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Hybrid PCM-steam thermal energy storage for industrial processes — Link [
between thermal phenomena and techno-economic performance through
dynamic modelling

Pouriya H Niknam, Adriano Sciacovelli

School of Chemical Engineering, Birmingham Centre for Energy Storage, University of Birmingham, UK

HIGHLIGHTS

e A dynamic model for HyTES is implemented to estimate the performance and optimise the design.

o The surpassing efficiency of HyTES arises from PCM latent heat and the superior performance of the steam accumulator in the hybrid system.
o HyTES stores up to 45% more energy than a conventional steam accumulator.

o The incorporation of HyTES leads to 5% reductions in CAPEX and stream generation cost.

o The dominant design parameter for HyTES are the PCM latent heat and the charging time.

ARTICLE INFO ABSTRACT

Keywords: This study aims to assess the performance and economics of novel hybrid thermal energy storage (HyTES) for
Thermal energy storage industrial applications, linking performance to thermal phenomena occurring within the system. The storage
Hybridisation

hybridisation concept is based on coupling latent heat storage modules containing high-temperature Phase
Change Materials (PCMs) with a fast-response steam accumulator. Such hybrid storage, where heat is stored in
both forms of steam and latent heat of PCMs, has the potential to capture excess heat produced by the steam
generator of any industrial processes, which can then be used at peak times. HyTES performance is dynamically
modelled during charging, idle, and discharging stages. The results show that the HyTES provides 14% extra
energy storage capacity than the existing steam accumulator within an identical total volume. Furthermore, the
study provides technical analysis of HyTES, and thorough comparison between configurations with different
PCM volumes, PCM types and charging times. This is essential to ultimately quantify the whole range of benefit
of hybrid energy storage. The sensitivity analysis reveals that Incorporating the HyTES significantly improves
energy capacity, and the degree of improvement is mainly affected by the charge duration, approximately 15%
after 1 h, and 45% after 4 h of charging. Furthermore, it is shown how the PCM properties affect the performance
of HyTES. Finally, the CAPEX and O&M cost of the entire system are assessed in different scenarios and found to
be 5% less when HyTES replaces the conventional SA.

Phase change materials (PCM)
Steam accumulator

Industry

Efficiency

On the other hand, the industry is responsible for nearly a quarter of the
total emissions, and it is expected that it delivers a proportionate share
of emissions cuts [2]. The policies for the industry in the global net-zero
strategy include the support for improving their energy resource and
energy efficiency [3]. Therefore, energy efficiency enhancement has
ranked among the top priorities for industries. Within such context,
several waste heat recovery technologies have been developed to sup-
port energy management and facilitate decarbonisation. Thermal energy
storage systems (TES), as one of the emerging waste heat recovery

1. Introduction

Over the past decade, there has been a dramatic rise in energy prices,
and emission regulations have become more stringent. Also, world
leaders have pledged at COP26 (UN Climate Change Conference) to cut
emission levels by 50-60 % by 2050, as part of efforts to tackle the
climate crisis. In order to meet this objective, global emissions needed to
fall by 52-58 GtCO2e/yr by 2030, and by 20-24 GtCO2e/yr by 2050 [1].
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Nomenclature

Symbols

B Boiler

COqe CO,, equivalent

H Specific enthalpy [kJ/kg]
kt kilotonne

L Liquid

LH Latent heat [kJ/kg]
M Total mass [kg]

m mass flow [kg/s]

R, radius of HyTES [m]
R; Radius of SA [m]

S Solid

T Temperature [K]

t time [sec]

x PCM liquid fraction
Q Convective Heat flux
Superscripts and subscripts

I index

L Liquid

out Outlet

cond Condensation

evap Evaporation

in Inlet

pc phase change

sat Saturation

\%4 Vapour

T time constant [s]

¢ Energy flow

technologies, have the potential to enhance energy resilience by storing
the heat for later use, which leads to promoting energy utilisation effi-
ciency aligned with the decarbonisation goals.

TES is classified into three major types based on the principle of
operation: latent heat thermal energy storage (LHTES), sensible thermal
energy storage (STES) and thermochemical energy storage (TCS), which
have been extensively reviewed for example in [45]. Sensible TES and
LHTES are mature technologies or near to market to drive deep decar-
bonisation of industry. Instead, TCS is in the development stage, but it is
not moving nearly fast enough to accelerate on some fronts [6]. They
have distinctive features in terms of storage timeframe, capacity,
response time, and temperature range.

More recently, a number of studies have emerged on TES solutions
with hybrid configuration seeking solutions for either upgrading mate-
rial characteristics or improving the storage system efficiency. The key
concept behind hybridisation is the combination either individual TES
principles, materials or systems within a single and integrated TES
system with the purpose of ultimately deliver performance or functions
that the isolated TES subsystem would not be able to achieve [7]. With
the context and aim of the present work, the focus is on hybrid thermal
energy storage (Hy-TES) combining sensible TES and LHTES. The
advanced development and adoption stage of such two TES technologies
provides clear routes for hybridisation, while the TCS advancement still
requires overcoming fundamental development challenges. Hence
hybridisation options involving TCS technologies remain currently to a
great extent out of reach.

Proposed hybridisation of Sensible TES and LHTES has so far been
conceived to take advantage of the key distinctive features of these two
types of TES. On one side, the cost effectiveness and rapid energy
charge/discharge of sensible TES, particularly when the storage medium
is in liquid form. On the other hand, the higher energy storage density,
stable operating conditions and a wide range of candidate PCMs for
energy storage at different temperature levels.

An exemplar case of Hybridisation of sensible TES and LHTES has
been put forward by Zauner et al. [8]. They hybridised industrial-scale
shell-and-tubes TES in which latent heat was provided by high-density
polyethylene placed inside the tubes, while sensible storage of heat
was provided by thermal oil on the shell side. The experimental and
numerical results demonstrated that such hybridisation gave significant
versatility to the TES system, both from design and operational points of
view. High power storage could be achieved with small diameter tubes,
even for low PCM conductivity. Similarly, designs with fewer tubes
increased the share of sensible TES, leading to quicker charge/discharge.
Conversely, more packed designs (either larger tubes or higher number
of tubes) are favourable where energy storage density and constant
operating temperatures are essential for the end-use application.

