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GRAPHICAL ABSTRACT

First-of-a-kind industrial steam storage retrofit with phase change material

First prototype of a novel hybrid Experimental investigation of operational behaviour
thermal energy storage concept « Real measurement results during operation in an industrial steel plant
» Combination of Ruths steam storage Storage operation between 150°C and 220°C

(RSS) and latent heat thermal energy « Storage capacity increase by 30%
storage (LHTES) .

« Easy, reversible retrofit procedure to
meet industrial requirements

» Economic option for increasing storage

+ Could leverage the advantages of both
storage types

Charging/discharging times of 10.4/8.6 h

Numerical modelling and detailed sensitivity analysis

« Heat transfer between RSS and LHTES is critical to performance

« Potential to reduce charging/discharging times 10-fold

* Flexible LHTES modules are proposed for future improvement of hybrid
storage
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ARTICLE INFO ABSTRACT

Keywords: Hybrid design combinations of sensible and latent heat thermal energy storage (TES) leverage the advantages
Thermal energy storage and reduce the disadvantages of both types. Thus, the range of application of said individual storage types is
Phase change material extended and crucial retrofit opportunities are enabled. Such hybrid TES concept consisting of a Ruths steam

Experimental investigation
Parameter optimization
Sensitivity analysis

storage (RSS) and a surrounding layer of storage containers filled with an eutectic mixture of sodium nitrate
(NaNO;) and lithium nitrate (LiNO;) as phase change material (PCM) was for the first time realized and
investigated during operation in a steel production plant.

In this work, the hybrid TES prototype is characterized with the help of detailed modelling and real
measurement results. Uncertain model parameters are identified via parameter optimization and the numerical
models show satisfactory validation results. Additional 30% of thermal energy could be stored in the PCM
containers retrofitted to the lab-scale RSS. Charging/discharging times and specific thermal power of the
PCM containers were roughly measured as 8h and 12 h and 560 kWm™/-802 kWm™, respectively, in the typical
operation region. A sensitivity analysis of the performance indicators reveals potential but also engineering
challenges for following generations of the hybrid TES concept. Compared to the achieved experimental results,
charging/discharging power could be increased by up to 10 and 5 times, respectively, in the future by adequate
measures to increase heat transfer between both storage types.

https://doi.org/10.1016/j.apenergy.2023.121300

Received 17 February 2023; Received in revised form 23 April 2023; Accepted 13 May 2023

Available online 26 May 2023

0306-2619/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/apenergy
http://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2023.121300
https://doi.org/10.1016/j.apenergy.2023.121300
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2023.121300&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Kasper et al.

Nomenclature

Acronyms

LHTES
PCCs
PCM
RMSE
RSS

Indices

alu
i
L

n

stl
in
lower

out
ref

upper

a

B

AH
Al
At

m

AXpem
Aypcm

b$~R=-=m="'=~]>”=©-§~5
o)
a

=as
2

5=l

o

J(0)

Latent Heat Thermal Energy Storage
Phase Change Composites

Phase Change Material

Root Mean Square Error

Ruths Steam Storage

aluminium

index in sum

liquid

number of simulation/ measurement values
solid

steel

inner value

lower sensor positions of Type A instru-
mentation

outer value

reference

upper sensor positions of Type A instru-
mentation

Parameters and Variables

heat transfer coefficient (W m~2 K‘l)
volumetric thermal expansion coefficient
()

enthalpy difference (J)

specific latent heat (kJ kg™')

time step (s)

cavity PCM dimension in x direction (m)
cavity PCM dimension in y direction (m)
mass difference (kg)

mass flow (kg/s)

heat flux (W)

mushy region temperature range (K)
simulated temperature

force density (kgm=2s72)

gravitational acceleration vector (ms~2)
specific heat flux (Wm=2)

velocity vector (ms™!)

dynamic viscosity (Nsm™2)

inclination angle

density (kgm=3)

constant density of PCM (kgm™3)

error band (standard deviation)
uncertain parameters (optimization vari-
able)

solution of optimization problem
specific heat capacity (J kg™! K")
enthalpy (J)

specific enthalpy (J kg™')

objective function
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k thermal conductivity (Wm~! K™

L.L, length of PCM segment in x,y direction (m)

p absolute pressure (Nm~2)

T temperature (°C)

t time (s)

T, melting temperature (°C)

u,v velocity components in x,y direction
(ms")

14 volume of RSS (m?)

X,y space coordinates (m)

Symbols

D,oD spatial domain, boundary of spatial domain

\Y% Nabla operator: V = (9/0x,0/0dy)

1. Introduction

1.1. Motivation

Due to the substitution of fossil fuels with intermittent renewable
energy sources, a substantial increase in energy storage capacity is
needed worldwide over the next years [1]. In this context, thermal
energy storage (TES) is in focus due to its ability to balance thermal
energy supply with consumption, allowing to overcome the problem
related to the intermittency of renewables, and increasing the efficiency
and the flexibility of energy systems [2-4]. Hence, research on TES has
experienced a rapid increase in terms of numbers of publications [5].

Despite considerable research effort in this field, integration of
TES technology in industry is not straightforward, since short payback
time and profitability are key criteria for investment decisions [6] and
high initial capital cost is a major impediment [7-9]. Furthermore,
due to their individual advantages and disadvantages, the applicability
of storage technologies strongly depends on the process requirements
and technical restrictions such as available conversion technologies
and thermodynamic constraints [6]. Typically, process technologies
and energy supply systems have long lifetimes of several years to
decades [10]. However, process requirements change more frequently.
Thus, retrofit approaches which feature small changes in the infras-
tructure of the energy system have special relevance for the current
transition phase [11].

