete and the PCM can start
the charge again, absorbing heat while melting and storing the thermal energy.

As aresult, the natural gas consumed for feeding the furnace can be reduced, owing to the increase
in the combustion air during the discharge phase. Considering an industrial process with no heat
recovery at all, the annual savings that a similar plant would achieve accounts for approximately
50000 Nm? of natural gas. In that case, the energy saved resulting from to the natural gas savings
due to the PCM-TES integration for heat recovery would be approximately 570 MWh on a yearly
basis.

Faster and more flexible charging/discharging periods will allow for increasing the PCM-TES
adaptability to a wider variety of process integration. In the research for a means to enhance the
heat exchange, the combustion air speed and heat exchange area should be maximised in order to
increase the convection and overall heat transfer coefficient. Therefore, the discharging time can
be reduced without compromising the high temperature achieved for the combustion air at the
PCM-TES outlet. In this regard, numerous studies have focused on heat transfer intensification
methods, including integration of fins [54], and also other thermal conductivity enhancement
techniques, for instance, porous foam or metallic structures, advanced nanomaterial
incorporation, micro and macro encapsulation [55]. Furthermore, the use of metal alloys as PCM
is also very promising alternative at high temperatures, thanks to their high thermal conductivity,
which may significantly reduce the melting and solidification time. However, there is a lack of
understanding on the implications of the metallurgical aspects that could risk the implementation
of the system [56], mainly due to thermal expansion when encapsulating inside the double
concentric tubes, or incompatibility issues under thermal cycling at high temperatures. Since
significantly more research is needed, thermal performance parametric analysis, characterization,
and stability tests are key aspects for future research before implementing the metal alloys as
PCMs in TES at industrial scale.
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3.3 Combustion air temperature analysis

For further details on the combustion air, Figure 9 depicts the temperature profile at different tube
lengths concretely, at the beginning of the tube, in the midpoint and at the end of the tubes. The
latter is the approximate temperature of the combustion air for preheating, as it is the closest point
to the PCM-TES outlet. It is worth noting that the curve is considerably more constant during the
first several hours, owing to the phase changing effect, with the gradient between the PCM and
combustion air inlet. The combustion air temperature increases rapidly owing to the high gradient
(around 160°C) in the heat transference during the first hours of discharging. Therefore, the
combustion air can reach more than 860°C after two hours of operation. While the PCM
undergoes a phase change from liquid to solid, the gradient is maintained and the beginning of
the tube firstly solidifies, while the remainder is still in the liquid state. After six hours of
discharging, the gradient is reduced to below 50°C at the end of this stage, where the sensible heat
is the dominant transference phenomenon. Thereafter, the combustion air decreases as the PCM
releases the stored heat until the minimum limit (around 700°C) after nine hours.
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Figure 9. Combustion air temperature behaviour during discharging phase at different tube
lengths.

The heat transference inside the PCM-TES is a gradual process along the tube length, but is
neither uniform nor linear. The combustion air temperature is analysed in detail for an initial, a
middle and an ending point of the tubes, as illustrated in Figure 10. At the beginning of the
discharge phase, 50 to 80% of the entire temperature increase is achieved while the combustion
air circulates through the first half of the tube. This is because the PCM contained at the beginning
of the tube is solidified by releasing the majority of the stored latent heat. For example, the
combustion air rapidly increases from 650 to 775°C when passing through 1.5 m during the first
hour. Conversely, the growth curve slope is reduced in the following length sections (from 2 m)
as the heat transference rate decreases with an approximation to thermal equilibrium, which is
depicted by its convex tendency.

However, the curve tendency becomes concave as the discharge continues after the first four
hours, when the phase transition is almost completed (95% of the PCM is already solid). From
then on, the highest temperature augmentation for the combustion air stream occurs at the end of
the tube length, where the PCM temperature is higher. For example, after nine hours of
discharging, the temperature increases by approximately 50°C in the second half of the tube
length, which means 80% of the total increase. Therefore, when 100% of the PCM is solid, the
heat transference rate occurs essentially in the final section of the tube and by means of sensible
heat.
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Figure 101. Combustion air temperature behaviour along tube length at different discharging
times.

Therefore, Figure 9 and Figure 10 provide useful information regarding the thermal behaviour of
not only the combustion air, but also the metal layer in contact with this flow in the external shell.
G. Krajaci¢ et al. [57] pointed out the necessity of providing an appropriate material for
withholding the PCM, resisting all stresses and ensuring safe use. Therefore, the shell design
temperature should consider the maximum temperature achieved by the combustion air and
maximum gradient. These outputs are relevant for thermomechanical calculations, the stress
resistance of metals and possible degradation issues [36]. Apart from this, the temperature profile
in the interior of the double concentric tubes should be contentiously analysed in order to predict
potential thermal stress risks.