Hybridisation between sensible TES with solid storage medium and
LHTES has instead been proven to be successful when optimisation of
energy storage density and specific costs needs to be concurrently taken
in consideration [9]. An exemple investigation of such hybridisation
strategy has been carried out by Liu et al. [9], who considered a variety
of PCMs storage media and graphite for combined latent-sensible stor-
age of thermal energy at high temperature (~500 — 750 °C) at MWh
scale. Overall, the proposed HyTES was estimated to achieve a cost
reduction between 7 and 14 % compared with a PCM-based cascade
storage while largely delivering comparable operating conditions.

Relevant to the work presented in this paper are the recent de-
velopments of hybrid TES system encompassing steam accumulation.
Recently, Dusek et al. [9 10] investigated the joint operation of steam
accumulation and PCM in a hybrid configuration in which a thin layer of
PCM was integrated with the outer shell of the steam storage vessel.
Such hybrid system has the potential to store thermal energy form of
both steam and heat, which are commonly necessary for industrial
processes. The increase in energy storage capacity of the hybrid system
compared to the conventional steam TES storage was reported to be 29
%. Similarly, Pernsteiner et al. [11] implemented a numerical model of
the hybrid system, and their estimation showed about 25 % increase in
the energy capacity. However, the authors raised the issue of the
excessive computational cost required for the CFD simulation. More-
over, the dynamic behaviour of steam storage during the charging/
discharging cycle is less discussed, and the CFD simulation was limited
to the PCM. Kasper et al. [12] also showed how PCM element orienta-
tion, the fraction of aluminium and fin spacing significantly affect the
thermal behaviour of the PCM within the hybrid steam accumulation-
LHTES systems. However, the simulation was limited to a single PCM
element, and thus the influence of steam storage was included exclu-
sively through equivalent thermal boundary conditions. Finally, work
from Hoffman et al. [13], which extended the study of Dusek et al.,
addressed the optimum design for retrofitting steam storage systems
with PCM containers leading to additional energy storage capacity from
10 % to 40 %. However, their economic assessment was based on the
CAPEX only, and no running costs were taken into account. In contrast,
there are other studies like the one by Venettacci et al. (2022) [14],
where the coupling of PCM-based TES with gas-fired boiler is experi-
mentally explored and the results covers the operating cost reduction by
21.4 % and in fuel saving by 18.4 %; However the case study developed
for supplying domestic hot water.

Overall, it has therefore emerged that, from the technical point of
view, research on the hybrid PCM-steam storage systems to date has
focused on providing evidence on the feasibility of PCM incorporation
into conventional steam storage vessels. Works have been mostly
focused on modelling of the PCM part of the steam accumulator, while
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comprehensive technical assessments are to a good extent currently
missing due to a general lack of a complete modelling framework for
estimating unsteady behaviour under realistic conditions emerging from
integrating the storage system into end-user processes.

Furthermore, from an economic standpoint, published studies on
HyTES combining steam accumulation and LHTES have so far margin-
ally assessed costs in a holistic manner, often only capturing a fraction of
the overall costs involved. Such limitation of existing studies is partic-
ularly relevant for applications of HyTES in the industrial context —
which is the focus of the present work. In most industries, operational
costs are rolling parameters often of the same order of magnitude as the
investment cost [15,16]. Hence, neglecting O&M costs in evaluating
HyTES technology may lead to underestimating the economic viability.
Nonetheless, it remains of paramount importance that holistic cost
analysis is paired with accurate technical analysis. Hence the aim and
scope of the present work, which addresses such need by means of a first-
of-a-kind comprehensive techno-economic investigation of HyTES con-
sisting of steam accumulation and LHTES with PCMs for medium tem-
perature applications in an industrial setting.

Specifically, the overarching aim and scope of this work is to quan-
titatively answer a set of integrated techno-economic questions to a)
fundamentally understand the enhanced technical operability, technical
efficiency, and eventual technical limitations provided hybrid steam
accumulation - LHTES system and b) to thoroughly assess the costs,
value and benefits unlocked by the investigated HyTES for its applica-
bility and integration within a specific industrial process with thermal
energy demand in the form of steam and heat. Additionally, and
complementarily, the present work also proposes a high-fidelity and
computationally effective modelling approach that allow to thoroughly
simulate the dynamic behaviour of the HyTES system in fine detail such
that the technical and economic characteristics of the problem are fully
and comprehensively captured.

1.1. Novelty and originality of this work

The work here focuses on a superior and holistic study of the techno-
economic performance of HyTES consisting of a fully coupled steam
accumulator and LHTES using PCMs for storage of thermal energy in the
range of 150-250 °C. In particular, the work contributes to advancing
the understanding of thermo-fluid dynamic behaviour of the system and
how this is intimately intertwined with its technical performance and
economic viability. Compared with prior contributions reviewed in
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Section 1, the present paper takes an alternative route and poses
particular attention to how the phase change phenomenon within the
PCMs, and the dynamic behaviour of steam accumulation/discharge
processes link to overall system performance. Further, in addition, the
work thoroughly establishes the causal correlations and sensitivities
between the fundamental thermal phenomena occurring within the
hybrid system, its performance and the overall costs of the system itself,
both at the design stage as well as during operation. Ultimately, methods
and results presented here advance the understanding of the benefits
and trade-offs of HyTES solutions, which have been so far largely
overlooked. In doing so, the present work contributes to advancing the
technology closer to a technically and economically viable imple-
mentation in real-life conditions.

2. Hybrid thermal energy storage — System description and its
application context

Steam is one of the most widely used and highly effective mediums
for industrial heating. It is an integral part of various industries,
including food, beverage, textile, chemical, medical, power, and
manufacturing [17]. Steam accumulators (SA) are a common solution to
separate the boiler output from sudden load variations and enhance the
continuity and reliability of the steam supply.