1.2. Background

Steam systems are a part of almost every major industrial process
today [12]. Worldwide, steam systems account for approximately 30 %
of the energy used in manufacturing facilities [13], which in turn are
accountable for nearly a third of the world’s energy consumption [14].
Even small increases in efficiency of steam systems can thus account
for considerable energy savings on a global scale. Here, TES integration
and expansion is a viable solution to increase flexibility and efficiency
of industrial plants [3,4,7,15] and is available for various temperature
and pressure ranges.
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1.2.1. Ruths steam storage

The Ruths steam storage (RSS) is a well-known and widely applied
sensible TES type in industrial steam systems [16-19]. The RSS is a
pressure vessel containing a two-phase mixture of liquid water and
steam, which is directly charged and discharged with steam [20].
Thus, the storage medium is equal to the heat transfer medium and
no heat exchangers are required. During charging of the storage tank,
the incoming steam partly condenses, which leads to an increase in the
liquid filling level, pressure and temperature. During discharging, the
saturated steam contained in the storage tank is extracted, causing a
decrease of pressure, temperature and liquid filling level to maintain a
thermodynamic equilibrium in the vessel [21,22].

The fast reaction time and high charging and discharging rates are
considered as main advantages of the RSS [16,17]. However, steam
pressure in an RSS drops during discharging. Options to avoid such
pressure drop, which is disadvantageous for some applications, include
the integration of an external flash evaporator and integration of phase
change material (PCM) inside the storage vessel [16]. A further dis-
advantage of RSS is that its storage capacity is always determined by
vessel volume and the allowed system pressure operation range. Thus,
no capacity expansion is possible in the case of increased requirements
during the storage life time. Furthermore, acquiring additional RSS
units is rather expensive with the price being mainly driven by the
pressure vessel costs at high temperatures [6]. This highlights the
necessity for cost-efficient alternatives.

1.2.2. Latent heat thermal energy storage

Amongst all TES technologies, latent heat thermal energy storage
(LHTES) are currently the most studied category in the literature [5].
LHTES primarily consist of a heat exchanger, which transfers energy
between a heat transfer fluid and phase change material (PCM). PCM
can store a large amount of energy during, typically liquid-solid, phase
change within a small temperature range. This nearly isothermal charg-
ing/discharging process together with its high energy density compared
to sensible TES is often considered as major advantage of LHTES over
the latter [23]. However, while many materials have been considered
and studied for use in LHTES, only few of them reached the stage
of commercial application [24-28]. Underlying problems, which have
not yet been fully overcome, include phase separation, subcooling,
corrosion, long-term stability, and low heat conductivity [29]. The
most critical disadvantage with regards to TES performance is the low
thermal conductivity of most PCM [23]. In the scientific literature,
various methods have been presented for increasing the heat transfer
between the heat transfer medium and PCM [30]. Prominent strategies
include adding fins or other extended surfaces [31-34], heat pipes [35],
porous media [36], or nanoparticles [37,38] into PCM. Among various
high-conductivity fillers, carbon-based porous materials, such as car-
bon/graphene based foam [39] and aerogel [40,41] carbon nanotube
sponge [42] and expanded graphite [43] are frequently adopted to
improve the thermal conductivity of PCMs by fabricating phase change
composites (PCCs) [44]. For recent review articles on the topic of
heat transfer enhancement for PCM containers, see, for example [45].
Furthermore, we refer to a comprehensive recent review on metal-,
carbon-, and ceramic-based PCCs by Wu et al. [46]

1.2.3. Hybrid storage approaches

As mentioned above, each TES type exhibits advantages and disad-
vantages depending on the specific application [11]. This fact motivates
the basic idea to combine both sensible and latent heat TES to leverage
the advantages and reduce the disadvantages of both types.

Some combinations of sensible water storage with PCM have been
proposed in literature. E.g., Abdelsalam et al. [47] and Zhao et al. [48]
numerically investigated the integration of PCM modules inside a liquid
water storage, showing promising increase in energy storage capacity
and charging rates. Frazzica et al. [49] pursued a similar approach by
testing macro-encapsulated PCMs added to water storage. Underwood
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et al. [50] evaluated a hot water storage tank enhanced by PCM
encapsulated in pipe coils and Cabeza et al. [51] experimentally tested
the addition of PCM at the top of a stratified hot water storage. Zauner
et al. [52] presented a hybrid sensible/latent heat storage system in
the form of an inverted shell-and-tube configuration, where PCM was
arranged in tubes, and thermal oil was used as sensible storage and as
heat transfer medium.

Besides sensible water storage, often found in the building sec-
tor [49,53], also examples of hybrid steam/PCM storage, more relevant
for industrial application, can be found in literature. The arrangement
of pressure-resistant PCM capsules inside the RSS pressure vessel was
mentioned by Steinmann & Eck [16], Buschle et al. [54] and Tamme
et al. [55]. Another proposed option is to use a tube register surrounded
by PCM to extend the RSS [54,55]. Buschle et al. [54] found that the
tube register arranged outside the pressure vessel provides better results
in terms of solidification time than the arrangement at the internal side
of the pressure vessel.

A novel hybrid storage concept was proposed by Dusek & Hof-
mann [56,57] in 2018. Therein, PCM filled containers are placed at
the shell surface of the RSS. The authors state that this configuration
combines the high charging and discharging rates of the RSS and the
high energy density of PCM. It is also possible to divide the outer
PCM containers into several chambers, enabling the arrangement of
PCM with different material properties [58]. Such mixture can lead to
increased charging rate [59,60] in LHTES. Furthermore, the concept of
Dusek & Hofmann [58] considers the integration of electrical heating
elements or heat exchangers inside the PCM containers. The authors
state that placing these inside the PCM instead of the RSS is advan-
tageous, since pressure increase in the RSS is reduced and delayed.
Such power-to-heat options are expected to become an increasingly
relevant and cost-effective technology, especially at high temperature
levels [61].