4 Conclusions

At present, working with PCM as a thermal storage and recovery system at high temperatures is
both promising and challenging. This study assesses in detail the thermal performance of latent
heat thermal storage for industrial integration, by evaluating the thermal profiles,
charging/discharging times, portion of PCM solidified/melted and gas flow temperatures
(combustion air and exhaust gases). The analysis of these parameters is crucial in the material
selection and equipment sizing for its further integration at industrial scale. The 3D numerical
modelling for the presented in this study can serve as a first-step implementation of the technology
for evaluating the PCM feasibility for heat recovery at very high levels in Ells. Thus, the main
parameters for the PCM system performance and design are defined in the function of the
developed model outputs.

A case study in the ceramic industry is presented in detail, with the aim of recovering waste heat
at very high temperature levels (over 1100°C) from the furnace exhaust gases. The system
configuration consists of an external shell containing double concentric tubes of 2 m long and 600
mm in diameter, filled with 4700 kg of PCM. Consequently, the recovery of waste heat is possible
within the temperature range of 700 to 865°C, using a PCM with a melting point around 885°C
and considering the proposed PCM-TES design. The temperature increase allows for preheating
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the combustion air entering the furnace, and potentially reduces the natural gas consumption and
enhances the overall system efficiency. Besides, the charging and discharging time of this PCM-
TES are set to approximately 25 hours (16 hours for charging and nine hours for discharging),
which is significantly influenced by the low PCM thermal conductivity.

By analysing the temperature profiles, it is found that the combustion air heating is a gradual
process along the tube length, but is neither uniform nor linear. The phase transition evolution is
presented in detail during both the charge and discharge phases. In this type of system, the
majority of the thermal contribution arises from the latent heat owing to the PCM integration,
which substantially increases the system heat capacity. This effect is clearly observed within the
first several hours of discharging, particularly in the first section of the tube, where 50 to 80% of
the temperature increase is achieved. In general, the tube section between 2 and 3 m withstands
the highest gradient (maximum around 200°C) during the entire discharge phase. Furthermore,
special attention should be paid during the beginning of the charging and discharging, as the
temperature changes are strong and may cause thermal stress along the tube.

Based on the work described above, the PCM-TES contributes not only to seeking strategies for
waste heat recovery, but also initiates a path for ensuring successful design to be integrated in EII.
The predicted system thermal behaviour provides the basis for the PCM-TES design, operational
performance and material selection for heat recovery at high temperature ranges. Furthermore,
the flexibility of the PCM systems offers the opportunity to adapt the designs depending on the
specific plant requirements, thereby increasing its replicability not only in different processes, but
also various other EII sectors.

Future work should include a more accurate approximation for natural convection in order to
improve the numerical model, particularly according to its importance during melting. Moreover,
the implementation of an industrial prototype will validate the simulation results, and refine the
developed computational simulation code. Assessing the complete charge/discharge cycles would
allow for investigating the PCM-TES behaviour at the industrial level for an improved
understanding of the internal flows and detection of critical points from the design and
thermomechanical perspectives.

Abbreviations

A Area (m?)

ca sub index for combustion air
¢y Specific heat (J/(kg-K))
D Diameter or representative geometrical parameters (m)

AT Increment of temperature (°C)

EIl Energy Intensive Industry

FDM Finite Differences Model

f Liquid/solid fraction (-)

fe sub index for flue gases

HTF  Heat Transfer Fluid

heony  Convective heat transfer coefficient (W/(m?-K))

Neq Convective heat transfer coefficient in the shell side (W/(m?-K))

hyg Convective heat transfer coefficient in the tube side (W/(m?-K))i x-space step (s)

i y-space step (s)
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k z-space step (s)
~ Thermal conductivity (W/(m-K))

Kyr  Effective Thermal conductivity to consider convection phenomena (W/(m-K))

Length differential (m)
n Iteration step (-)
Melting
My, flue gas mass flow (kg/h)
Nu Nusselt number
PCM Phase Change Materials
Pr Prandtl number (-)
0 Heat demand from the process (J/h)
Opcyr  Heat power of the PCM-TES system (W)
Ra Rayleigh number (-)
Re Reynolds number (-)p Density (kg/m?)
T Temperature (°C)
TES  Thermal Energy Storage
t Time (s)
T Fourier number (-)
U Overall heat transfer coefficient (W/(m?-K))
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HIGHLIGTHS

e A thermal energy storage based on PCM is proposed to recover high temperature
heat.

e An energy intensive industry study case reached a temperature increase up to 200°C.

e 3D-numerical model assesses the thermal behaviour of the waste heat recovery
system.

e Combustion air temperature profiles are analysed during charging and discharging.

e A basis is set for system design, thermal stress resistance and material selection.