Fig. 1 shows different pathways considered in this work in order to
meet steam demand in an industrial process. Key to the present work is
the energy storage (buffer component) section. Here, two alternatives
have been considered: i) traditional steam accumulation by means of SA
or ii) Hybrid thermal energy storage (HyTES), which consists of com-
bined steam accumulation and thermal energy storage, the latter by
means of phase change materials (PCMs). The rationale for this choice
lies in the increase in energy storage capacity as well as steam accu-
mulation capacity enabled by the use of PCMs, as fully detailed in the
Results Section of this work.

Fig. 2 illustrates more technical details of HyTES investigated in this
work. The concept was originally proposed by Dusek et al. [1318].
However, as outlined in Section 1.1, the work in this manuscript
significantly differs from existing literature by thoroughly establishing
the causal correlations and sensitivities between the fundamental ther-
mal phenomena occurring within the hybrid system, its performance
and the techno-economic benefits. The PCM layer covers the external
shell of the SA and thus exchanges heat with steam/water contained
within the SA. Thus, thermal energy is stored in two media: water/steam

Steam Boiler

Steam Boiler

Energy storage
(Buffer section)

Industrial process

Industrial process

Industrial process

End-user
Steam generator (Identical steam demand)
GEDEEnaa s ey, 20 YOEE R AN seE gy |0 NElEna s e L 7’
- ——m . TTTTTTTH STt TTTTTT
Comparing Capex, O&M costs & Environmental Impact T~ e
N TN
LTI - X
lL Evaluating different hybrid configurations | SA | PCM |
_________________________ A A

- —
-+ .Thermal Interactions

Fig. 1. Outline of scenarios responding to steam demand of industrial process.
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Fig. 2. The incorporation of HyTES in the industrial steam supply chain.

and PCMs. The interplay between these two key parts of the system is
therefore expected to alter the overall charging/discharging perfor-
mance as well as storage capacity, as fully detailed in the subsequent
sections of this manuscript. Finally, Fig. 2 also illustrates how the HyTES
could be integrated in an industrial process. Specifically to this work,
integration with food processing industry. The case study has been
selected based on two criteria: first, it should be from the industrial
sector with high steam demand, i.e. chemical, steel and food industries.
The availability of steam demand profile was the second reason why we
chose the current case, which is related to the food industry. The steam
demand is taken from the literature [19].

3. Methodology

The methodological framework adopted in this work consists in a
technical analysis and an economic assessment. On the technical side,
the HyTES dynamic behaviour is simulated to investigate the perfor-
mance of the hybrid configuration. The comparison between steam
storage and HyTES was performed to reveal the potential improvement
in energy capacity. Meanwhile, the sensitivity analysis identified the
influential parameters. The derived energy enhancement index is used
to calculate HyTES cost and the consequent financial impact on the in-
dustrial end-user.

3.1. Technical assessment basics

3.1.1. Steam storage subsection

The total convective heat exchange which takes place between the
fluid and the environment, Q, is given by the sum of the heat transfer
rates between phases (water and steam) and the environment:

Q=040 (€Y

The phase change and the consequent heat and mass transfer are
determined by vaporisation and condensation processes. The energy
flow associated with either evaporation or condensation when the spe-
cific enthalpy is greater or less than the saturation specific enthalpy is
calculated by Equation (2):

¢ =M(H—H,,)/t ()]
where M and H, and 7 are the total liquid or vapour mass and specific

enthalpy and time constant, and either the evaporation or condensation
mass flow rate is assessed by Eq. (3) [20]:

m= d}/Hmr (3)

The primary model determines phase change in the water-steam
equilibrium state; however, the total volume is constant. Steam flow
and phase change rates in the accumulator are governed by the mass
balance equations for the liquid and vapour which is defined by Equa-
tion (4) [20]:

dmL/V . . .
@ My — Mour + Meond fevap ()]
in which m;, and my, are the inlet and outlet mass flow rates.

The water can be heated or cooled depending on the heat transfer
between the tank and the environment. Equation (5) and equation (6)
are the energy balance in the liquid and vapour, respectively.

dML dML
M L + = Drin— Prow T Peond — Pevap + Q1 )
duy dM
Vd_tv + dtvuv =Pvin— Pvou — Peona + Pevap + Qv (6)

in which ¢y, Gous Peond> Pevap are inlet, outlet, condensation and evap-
oration energy flow rates.

3.1.2. PCM subsection

PCM is a type of energy storage material which is based on a phase-
changing process, typically a solid to liquid and vice versa. Hence, the
primary storage principle of PCM is latent heat. However, the sensible
heat, defined as thermal mass, serves as an additional heat storage
mechanism. The sensible heat is simply defined as Equation (7) to store
the energy in the form of internal energy:

dT;

0= p,pL’mmiE @

One hundred nodes are employed in radial direction to precisely
locate the phase boundary within the PCM layer. This number of ele-
ments is chosen so that doubling them results in less than a 1 % change
in the interface location. Individual cell thickness and corresponding cell
mass (m;) are calculated based on the total thickness of the PCM in cy-
lindrical coordination:

The thickness of elements is identical. The temperature and the
phase state are determined by the energy balance., The energy (Q;)
absorbed by or released from each node during the system operation
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derived by Equation (8) [21]:

miCp (Tpp - T,) T < Tpc(xi = 0)
0 = m;LH T=T,0<x<1) (C))
m;Cy (T; — Tpe) T<Tplxi=1)

T, and LH are phase-change temperature and latent heat of ith
element of PCM block. The element temperature remains unchanged in
the phase change process until the entire volume changes into either
liquid or solid. Meanwhile, as described by Equation (9), the corre-
sponding phase fraction is assessed using the heat and the latent heat.
The phase fraction is bounded within 0 and 1, referring to the entirely
liquid and solid states.

X; = max(min ( {xs_o + /,(:mQ,(lg-I dt] 1 ) ,0) ()]

In order to model the entire PCM, the governing equations must be
solved for all elements which are located in a row and linked together by
conductive heat transfer. The key input for each element is the energy
flow, while other parameters are set according to the material property
and operating conditions.