Niknam & Sciacovelli [62] presented the first holistic
techno-economic investigation of the hybrid storage concept proposed
by Dusek & Hofmann [56,57]. They provided calculation and compar-
ison of total costs by including capital expenditures (CAPEX), annual
fuel and non-fuel related operating costs and also taking technology
lifetime into account. This investigation resulted in CAPEX of the hy-
brid storage system that are 5% less than the case with a conventional
RSS and additional relative operational savings of about 5.5%, thus
confirming the results of Hofmann et al. [63] that such hybrid storage
can be advantageous and cost-effective. However, while their analysis
is based on a dynamically modelled RSS/LHTES system, the modelling
approach includes several simplifications. For example, the LHTES part
is only modelled in one dimension, and, more critically, perfect heat
transfer between both storage types is assumed.

1.3. Scope of this investigation

In this work, the novel hybrid sensible/latent TES prototype first
proposed by Dusek and Hofmann [56,57] is experimentally inves-
tigated. In our previous work, a model of the hybrid storage was
established and the RSS model was validated with data from an in-
dustrial plant [58]. Furthermore, a non-linear design optimization tool
for such hybrid storage system was developed by Hofmann et al. [63]
to enable cost-effective retrofitting of conventional RSS. A detailed
simulation study of different hybrid storage PCM arrangements were
compared and presented in Dusek et al. [64]. A detailed numerical
simulation model of the PCM containers was established [65] and
in-depth parameter studies on the influence of natural convection
under inclination on optimal aluminium proportions and fin spacings
were carried out [66]. In addition, we established a co-simulation
methodology for the hybrid storage prototype [67], followed by work
on data-based model reduction [68] and state estimation of nonlinear
LHTES problems [69] to allow for optimal operational control of LHTES
and hybrid sensible/latent TES storage.
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To further assess this hybrid RSS/LHTES retrofit concept, the first-
of-a-kind prototype was constructed and investigated during operation
in a steel plant. In this work, the hybrid TES prototype is characterized
with the help of real measurement results and detailed numerical
simulations.

Based on the state of the art outlined above, the main contributions
of this article are as follows:

» We conducted the first experimental characterization of a novel
hybrid sensible/latent thermal energy storage prototype for in-
dustrial retrofit applications.

We successfully validate developed numerical models of the hy-
brid storage and identify uncertain numerical model parameters
via experimental data.

We characterized key performance values of the novel hybrid
storage such as retrofitted storage capacity, charging/
discharging duration and power.

We performed a sensitivity analysis of parameters critical to
the hybrid storage performance, and reveal potential for future
improvement.

Our analysis presents essential guidelines for future development
of hybrid storage applications.

1.4. Paper structure

After this introduction, this paper is organized as follows: Section 2
presents the experimental setup, numerical modelling and analysis
methods used in this study. The results of experimental and numerical
investigations are given in Section 3. In Section 4, the main findings are
highlighted and critically assessed. Furthermore, specific suggestions
for further research are emphasized.

2. Methods

In this chapter, the experimental setup, numerical modelling and
analysis methods used in this study are presented.

2.1. Problem statement

In the proposed hybrid storage concept by Dusek & Hofmann [56,
57], introduced in Section 1.3, PCM filled containers are placed at the
shell surface of an RSS. Fig. 1 illustrates a simplified construction sketch
of a possible realization. However, to enable industrial exploitation, the
actual design is bound to a number of thermodynamic, economic and
safety requirements. In a recent review, Gasia et al. [70] established
more than 25 requirements for both sensible and latent heat TES to
handle in order to ensure optimal performance and further achieve
widespread deployment. These can be grouped into chemical, kinetic,
physical and thermal (from a material point of view) and environmen-
tal, economic and technological (from both material and system points
of view) [70]. Naturally, optimization of all of these, partly opposing,
aspects is impossible and trade-offs have to be tolerated. Our most
important considerations are given in the following list.

» The LHTES retrofit should increase the effective thermal energy
storage capacity while reducing investment costs compared to
equivalent additional RSS capacity. This is only possible without
interfering with existing steam infrastructure.

Thermal heat transfer between RSS and LHTES should be opti-
mized to maximize charging/discharging power and efficiency.
Both material configuration and mechatronic setup should allow
adequate control over the TES, to optimize its operation within
the operating conditions.

The retrofit construction must not permanently modify the RSS
and must allow access to the pressure vessel’s internal and ex-
ternal surface area under reasonable effort. This is necessary to
allow for mandatory recurrent inspection at an interval of five to
ten years.
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» Material choice and construction design should ensure durability
(i.e. no corrosion or deformation) and workplace safety (i.e. no
toxicity, fire and explosion hazard).

When it came to the last item in the above list, i.e. ensuring
durability and safety of the construction design, there were two main
issues:

» Corrosion effects: It was found that corrosion occurs especially
when in contact with water, e.g., humid air. Therefore, also the
purity of the used PCM is of importance and direct contact of
the PCM and the RSS pressure vessel was disregarded because of
safety concerns.

» Thermal expansion: the thermal expansion of NaNO3-LiNO; was
determined in small-scale experiments and resulted in 14 to 17%
between 25 and 220°C, which would result in high stresses in a
closed-container design.

While carefully assessing all technical decision criteria and also bud-
getary restrictions, we arrived at a first prototype design as described
in Section 2.2.1. Detailed reasoning on the design choices for the here
investigated prototype exceed the scope of this contribution and we
refer to the project’s public report for further information [71].

2.2. Experimental design and setup

Experimental investigations of the dynamic behaviour of the hy-
brid storage device were conducted at the steel production facility
of voestalpine Stahl Donawitz GmbH, located in Leoben, Austria. The
lab-scale storage tank, described in detail in Section 2.2.1, is charged
with steam via the discharge pipe of one of the 80 m? industrial size
RSS vessels operated on site. Discharging takes place against ambient
pressure.

2.2.1. The hybrid storage prototype

A fully functional lab-scale RSS was constructed to replicate the
behaviour of a typical industrial-size RSS while reducing prototype
cost to a minimum. It consists of a cylindrical pressure vessel with
hemispherical sides. A steam lance with a series of injecting nozzles
is located inside the base vessel body for charging. A typical steam
collector is located on top of the base body for discharging. All relevant
geometry parameters are given in Table 1.

Eight LHTES container modules, four on each side of the vessel,
were constructed to mount onto the RSS. Fig. 1 shows a concept sketch
of their positioning. During discharging, the top part of a horizontal
steam storage vessel contains dry steam, which has a very poor heat
transfer coefficient of 10Wm™2K™!, which is 70 times smaller than
that of liquid water . Hence no reasonable heat transfer rates between
RSS and LHTES can be achieved [67]. Therefore, the modules of the
hybrid storage are not forming a full half-circle (corresponding to
maximum storage capacity), but instead only surround the vessel to
an angle of 133.5° from the bottom, leaving the rest to be insulated. To
find the most economically efficient share of LHTES module coverage,
the combined behaviour of the hybrid system must be studied under
operating conditions. For this purpose, we provided a co-simulation
methodology in our previous work, see Pernsteiner et al. [67].

LHTES modules are made from stainless steel (1.4571) with a wall
thickness of 3mm. Inside, an aluminium fin structure is installed,
orientated in the radial-axial plane of the RSS. The relevant geome-
try parameters are also given in Table 1. A concept was developed
to exhaust any gases, that may escape the liquefied PCM, from the
installation hall. It consists of a 32mm reinforced polyurethane hose
which connects two DN50 flanges from each of the 8 modules. The PCM
modules were tightened to the RSS with metallic springs up to a pre-
calculated permissible force. This should ensure direct contact between
the RSS surface and the PCM modules and reduce separation occurring
due to dissimilarity of the steels and construction imprecisions. Major
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Fig. 1. Simplified construction sketch of the hybrid storage. PCM modules are attached to the cylindrical steam storage up to an angle of 133.5° from the bottom. The modules
consist of a stainless steel shell and an aluminium fin structure in the radial-axial plane, thus forming multiple separated PCM cells. Note: sketch is not true to scale.

Table 1 Table 2
Relevant geometry parameters of the hybrid storage prototype. Relevant material properties of LHTES prototype.
RSS pressure vessel Property PCM Aluminium Steel
Material Steel (P235GH) (LiNO3-NaNO;) (AW-6060T66) (Stainless 1.4571)
Outer diameter 711 mm density L = 2317 [72] 2700 [73] 8000 [74]
Wall thickness 12.5mm kgn} i
Cylindrical length 2319mm spec. }:ea‘ Tkg BT 1328 8 gi} 910 [73] 500 [74]
Dished ends wall thickness 15 mm capacity X
Dished ends height 186 mm heat e 0.87 (S) [72]1 237 [73] 15 [74]
conductivity WmK)! 0.575 (L)?
LHTES container modules T ) :
- - melting = 192° - -
Wall material SFalnless steel (1.4571) temperature
PcM LINO;-NaNO, mushy region - 0.4 - -
Width (outer dimension) 545 mm tem zratugre ° ’
Inner radius 355.5mm ran Pe
Height of PCM layer (radial to RSS) 30 mm 8 Al
Wall thickness (lateral) 5mm spec. latent - km,l 309.1° - -
Wall thickness (inner, outer, top, bottom) 3mm heat J
RSS angle covered 133.5° thermal % 3.5 . 1074¢ - -
Number of modules 8 expansion K
19.52, 19.58, 19.83, 19.03, coefficient

PCM 1 k

CM mass per module 19.00, 19.61, 19.74, 19.83 J aynamic " 5.8 . 104 _ _

o sm-2

Aluminium fins viscosity

Fin material Aluminium (AW-6060T66)

Fin number per module 85

Fin thickness 2mm
Fin height 29.5mm
Fin spacing 10mm
Insulation

Mineral wool
100 mm

Insulation material
Thickness

advantages of this concept are that no modification of the RSS is needed
and other, possibly expensive, materials to increase heat transfer are
spared.

The used PCM is an eutectic mixture of sodium nitrate (NaNOy)
and lithium nitrate (LINO3). The ratio is 15.938 kg NaNO3 to 15.313kg
LiNO3. The two compounds, each purchased with a specified purity of
> 99 %, were mixed in solid, powdery state and heated in batches to
350 °C. The relevant PCM material parameters are given in Table 2. The
PCM modules were covered in heating mats controlled to 250°C and
filled with liquid PCM to a specified filling level. The resulting PCM
mass per module was measured and ranged from 19.00kg to 19.83kg,
as given in Table 1.

2.2.2. Sensor placement and measurement

The RSS is equipped with sensors for a pressure measurement, a
temperature measurement and a differential pressure measurement of
the liquid level in the vessel. The charging steam flow is defined by a

aAverage value from literature [72] and [55].

bValue from measurement at AIT Austrian Institute of Technology GmbH (accredited
laboratory - EN ISO/IEC 17025) .

¢No values available in the literature for LiNO3-NaNOs, value taken from [73] for
KNO3-NaNO; (similar PCM compound).

pressure measurement in the charging pipe and its specific enthalpy is
determined assuming that the steam is saturated.

The PCM modules are instrumented with PT100 temperature sen-
sors in two different arrangements (Type A and Type B). The first
type of instrumentation (Type A) includes 36 sensors on different
positions as it can be seen on the right side of Fig. 2. One module was
instrumented according to Type A instrumentation while the second
type of instrumentation (Type B) includes only two sensors. Fig. 2
presents the position of the individual modules on the pressure vessel.
All sensors are placed as centrally as possible in the PCM layer. The
sensor depth, i.e. the distance from the inner module wall on the RSS
side measured in radial direction, is 15mm for all sensors of the Type
B instrumentation. The 36 sensors of the Type A instrumentation are
arranged in 12 groups of 3 sensors. Each group includes sensor depths
of 8mm, 15mm and 25 mm. The total depth of the PCM layer is 30 mm
as summarized in Table 1.