3.1.3. HyTES model

The HyTES consists of a cylindrical SA surrounded by PCM. A one-
dimensional transient numerical approach is developed to model the
charging/discharging cycle of the HyTES. The steam storage and PCM
models are considered as HyTES subsystems which are interconnected
by a conductive thermal link. The SA subsystem is responsible for the
mass balance and VLE calculations, while the PCM subsystem provides
the progression of phase front during the charge/discharge process and
its effects on the PCM temperature. The heat flux with time is then
calculated with an energy balance accounting for conductive heat
transfer between SA and PCM, as shown in equation (10).

O+ O, + Oreminierface =0

The control of SA is done by charging and discharging control valves.
A 2-hour time window is considered for the simulation, and the valve
commands are shown in Fig. 3, which start with upstream valve open-
ing, followed by idle time and downstream valve opening.

An algebraic system of equations is solved in each time step in order
to advance the solution. It is solved by ODE113 solver in MATLAB
Simscape, and key parameters are tracked through time during the
simulation, including the heat flux, mass flow rates, SA liquid level, PCM
phase front and the temperature of all elements. The numerical as-
sumptions are listed in Table 1, including fixed values and ranges in
which ranges are the design space for the sensitivity analysis to explore
the behaviour of HyTES. These ranges are defined based on the property
of commercial high-temperature salt PCMs, including PlusICE® H190 to
PlusICE® H220 [22], with the latent heat of 100 to 170 kJ/kg. Those
PCMs with phase temperatures within the range of the minimum and
maximum steam saturation temperatures of the SA are suitable for the
HyTES. Based on the literature, the characteristics of these PCMs are

(10)

Inlet valve is closing

Outlet valve is closed End

0 70min
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Start

Inlet valve is opening
Outlet valve is closed

Fig. 3. Timeline of operation and valve actions.

20min

Inlet valve is closed
Outlet valve is opening

120min

Table 1
Technical assumptions.
Section Parameter Value or Reference
range

SA Charging steam pressure [bara] 26
Charging steam Temperature [°C] Saturated
Charging/ discharging Steam vapour 1
quality
Discharging steam pressure [bara] 20
Initial water level 60 %
Diameter [m] 2
Length [m] 8.4
Steam/water heat transfer coefficient 4700 [18]
[W/(m® K)]

Wall Thermal conductivity [W/(m.K)] 46.5
Thickness [mm] 20
Density [kg/(m®)] 7800
Specific heat capacity [J/(kg.K)] 490

PCM Thickness [mm] 20-70
Latent heat [kJ/(kg)] 100-170 [22]
Specific heat capacity [J/(kg.K)] 1500-1600 [22]
Density [kg/(m%)] 200-2300
Phase change temperature [°C] 191-220
Thermal conductivity [W/(m.K)] 0.52 [22]

Insulation Thermal conductivity [W/(m.K)] 0.035

similar to solar salt and mixtures of nitrate salts [23].

3.1.4. Validation

Before proceeding to discuss the results, it is essential to validate our
individual implementations for both steam storage and PCM technolo-
gies. In order to validate the nonequilibrium model of the steam accu-
mulator, the simulation is adapted to the condition of the case study of
Stevanovic et al. [24]. The pressure is demonstrated in Fig. 4, which is
compared with reference in the charging for a steam storage with 11 m
of length and 2.9 m of diameter. The storage operates between 55 bar
and 34 bar, and the relaxation time for the phase change process is 85 s.

Moreover, the PCM model is adapted for the experiments done by
Siyabi et al. [25], which is a single-pass shell and tube reactor. A heat
transfer fluid (HTF) flows inside a stainless tube, and the commercial-
grade PCM is in the shell. Fig. 5 clearly demonstrates that The PCM
phase gradually changes from solid to liquid while the energy transfers
from the HTF to the PCM. The phase change process is associated with
the forced convection at the inner radius and the natural convection
with the ambient air at the reactor surface.

50 - . . . : :
= = = Mode
O Ref. Experimental data 6}0
=====Ref. model ov..
— 45 B 0/ ’6’4" T
— s
-g Q-)‘oo/""
— o "’
[ (<] e
S 40 | @ -
7] 535,. -
§| oo
o ‘o
7 7
350" 1
¢

0 100 200 300 400 500 600
Time [s]

700

Fig. 4. Steam accumulator model validation.
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Fig. 5. PCM model validation.
4. Results

4.1. Dynamic performance of hybrid thermal energy storage under
complete charge—discharge cycles

This section reports and discusses the dynamic behaviour of the
HyTES system under investigation. As part of the overall aims of the
paper, the results initially detail how the hybrid nature of the system
leads to enhanced technical operability and efficiency compared to
traditional TES systems. Therefore, the full charge-discharge cycle is
considered to better isolate the thermal behaviour of the individual parts
of the Hy-TES and the mutual interdependencies. Fig. 6 details the
nominal full cycle under which the fundamental behaviour of the Hy-
TES is investigated. The charging process is initiated through the
opening of the steam inlet valve, which leads to steam flowing into the
accumulator, as well as thermal energy being stored within the PCMs (as
further detailed in this section). The Hy-TES system is considered as fully
discharged at the beginning of the cycle. Following an idle period, the
full discharge process is considered until the complete discharged state
is reached. According to the references [26], this timescale is typical for
the SA operation in industry.

1 . Charging 1
| = |dle period
! Discharging
o !
et 1
© 0r — i
L 1
(%2} i
1 F )

0 20 40 60 80 100 120
Time [min]

Fig. 6. Full duty cycle of the HyTES.
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4.1.1. Dynamic behaviour of steam accumulation and release during full
charge—discharge cycle of the HyTES system

Since steam is the main heat carrier for transferring thermal energy
between the HyTES system and the external end-user of thermal energy
(See Section 2), it is essential to fully understand how steam flow rate
and steam/water level of the HyTES dynamically vary during the charge
and discharge processes. To this purpose, Fig. 7 shows the time evolu-
tion of the steam flow rate of the HyTES system under the storage cycle
presented in Fig. 6. Positive values of flow rates correspond to the
charging phase, during which steam enters and accumulate within the
HyTES system. Conversely, negative flow rates reported in Fig. 7
correspond to HyTES discharging. During this stage, the steam previ-
ously accumulated is extracted from the HyTES system and delivered to
the end-user.