The PT100 measurement sensors used have a class A measurement
tolerance according to IEC 751 resp. EN 60751 which is defined by
AT = 0 + (0.15°C+0.002-T) at a temperature T in the operation
range —200°C < T < 600°C. All sensors were further tested with
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Fig. 2. Temperature measurement setup and sensor denotation in LHTES modules. On the left, the position of the individual modules on the two lateral sides of the pressure
vessel is illustrated. On the right, a detailed sketch of the sensor arrangement of the Type A module is presented.
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Schematic illustration of heat flows during hybrid storage charging/discharging.

Source: Reprinted from [67] with permission from Elsevier.

the same calibration device and no significant deviations were found,
i.e. deviations of well below 1.0°C.

2.2.3. Control strategy

Charging/discharging of the hybrid storage is only possible via
the RSS by injecting/extracting steam or by draining water via the
corresponding loading, unloading and purge valves. The PCM attached
to the walls of the RSS can be charged/discharged solely by the ex-
changed heat flows due to the temperature difference. Fig. 3 illustrates
steam charging/discharging of the RSS and heat flows between RSS, the
LHTES and the environment.

The loading and unloading valves become active when the dif-
ferential pressure (setpoint to measurement value) exceeds 1.5bar.
Furthermore, only either the charging or discharging valve can be
active, which means that simultaneous charging and discharging of
the storage device is not possible. The purge valve is used to control
the filling level of the RSS. When the measured filling level exceeds a
certain threshold, the purge valve is activated and water is drained to
ensure safe operation of the RSS.

Fig. 4 shows the full hybrid storage prototype setup in the experi-
mental environment.

2.3. RSS modelling

To model an RSS, thermodynamic equilibrium is commonly as-
sumed in literature, see, e.g. Steinmann & Eck [16]. Thereby, the
two phases inside the storage vessel, namely water and steam, are
considered always in saturated state with both phases at the same tem-
perature. The implemented RSS model is adapted from the validated
equilibrium model by Dusek & Hofmann [58].

2.3.1. Governing equations

The variables pressure and temperature, which are directly related
in thermodynamic equilibrium, are not sufficient for a complete de-
scription of the system. Therefore, another variable is required to fully
characterize the state of the system, for example, the specific enthalpy.

The energy and mass balances are expressed as combinations of the
two phases (one-dimensional), treating the two phases together as a
single fluid mixture. The corresponding governing equations are

dhgss
Mrss —— =1Rss,in(Ass,in — Arss) + @
) . dprss
rigss,out(iRss,out = Arss) + Orss + Vess = and
dprss . .
Vess ;= "MRss,in + MRss,out - @

The steam mass fraction and the corresponding mixing law are defined
as

Mgss,
Xgss = ——————, and 3)
mgss,s + MRss,w
hgss = Xgsshrss,s + (1 — Xrss)hrss,w - 4

Therein, mggg, figss, hrss and prgg denote the mass, mass flow, spe-
cific enthalpy, and density of an equivalent water-steam mixture,
respectively. The indices “w” and “s” stands for the water and steam
fractions (liquid and vapour phase) and the index additions “in” and
“out” denote stream quantities entering and leaving the RSS vessel,
respectively. In the assumed saturated state, the pressure pggg is the
same for both phases. The RSS model is considered as an aggregate
domain where the balance equations are not further subdivided. The
overall volume V;gg is subject to the heat flow

Orss = Orssapcm + ORss,loss » ®)
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(a) Lab-scale RSS device with LHTES container (b) Final experimental setup of the hybrid storage

modules attached to the pressure vessel’s surface. prototype, including heat insulation.

The modules are instrumented with PT100 tem-
perature sensors.

Fig. 4. Images of lab-scale hybrid storage prototype in the experimental environment. Photographs by courtesy of AIT Austrian Institute of Technology GmbH.
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Fig. 5. PCM cell dimensions.

which includes heat losses to the environment Qggg oss and the heat
flow to the attached PCM modules Ogggopcm-

2.4. PCM module modelling

We developed a detailed multi-phase thermodynamic model includ-
ing melting/solidification, heat conduction, and natural convection in
two dimensions. The model was developed, successfully validated with
experimental data and thoroughly documented in [65,66] and is briefly
explained here.

2.4.1. Modelling domain

The PCM modules of the hybrid storage feature an aluminium
fin structure orientated in the radial-axial plane of the RSS. Hence,
modelling can be reduced to two dimensions when assuming that the
depth of the enclosure in z-direction is large enough for wall boundary
layer effects to be negligible [66]. Furthermore, an outer diameter of
the RSS of 711 mm is considered large against the full enclosure width
in y-direction of 36 mm, thus justifying a rectangular approximation
of single fin segments. Fig. 5 illustrates the abstracted fin segment
consisting of a rectangular aluminium enclosure filled with PCM. This
segment is modelled in local coordinates (x, y) in the two-dimensional
spatial domain D and its boundary oD.

2.4.2. Mathematical model
The governing equations within the given assumptions are the
energy Eq. (6), continuity Eq. (7) and Navier—Stokes Egs. (8) as follows:

= kpcm V- (VT) — ppeme(@-V)T (6)

T
PpcM E

V-u=0 7)

®

Therein, the temperature field T = T(x, y,t) is treated as dependent
variable in the energy Eq. (6), and the velocity field u = [u,0]”
with spatial components u(x, y,t) and v(x,y,?) is treated as dependent
variable in the Navier-Stokes Eq. (8). The variable ppc); stands for the
pressure in the PCM. The symbols ppcy, k and p denote the parameters
density, heat conductivity and dynamic viscosity, respectively. Phase
change is modelled via the apparent heat capacity method [75], hence
the apparent heat capacity

0
PpcM 0_'; + ppem(u - VIu — uV- (Vu) = f(T) — Vppeu

cs if: T<Ty,—¢

o(T) = Alm+cs~(Tm+e—7;l+cL~(T—(Tm+e)) if: ;m<— ; <T ©)
<Iy+e
oL if: T>Ty+e

accounts for the latent heat of melting/solidification 4/, in a mushy
region ¢ around the melting temperature T,,. The force density f
describes the buoyancy force

F=rg=pog(1-B(T-Ty)) »

which is calculated via the Boussinesq approximation as given in [76]
by the volumetric thermal expansion coefficient g, the constant (ref-
erence) density py, a reference temperature 7Ty, and the gravitational
standard acceleration vector g.

The time-dependent energy Eq. (6) is discretized using a standard
Galerkin finite element approach with four-noded bilinear rectangular
elements, and the incompressible Navier-Stokes Egs. (7)—(8) are solved
via finite differences. The obtained velocity field is applied in the next
time step of the energy equation. For details, please refer to Kasper
(2020) [65].

10)
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Fig. 6. Deviation of total enthalpy AH between simulations of base case (without
convection) and including natural convection for different fin orientation angles ¢ of
PCM cells under a typical operation scenario. We observed only minor deviations and
thus considered only conductive heat transfer in the subsequent analysis.

The symmetry boundaries on the upper and lower side of the
domain are treated as adiabatic:

ql0D,, 0D, =0 an
For the left and right boundaries, Robin boundary conditions,

q|0D;3 = aj, - (T(x,y,1) = Tiy) 12)

qlle = Qoyt * (T(xv s 7) - Tout) > (13)

are prescribed following Newton’s law of cooling, where «,, a,, are
the overall heat transfer coefficients, g is the specific heat flux across
the boundary, and T;,, T, present boundary temperatures at the left
and right wall surfaces, respectively.

2.4.3. Influence of natural convection

Different fin orientation angles in the LHTES part of the hybrid
storage correspond to the inclination of a single PCM cell, as illustrated
in Fig. 1. In our studies, we defined the inclination angle ¢ to be 0°
when parallel to the gravitational vector, i.e. facing downwards.

While it is often reported that natural convection is negligible
during the discharge of LHTES (see, for example [77-79]), it can have
significant influence on the charging behaviour [80]. We therefore
studied the influence of natural convection on the charging and dis-
charging behaviour of the abstracted single PCM cell for a typical
reference operation case and the LHTES geometry and parameters of
our prototype (see Fig. 6).

We obtained only slight deviations in total enthalpy and tempera-
ture distribution, hence charging/discharging behaviour, between cases
modelled with convection at different angles ¢ and the reference
case, where convection is neglected. Thus, subsequent analysis, val-
idation and parameter identification was conducted considering only
conductive heat transfer in the PCM domain.

2.4.4. Grid size and time step independence

The numerical accuracy implications of the element grid and time
step sizes were carefully tested to keep the computational effort in
reasonable limits. When natural convection is not considered in the
model, a uniformly distributed finite element grid of 1440 elements,
corresponding to an element size of Ax = Ay = 0.5 mm proved adequate,
as well as a time step size of Ar = 1.0s. Further information on grid and
time step sensitivity can be found in Appendix A.
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2.5. Parameter identification and optimization

Uncertain physical model parameters of the single PCM cell model
presented in Section 2.4 were identified via the experimental tem-
perature measurement data of the reference case given in Fig. 12
(exp-II).

The parameter identification procedure aims to find optimal values
of the uncertain parameters 0 that minimize an objective function J (6).
The objective function (15) is defined as the RMSE between simulated
temperature 7 (6,1) and measured temperature T (r) evaluated at n,
points in time.

The optimization problem

0 := arg<m€in J (9)) 14)

with

"y

%2(%(;,.,9) —T(t,-)>2 1s)

1 =1

J(©) =

is solved in MATLAB® using the Augmented Lagrangian Genetic Algo-
rithm (ALGA) implemented in MATLAB®’s solver ga with the maximum
number of iterations for the genetic algorithm to perform set to 100,
yielding the optimal parameter values .

The overall heat transfer coefficients «;, and a,, are considered
the primary source of uncertainty in the PCM cell model, while most
of the other parameters can be considered to be accurate. Hence, 6§ =
{in, @ouc} in the subsequent analysis in Section 3.

3. Results and discussion
3.1. RSS model validation

To validate the RSS model, experiments were conducted using the
insulated RSS without the LHTES modules attached. The experiments
include dynamic load ramps and closed-valve cool-down tests. The
injected and extracted mass flows were determined by balancing cal-
culation using measurements of filling level, total mass, and pressure
difference as well as valve characteristics.

Detailed results of the RSS model validation are presented in Ap-
pendix B. The experiments provided satisfactory results for the RSS
model.

The further experimental setup was designed in such a way that
the influence of the LHTES modules on the RSS and the total storage
capacity can be identified.

3.2. RSS characterization

Fig. 7 shows the pressure and enthalpy changes of the RSS during
exemplary operating scenarios. In this state, no LHTES modules were
attached to the RSS before insulation of the pressure vessel.

In the case illustrated in 7(a), the pressure setpoint was increased
from 9 bar to 15 bar and after 30 min set to 10 bar. Charging/discharging
is completed in roughly 10min and the maximum feasible power due
to enthalpy change is 283 kW. This corresponds to a specific volumetric
power of 281 kW m™3. However, it should be noted that the feasible
RSS power depends more on the available pressure of the charging
steam source and the piping and valve sizes than on the vessel volume.
Additionally, a limit on permissible pressure gradients due to safety and
durability requirements could further limit the maximum power.

Fig. 7(b) illustrates a test of the full operating range of the RSS,
i.e. charging to 23 bar and discharging to 7 bar. During the charging
process, 165 MJ of energy were stored in the RSS and 228 MJ were dis-
charged. For typical operating ranges, we characterized the constructed
small-scale RSS with a storage capacity of 200 MJ. This corresponds to
a volumetric energy density of 198 MJm~>.
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(a) fast charging and discharging of the RSS.
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(b) full charging and discharging of the RSS.

Fig. 7. RSS pressure and enthalpy during different operating scenarios without LHTES modules attached.