Results in Fig. 7 clearly demonstrate that the steam flow rate is
intrinsically unsteady during the operation of the system, with an initial
spike, both during charge and discharge, in which a progressive reduc-
tion of flow until full charge or discharge is reached. Such dynamic
behaviour is directly linked to the time evolution of pressure during the
whole charge/discharge cycle. The steam flow rate is directly propor-
tional to the pressure differential between feed line pressure and SA
pressure. This differential is at its maximum at the very beginning of the
charging process, leading to a higher value of steam mass flow rate.
However, as the process is carried out, the pressure differential di-
minishes, as does, accordingly, the mass flow rate. Analogously, during
discharge, larger steam flow rates are attained at the start of the process
when the pressure inside the system is highest.

Fig. 7 also compares the HyTES steam flow rate with the one for a
conventional steam accumulator, also known as Ruth steam accumu-
lator or simply steam accumulator (SA). The comparison is carried out
considering that the HyTES and the SA have the same volume available
for the accumulation of steam, as well as identical inlet/outlet condi-
tions during the charge and discharge processes. Fig. 7 highlights that
during charging, the steam flow rate is slightly higher for the HyTES
compared to the SA. Conversely, the mass flow rate for HyTES is found
to be lower than for SA during discharging.

Fig. 8 complements the results of Fig. 7 and reports how the time
evolution of the pressure and liquid level in the steam storage are inti-
mately tied to the steam flow rate. The liquid level is proportional to the
amount of steam that is condensed during charging or vapourised during
discharging. On the other hand, both condensation and evaporation
depend on the water-steam equilibrium state, which is pressure-
dependent. The accumulation of steam during the charging causes an
increase in pressure, as well as the saturation temperature, and therefore

. <«— Charging attime0 [ HyTES |

Mass flow [t/hr]
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Fig. 7. Charging/discharging flow rate for both SA and HyTES.
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the steam is partially condensed until the equilibrium is reached again.
Fig. 8a also shows that during the charging process, the pressurisation of
the system is nearly instantaneous; conversely, the condensation
occurring during discharge is a relatively slow process. Both liquid level
and the pressure remain unchanged until the discharging is initiated;
thus, steam is released. In this step, the storage is depressurised from idle
stage pressure to outlet pressure (~10 bar) in less than 5 min, while the
liquid level decline takes place in a longer time frame to reach its final
level.

Fig. 8 also compares the liquid level and the pressure in HyTES with
those in SA. The heat transfer between the water/steam mixture and the
PCM occurs at a slow rate; this can be appreciated in Fig. 8b from t = 20
min onwards. Here, the liquid level within the HyTES keeps increasing
compared to the SA. This is due to the continuous transfer of heat from
the steam/water to the PCM, which in turn leads to further condensation
and hence an increase in the liquid level. Also, differently from the SA,
HyTES shows a minor pressure drop during the idle period. Further-
more, the pressure is slightly lower than that in the SA (Fig. 8a) when the
heat is continuously exchanged from steam to the PCM due to the
temperature difference, and the difference is significant at the end of the
idle period. The water level is also higher in the HyTES due to the
thermal interaction between PCM and steam. The PCM intensifies the
condensation rate by absorbing the heat from the steam during the
charging, and therefore the liquid level in HyTES is found higher than
that in SA. The thermal response of the PCM also alters the rate at which
water level varies during discharging. In particular, the water level
within the HyTES diminishes at a slower rate in comparison to a
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traditional SA. This can be immediately understood by recalling that
during discharge, the thermal energy stored in the PCM is released and
transferred to steam/water, thus diminishing the rate at which steam
condenses.

4.1.2. Dynamic behaviour of PCM during full charge—discharge cycle of the
HyTES system

This section illustrates and discusses the behaviour of the latent
thermal energy storage (LHTES) subsystem integrated into the overall
HyTES system. In the present study, two approaches are taken to pre-
cisely identify the effect of PCM in HyTES. The first analysis is based on
fixed total volume, and PCMs occupy a part of the vessel. The second
analysis is more aligned with the retrofitting of the existing steam ac-
cumulators, and the model is based on a vessel with a fixed dimension
and various amounts of PCM. Therefore, the overall volume depends on
the amount of embedded PCM. During charging and discharging of the
whole HyTES system thermal energy is exchanged between the steam
within the steam accumulator and the external compartments contain-
ing the PCMs. Fig. 9 illustrates the outline of the system with the moving
interface of liquid and solid phases in PCM. Consequently, melting of the
PCMs and thus storage of thermal energy occurs during the steam
accumulation process within the HyTES system. Conversely, when
steam is retrieved from the HyTES system, and thus energy is progres-
sively extracted from the system, the PCMs solidify and release the heat
previously stored. Hence the radial position of the PCM melting front
dynamically changes.

The time evolution of such interface position is reported in Fig. 10. It
shows the charging and discharging processes that take place during the
duty cycle previously presented (Fig. 6). Approximately 5 min after the
start of the charging process (steam injected in the accumulator), the
PCM begins to melt, and the melting front progressively advances from
the inner wall until reaching the outer wall (maximum radius). Simi-
larly, during discharge (steam released from the accumulator), the so-
lidification process starts at t = 70 min from the inner wall and
progresses until all of the PCM solidifies.

The time evolution of HyTES system temperature is reported in
Fig. 11. The graph illustrates the temperature for water/steam as well as
the PCM at different radial positions. As expected, the PCM located
closer to the inner wall (i.e. at smaller radial coordinates) exchanges
heat with the water/steam during the initial stages of the charging/
discharging process. Consequently, the PCM temperature at such loca-
tions raises/decreases during the early stages of the charge/discharge
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Fig. 9. Identification of the PCM melting front location.
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Fig. 11. Temperature of different compartments of HyTES.

process. Conversely, the temperature of the PCM located at a larger
radial coordinate (i.e., PCM outer side) raises/decreases at a later stage
during the charge/discharge process. The step-wise nature of the tem-
perature profiles illustrated in Fig. 11 is due to the numerical dis-
cretisation along the radial direction employed to model the physical
phenomena (see Fig. 9). Nonetheless, it is relevant to emphasise that the
accuracy of such a modelling approach was proven to be adequate in
Section 3.1.4 where model validation is reported.