3.3. General LHTES container module behaviour

3.3.1. Comparison of equal modules

During the experimental investigations, we found significant dif-
ferences in behaviour, i.e. temperature response, between the eight
different modules. Fig. 8 illustrates all measurements of the Type B
instrumentation (and corresponding values of the Type A instrumenta-
tion) for a 24h charging scenario. The initial state was stationary and
the RSS was held at a pressure of 7 bar, well below the PCM melting
point. The RSS was then charged to a pressure of 21 bar, corresponding
to a temperature of roughly 217°C. This pressure was held for 24h,
whereafter it was reduced to a target value of 10 bar.

Comparison of the different LHTES modules in Fig. 8 shows quali-
tatively similar behaviour during charging and discharging, apart from
sensor positions LBD20CT001, LBD80CT001, which show seemingly
unphysical behaviour and where thus not considered in further anal-
ysis. In fact, the doubtful observation can be explained by a misplaced
sensor rod, which did not reach the PCM domain but instead is assumed
to record the temperature of the air surrounding the outer side of the
adjoining PCM, hence the phase-transition like plateau, well below the
actual melting point.

The “quasi-stationary” temperature measurements before the be-
ginning of the charging process, after 24h of charging and after 18 h
hours of discharging show significant differences between modules,
which naturally also correlates with charging/discharging power. This
discrepancy could be explained by varying effective heat transfer coeffi-
cients between RSS and LHTES modules caused by the unequal fitting of
the modules to the RSS shell. Since no additional layer to enhance heat
transfer was added, the concept relies on the direct contact between the
metal surfaces. Even small air gaps in between these surfaces can have
immense impact on heat transfer since air features thermal insulating
properties. This effect will be discussed in more detail in Section 4.

3.3.2. Comparison of vertical differences

No significant deviation between lower and upper LHTES modules
could be obtained, compared to the deviation between different mod-
ules on the same horizontal level, see Fig. 8(c). While a tendency
of higher measurement values for the upper sensor positions can be
obtained, these prove to be on the borderline of significance, as can be
seen from the standard deviation plotted in 8(c).

3.3.3. Detailed evaluation of single LHTES module

With the 36 sensors placed in the Type A instrumentation, as de-
scribed in Section 2.2.2, detailed insight into the single LHTES module
is possible (see Fig. 9).

Differences in measurements for different sensor depth proved to
be marginal compared to overall variations, that is to say, we obtained
a temperature decrease of around 2 °C between the inner most sensor
and the outer most sensor, located 8mm and 25mm to the inner
module wall, respectively. Between the sensors allocated horizontally
the difference in the measured temperature is very low, as can be
expected. However, differences between sensors allocated vertically
are significantly higher though not consistently deviating along one
direction along the vertical. This fact suggests uneven heat transfer
between RSS and LHTES module, which could be caused by an air gap
between these two TES parts.

In light of the results of module comparison presented in Sec-
tions 3.3.1 and 3.3.2, we note that the obtained result can by no means
be generalized to other modules. Regardless, the insights can be useful
for the general interpretation of results and evaluation of the prototype
concept, discussed in more detail in Section 4.

3.3.4. Reproducibility of experiments

Naturally, experiment trajectories were repeated several times to
ensure reproducibility of the results. Fig. 10 shows comparison between
the experiment trajectory introduced in the beginning of this Section,
denoted as exp-I, and a second run, where it was aimed to reach the
same RSS conditions, denoted as exp-II, that took place three weeks
later. Only minor deviations in temperature measurements can be
observed that can be attributed to fluctuations in the RSS temperature
trajectory. The experiments were thus considered to be reproducible
and their results verifiable.

3.4. LHTES model validation and parameter optimization

We used the measurement data from each of the 8 PCM container
modules (see Section 2.2.2) to validate the single PCM cell model,
outlined in Section 2.4. Uncertain physical model parameters were
optimized to fit experimental results, as methodically presented in
Section 2.5.

Fig. 11 shows the validation results for three representative sensor
positions. Here, only «;, and «,, were considered as uncertain and
optimized to fit the experimental temperature measurement. Table C.6
presents the obtained values as well as the resulting validation errors
for the 8 LHTES modules and two sensor positions each.

Additionally, we aimed for improvement of the model fit by allow-
ing the variation of the mushy region temperature range ¢ of the PCM
and the specific heat capacities ¢ of PCM and aluminium. The latter
two variations did not lead to significant improvement of the results
and were thus excluded from further analysis. While allowing larger
values of ¢ led to slightly lower absolute root-mean-squared-errors
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(a) Temperature measurement in RSS and lower
sensor positions in LHTES modules.

(b) Temperature measurement in RSS and upper
sensor positions in LHTES modules.
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(c) Mean values and corresponding standard deviation of lower Tjower and upper
sensors Typper for all eight modules respectively (upper figure) and mean value
and corresponding standard deviation of the calculated difference between six
of the eight sensor pairs (Tupper — Tiower)-

Note: modules 1 and 7 were removed from this evaluation, since their mea-
surement values are not representative.

Fig. 8. Comparison of temperature measurement in all eight LHTES container modules during a 24h-charging scenario. We measured striking differences between modules, but

only borderline significant deviations between lower and upper sensor positions.

(RMSE), the measurement results indicate a relatively small mushy
region temperature range. Thus, also variation of ¢ was dismissed based
on qualitative assessment.

With the help of the optimization of «;, and g, satisfactory
validation results for used LHTES model were achieved for most sen-
sor positions (e.g. LBD30CT001 in Fig. 11). Charging behaviour is
reproduced very well except for minor temporal deviation. During
discharging, larger discrepancies can be observed. We assume that
further fit improvement is not possible with the presented single PCM
cell model within the given framework of assumptions. Remaining
deviations could be caused by global heat transfer effects, i.e. intra-cell
heat transfer instead of inter-cell heat transfer and possibly disregarded
physical effects like, for example, sub-cooling.