4.1.3. Overall energy storage performance of the whole Hy-TES system
under complete charge—discharge cycles

As in the case of any energy storage system, it is crucial to assess the
behaviour of the total stored energy during the charge/discharge cycle.
This is reported in Fig. 12, where contributions from each component of
the HyTES subsystem are also illustrated. It is worthwhile to notice how
the system allows different response-time for SA and PCM. While the
former is a fast-responding energy storage, the latter instead provides a
longer heat storage duration. The thermal energy capacity is investi-
gated by comparing the results between HyTES and conventional SA
under identical total volume.

The results in Fig. 12 clearly show how the proposed hybrid system,
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Fig. 12. State of charge of the HyTES.

compared to a conventional SA, provides a relevant 15 % increase in
overall storage capacity with ~ 5 % of the volume dedicated to PCM.
Such an increase in storage capacity is due to the multiple effects that the
PCM subsystem has on the overall system behaviour. On its own PCM
part store extra energy in the form of latent heat, as clearly shown in
Fig. 13. In addition, the presence of the PCM stage allows the SA to
indirectly accumulate more steam, leading to a further increase in the
total amount of stored energy. This is caused by the exchange of heat
that occurs between SA and PCM subsystems through the wall sepa-
rating the two sections. According to the operation principle of SA, when
fresh steam is introduced into the vessel, it cools down, and the existing
water and steam are heated to a higher temperature, reaching a new
equilibrium state. The heat absorbed by the PCM during the charging
results in a delay in the system temperature rise. Hence, there is a lower
temperature and saturation pressure in the HyTES. Due to the higher
thermodynamic driving force, more steam is drawn into the vessel to
eventually reach the pressure of the steam source. As the charging ad-
vances, more incoming steam is condensed in the HyTES (as is evident in
Fig. 8b). A larger water mass indicates higher cumulative energy. Thus,
that 15 % extra energy capacity arises from the superior performance of
SA (5 %) in the HyTES and the PCM itself (10 %).
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Fig. 13. HYTES capacity compared with conventional storage.
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4.2. Technical parametric analysis

Although the key features characterising the dynamic behaviour of
the HyTES system have been illustrated in the previous sections, it is also
essential to understand how such behaviour is affected by the main
technical parameters of HyTES systems. The ratio of HyTES energy
storage capacity to the one of conventional SA was assessed for different
amounts of PCM (i.e. volume) and PCM specific heat capacity (Cp) while
the remaining parameters, including the radius of SA, are kept un-
changed. In the cylindrical configuration, the relative amount of PCM is
represented by a volumetric fraction and the ratio of total radius (Rz) to
the radius of the base SA (R;).

As a metric to show HyTES superiority over conventional SA for
storing the heat, the energy capacity ratio is defined as the ratio of
HyTES capacity to that of the base SA. The denominator of this ratio for
all cases is the same, and the energy capacity ratio reveals the effect of
hybridisation. As shown in Fig. 14, by adding PCM to the SA with a fixed
configuration, the capacity can be increased up to 15 %, and the shaded
region shows the best achievable performance. The optimum values
found for the PCM to SA volume ratio is within 5 % to15%, where PCM’s
impact on capacity enhancement is more pronounced.

In order to clarify the rationale behind the initial increase and the
subsequent decline in energy capacity ratio, the phase change profiles
through the charging-discharging process are extracted for three con-
figurations which are composed of identical SA and PCM with different
thicknesses attached to it. The thickness of PCM in cases A, B and C are
20 mm, 40 mm, and 70 mm. The same number of elements and time-step
are used; therefore, they can be compared. As shown in Fig. 15, the
initial temperature of the PCM elements is below the melting point;
therefore, the entire PCM is solid at the beginning of the HyTES oper-
ation. In the charging stage, the heat is transferred to the PCM, the
melting is triggered from the inner element, and the neighbouring ele-
ments are also gradually involved. The ultimate position of the solid-
-liquid interface at the end of charging and idle stages depends on the
heat flux, charging time, heat capacity, latent heat, and the melting
point of the PCM. The contribution of the elements undergoing the phase
change to store the heat is in the form of sensible heat and latent heat,
while the contribution of the remaining ones is only in the form of
sensible heat. As shown in Fig. 15, the interface in all cases is found
almost at the same distance from the surface of SA, which means the
amount of extra PCM embedded into the system does not play a signif-
icant role in the phase interface location. However, as shown in Fig. 14,
it marginally alters the overall heat which can be stored by the HyTES. In
case B, the solid elements perform as a heat sink, absorb sensible heat
and postpone the melting of inner elements, which ultimately leads to an

‘ , : . : , 1.4
(]
E F“*—_*__* .El;\ﬂ
~ 1.14 e, “": >% o
= PN g L>» T
) 2 ha N 112
% )(, L -, T—— N
O 143} hibte TV--v--y :
o 1 el
g ? P e - SHERD N A 111
w | —-&-— LH=100J/g — #* — LH=142J/g

1124 7 |= ¥ = LH=114J/g — &8 — LH=156J/g

, —=%-— | H=128J/g —©— LH=170J/g

: 1
10 20 30 40 50 60 70
PCM / SA [viv %]

Fig. 14. Energy enhancement by various PCM proportions (fixed SA volume).
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Fig. 15. Phase change profile in various PCM proportions (Red line: dis-
charging time).

increase in the HyTES energy capacity. This sensible heat can be
released during the discharging stage. However, when the amount of
PCM exceeds 15 % (according to Fig. 14 and for case C in Fig. 15), it
performs like an infinite heat sink. Although a large part of the PCM in
case C is not involved in the phase change, the temperature is negligibly
increased associated with the sensible heat; however, it is not enough to
reach the melting temperature. This heat absorption also decelerates the
melting of inner elements, and the liquid-solid interface is slightly dis-
placed. In all cases, the effective thickness of PCM is found at about 11
mm. This limitation for the PCM amount also echoes the investigations
by Dusek et al. [10], with a case study with a PCM thickness of 10 mm.
Another investigation by Xu et al. [24] on PCM-based thermal energy
storage for residential applications emphasises that exceeding the PCM
thickness from 20 mm does not improve storage performance.

As shown in Fig. 14, the maximum energy capacity enhancement by
hybridisation in a 2-hour timescale (shown in Fig. 6) is approximately
15 %, and according to the discussion above, this limit is not imposed by
the amount of PCM. In the next step, the longer charging time than the
base case, which was 50 min, is investigated. In order to fully take
advantage of the PCM latent heat, the HyTES is simulated for a longer
duration of charging, in which more PCM are involved in the phase
change process. The enhancement of energy capacity of HyTES is
compared in Fig. 16 for various latent heat values. The results confirmed
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Fig. 16. Effect of charging time on the energy storage capacity ratio.
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that a longer charging time for the same SA unlocks the hybridisation
benefits, and the enhancement of the energy capacity can be up to 40 %
for 4 h of charging, which is suitable for industrial applications. This
value is consistent with 34 % additional stored energy in steam storage
with phase change material casing reported by Dusek et al. [10].
However, it is only achievable with a longer charging time, which means
an extended availability of the heat source. This figure also represents
the liquid/solid interface displacement, in which the PCM with higher
latent heat (circle marked dotted line) has a lower displacement. On the
other hand, it has a higher energy capacity ratio, which stems from a
higher heat transfer rate resulting from lower thermal resistance be-
tween the SA surface and the liquid-solid interface.

The effect of specific heat capacity on the energy capacity is also
investigated and found to be insignificant for the present case study
compared to the effect of latent heat. Fig. 17 shows the energy capacity
ratio of HyTES for three different latent heat values and the associa-
ted marginal increase for using PCM with higher specific heat capacities.
Fig. 17 shows that the latent heat has a dominant effect, while the
average variation of HyTES capacity by altering the specific heat ca-
pacity is approximately 0.1 %, knowing that the specific heat capacity
for the commercial PCMs with a melting point matching the operating
temperature of steam accumulators (210 to 300 °C), for HyTES is lies
within a narrow range of 1.5-1.57 kJ/(kgK).

4.3. Economic evaluation

In this section, the findings of the economic investigation are pre-
sented. The industrial case study is a 3-hour steam demand in the food
industry [19]. It is assumed that the system is operating continuously,
and therefore, it is calculated that the system supplies 52GWh of thermal
energy per year by providing low-pressure steam. The calculation is
derived by scaling the 3-hour steam demand [19] to 360 days of
operation.

The base line scenario consists of a boiler system sized to supply the
maximum steam demand. Two alternative scenarios are comprised of a
boiler coupled with an energy storage system, namely conventional SA
or the HyTES system. Either the conventional SA or the HyTES can store
surplus steam produced by the boiler at times of low demand for sub-
sequent release to supplement the output of the boiler during time of
high demand. In these two scenarios, the boiler generation capacity was
considered to be lower than the maximum steam demand. In particular,
four different boiler capacities were considered: 80 %, 65 %, 50 % and
37.5 % of the maximum capacity. Visually, each capacity is labelled with
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A, B, C and D in Fig. 18, which also shows the time evolution of the
steam demand.

In scenarios A to D, either SA or HyTES supports the reduced-
capacity boiler. The cooperation between the energy storage technol-
ogy and boiler then allows the steam demand to be fully met. It is also
extensively discussed by Cam et al. [26], who explored the plant econ-
omy by integrating thermal energy storage into the steam generation
system. The author assessed up to 0.6 M€ additional profit, estimated as
a 3.5 % increase in plant profit. The support of the energy storage
technology would be in releasing steam during peak demand. In each
case, when the instantaneous steam demand exceeds the boiler steam
generation, the surplus steam demand is considered to be met by the
energy storage technology (corresponding to the yellow highlighted
area in Fig. 18). Conversely, when the demand is lower than the boiler
generation capacity, the exceeding boiler generation capacity is used to
charge the energy storage. The surplus steam demand and the deficit in
boiler steam generation are reported in Fig. 19 for a range of relative
boiler generation capacity, where 100 % capacity identifies the case
where the boiler is sized to meet the maximum peak demand of steam. In
particular, the time-averaged demands below and above the boiler ca-
pacity are balanced by using a boiler with 38 % lower capacity. This
percentage echoes the ratio which is reported by SINTEF [27]. They
found that the integration of the SA leads to covering the steam demand
with a boiler capacity up to 41 % lower than the capacity of the current
one.

In order to proceed further in the economic assessment, it is neces-
sary to identify the capacity as well as the internal configuration of the
HyTES system. Four cases with different steam supply configurations are
defined for the economic assessment. In the base case, the energy is
supplied by the gas boiler with a capacity adjusted to the maximum
demand (according to Fig. 18). Alternatively, a conventional SA can
support the gas boiler in peak shaving and valley filling in the steam
supply. In addition, two HyTESs are assumed: one is designed for 50 min
of charging, and the corresponding capacity ratio is approximately 1.15
(according to Fig. 14). The second HyTES is assumed for cases with a
charging time of 4hrs that deliver a capacity ratio of 1.4 (as shown in
Fig. 16). The potential amount of energy that each of those components
can supply to meet the process demand within a four-hour time frame is
shown in Fig. 20. This comparison is assessed based on two hybrid-
isation approaches: a) Fixed volume (F) in which both HyTES and
conventional SA have the same total volume in the comparison; b)
retrofit design (R in which PCM layer can be added to the existing SA;
therefore the overall volume increased. Moreover, what stands out in
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this figure is the dominance of boiler duty in all cases, and the boiler is
expected to operate steadily at this capacity, while axillary support from
either SA or the HyTES operates only in peaks.

The CAPEX is calculated by the purchase equipment cost (PEC) of the
boiler, which is a function of mass flow [2829], and the PEC of SA, which
is taken from a European commercial price list [30] verified by literature
data [3113]. A 2-year (2021-22) average EUR/USD exchange rate of
1.162 is used for non-European price data [32]. The results are illus-
trated in Fig. 21a for SA and Fig. 21b for boiler, in which the data are
updated for the year 2021 by Chemical Engineering Plant Cost Index
(CEPCI) index (see Fig. 22).

The costs associated with the steam supply unit can be assessed as
generation cost (GC), accounting for the annual fuel costs (FC) and
annual non-fuel operating cost (O&M), as well as the capital cost
(CAPEX).

GC = CAPEX + TL(O&M 0, et + O8&Mper) 1n

where TL is the technology lifetime, which is commonly 25 years for the
boiler systems.

According to the literature which is listed in Table 2, the average unit
price is estimated as 20 €/kWh to 140 €/kWh for the SA and within 10€/
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Table 2
Cost calculation assumptions.
Parameter Range selected Ref.
value
SA specific price [€/kWh] [20-140] 40 [333431353637]
PCM specific price [€/kWh] [10-50] 30 [3839]
Boller O&Mcostyyy [4-21] 43 [34,40,41,42,43,44]
CAPEX AUALASAS
average gas price (EU) [c€/ - 2.79 [45 46]
kwh]
Natural gas net calorific value [34.2-37.2] 35.3 [47]
(NCV) [MJ/m®]
Boiler steam/energy [(kg/h)/ - 0.63 -
kW]Ratings
(F&A 100° C)
Gas boiler Lifetime [yr] - 25 [34]
TES Lifetime [yr] [25-40] 25 [34]

kWh to 50 €/kWh for the PCM. Moreover, O&M costs are estimated as a
percentage of the CAPEX. The annual O&M cost is within 4 % to 21 % of
the CAPEX, while the fuel cost (FC) highly depends on the gas price,
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roughly 20 % to 40 % of the CAPEX. However, the fuel cost is estimated
based on 7500 yearly operating hours and the 2-year EU-average gas
price for non-household consumers, which was 0.0279 €/kWh in
2020-2022.

The generation cost is assessed for all cases and compared with the
base design in which the boiler fulfils the total steam demand, which is
shown in Error! Reference source not found.. Although the fuel cost
dominates the GC, the CAPEX components are remarkably different
between the boiler only and the alternative configurations. The financial
impact on the end-user is assessed by the estimation of the generation
cost of the plant lifetime. The saving in capital cost is calculated as 5.2
%, and GC is notably reduced by 38 % when SA is deployed. When using
the HyTES, a 5 % decrease in the CAPEX is found compared to the
conventional SA. However, this reduction is mainly mirrored by the
CAPEX, which is also a part of GC when HyTES is deployed. Further-
more, the O&M cost saving is estimated at 16.5 % and 21 % for SA and
HyTES.

5. Conclusions

This paper aimed at comprehensively assessing the technical and
economic viability of hybrid thermal energy storage (HyTES) to repla-
ce conventional steam accumulators (SA) for industrial applications.
The study thoroughly addressed the hybridisation concept, principle of
operation, limiting factors affecting the performance of HyTES, short-
term and long-term financial benefits. The main conclusions are sum-
marised as follows:

e HyTES is composed of conventional SA and high-temperature PCM
layers on the surface of the SA. The energy capacity of HyTES in
storing the surplus steam and releasing energy during the peak de-
pends on the charging time, PCM thermal property, and the amount
of PCM embedded in the SA. The extra energy capacity of HyTES
arises from incorporating the PCM, which stores a considerable
amount of heat on its own as well as supports the SA in receiving
additional steam. On the other hand, due to the slow response of
PCM in charging and discharging, the overall duration of HyTES
response would be longer than that of the conventional SA.

The extra heat capacity of HyTES appears to be dominated by latent
heat energy; therefore, the part of the PCM which reaches the
melting point and is involved in phase change has a key role in the
energy capacity enhancement. Although the remaining parts of the
PCM store the heat in the form of sensible heat, the contribution to
the overall extra heat capacity is less than 1 %. However, those parts
can be effectively involved for a longer charging time. The energy
capacity enhancement of HyTES is shown ranging from 15 % to 45
%, which are estimated for charging time from 1 to 4 h. Indeed,
utilising PCM with higher latent heat can further improve the ca-
pacity of HyTES.

Although the upper bound of additional storage of HyTES is found as
45 %, it is only achievable when the heat source for charging is
available for about 4 h. In retrofitting the existing SA, the pre-
determined process condition, particularly steam source and sink
caps the energy storage enhancement.

The economic analysis was carried out by estimating investment and
O&M costs. The use of HyTES noticeably reduces both the invest-
ment and O&M costs, which ultimately affects the long-term steam
generation cost. The CAPEX of a system with HyTES is found to be 5
% less than the case with conventional SA. HyTES improves indus-
trial plant economics by reducing generation cost, which includes
the CAPEX and O&M cost.

In conclusion, it was demonstrated how HyTES outperformed con-
ventional SA to shave the steam peaks. By the presented discussion
regarding the cost impact and efficiency improvement, the HyTES has
more chance of being accepted by industry. However, the magnitude of
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enhancement depends on the industrial process and the type of inter-
mittency in steam demand. HyTES offers higher capacity and longer
duration of storage with financial benefits in the short and long terms. In
this sense, the results presented in this work provide an understanding of
the feasibility of HyTES in industries. However, HyTES has the potential
to be further adapted to industrial processes and contribute to improved
flexibility beyond the potential already demonstrated in this paper.

Future works

The present study is confined to thermal analysis and economic
assessment with a more technically conceptual approach. The economic
part is based on the average-size SA for a representative industrial unit
from the food sector. However, the result is mainly discussed using
dimensionless ratios and relative changes to state the performance of the
equipment. Future works could expand the current work by extending
the potential of SA in plants with various scales in different sectors. The
present economic assessment is based on average price indexes for SA
and PCM for CAPEX calculations. The unit prices are associated with
order quantity, type and supplier. Also, SA price highly depends on the
steel price. Also, the current assessment is conducted based on natural
gas boilers, and the fuel cost margin is neglected for the operating cost.
Alternative fuels with corresponding margins could be considered in
further studies. However, these assumptions reduce the complexity of
economic assessment to clearly gauge the profitability of HyTES tech-
nology. Future works can also address the environmental impacts linked
with energy resources. This part can be assessed in the form of an LCA
analysis of HyTES, using the same approach of representative environ-
mental studies for thermal energy storage systems [1448]. It will
determine the environmental sustainability of HyTES configuration
from a full life cycle perspective.
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