10

The results summarized in Table C.6 show larges deviations be-
tween the identified values for the effective heat transfer coefficients
of individual LHTES module sectors, in accordance with the results
in Section 3.3. The RMSE values between simulated and observed
temperature over the whole observation period ranged between 1.8 °C
and 6 °C for all sensor positions.

3.5. Performance analysis of hybrid storage

Performance of the LHTES part of the hybrid storage is charac-
terized by additional storage capacity as well as charging/discharging



L. Kasper et al.

220 -
_210f
14
~. 200 F
‘Qz—;
2 190F
2
g 180 —TRss \
g —— T (PCM)
g 170 o(Prypea)
160 = TTypeA
| . . N N . . . I
0 5 10 15 20 25 30 35 40 45

time / h

(a) RSS temperature trajectory and mean temperature in Type A
LHTES module.

&r 9(TrypeA 1 ~ TTypeA h2) 9(TrypeA b3 ~ TTypeA h2)
bl —TTypeA hl ~ TTypeA h2  =TTypeA h3 — ITypeA_ h2
0 5 10 15 20 25 30 35 40 45

time / h
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(c) Comparison between sensor measurements allocated vertically, at
the same depth and horizontal position.
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(d) Comparison between sensor depth, at the same horizontal and
vertical position.

Fig. 9. Detailed analysis of single LHTES module of Type A instrumentation. Tem-
perature measurement deviations between different sensor depths 9(d) and horizontal
positions 9(b) behaved as expected and proved to be small, whereas significant
deviations are observed between different vertical positions 9(c).

power and duration. The total enthalpy stored within the LHTES mod-
ules

n=M

n-3

i=1

T;
</0 mpcpicpem (T) AT +myp e, T; + mstlcst1Ti> (16)

is approximated via M = 16 temperature measurement points 7;

two for each of the eight modules, replacing the measurement points
LBD80CT001 and LBD20CT002, which are considered faulty, by surro-
gate values of LBD40CT001 and LBD40CT002, respectively. In Eq. (16),
¢ and ¢y, are the specific heat capacities for aluminium and steel, and
cpcum is the apparent heat capacity as given in Eq. (9), containing the
latent heat A/, and the sensible specific heat capacities cg and ¢ of
the PCM in the solid and liquid region, respectively. The temperature
of each measurement value is assumed constant for half of each LHTES
module’s mass.

11
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Fig. 10. Comparison of measurement results for two similar charging experiments.
Only minor deviations were observed and the experiments were thus considered to be
reproducible. *Note: modules 1 and 7 were removed from this evaluation, since their
measurement values are not representative.
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Fig. 11. Validation results of single PCM cell model for three representative sensor
positions (LBD30CT001, LBD70CT002, LBD90CT002) and a 24h charging process.
Experimental measurements are depicted as solid lines, simulation results are depicted
as dashed lines. We obtained satisfactory validation results for most LHTES sensor
positions. However, discrepancies are apparent during discharging.

Simulation values are calculated by scaling enthalpy values of the
validated single PCM cell models (see, Section 3.4) according to the full
LHTES module’s mass.

3.5.1. Additional storage capacity by PCM containers

In order to obtain the usable additional storage capacity provided
by the LHTES modules, a specific PCM activation test was carried out.
In the first experiment (exp-I), the RSS was kept at a constant pressure
of 7bar, corresponding to a temperature of roughly 170 °C, which is well
below the PCM melting temperature. Thus, it is ensured that no PCM
is activated, meaning latent enthalpy stored in the PCM. The RSS was
then charged to a value of 21 bar, corresponding to a temperature of
approximately 215 °C and immediately afterwards discharged to 7 bar.
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Fig. 12. PCM activation experiments: Enthalpy in the RSS for two different experiment
trajectories is plotted in the upper subfigure. In the lower subfigure, additional enthalpy
stored in LHTES (solid orange line) and recovered in the RSS during discharging (solid
violet line) is plotted. Simulation results are depicted as dashed lines.

All valves of the RSS were then closed and temperature and pressure
inside the RSS was monitored for another 24 h. In a second experiment
(exp-1I), the RSS was kept at a constant pressure of 21 bar for 24 h, thus
ensuring that all PCM is fully activated, i.e. liquefied. All valves of the
RSS were then closed as in exp-I.

Fig. 12 shows relative enthalpy values stored in the RSS for exp-
I (red) and exp-II (blue) in the upper part of the figure and the RSS
enthalpy difference between exp-I and exp-II in the lower part of the
figure. An approximation of the enthalpy difference in the PCM is
depicted in the orange line.

Since the approximation based on PCM temperature measurement
points given in Eq. (16) is prone to a large error, additional data
guidelines were added, indicating the total available latent enthalpy
(green) and the total enthalpy difference between 215°C and 150°C
LHTES module temperature (yellow). These values equal 48.3 MJ and
67.8 MJ, respectively. The approximate enthalpy stored in the LHTES
part was 60 MJ. During discharging, the enthalpy difference in the RSS
between activated and not activated PCM reached a maximum value of
15.1 MJ after 8.5h of discharging. We can deduce from this experiment
that approximately 26% of the stored enthalpy in the LHTES could be
recovered in the RSS during a discharging period of 8.5h. The 60 MJ of
achieved storage capacity corresponds to a volumetric energy density
of 437MJm™3. Note that this value differs from the volumetric phase
change enthalpy of the pure PCM compound, valued at 716 MJm~3,
since the LHTES’ full module volume and temperature operating range
is considered. The LHTES storage capacity amounts to 30% of the RSS
storage capacity valued at 200 MJ in Section 3.2 and the LHTES features
221% of the RSS’ energy density. The total energy density of the hybrid
storage amounts to 227 MJ m™3.

Agreement of the simulation values with the experimental observa-
tions (see Fig. 12) are considered satisfactory.
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Table 3
Mean LHTES power values and duration for the period until 90% of the maximum
experimental charging/discharging enthalpy was reached.

duration

mean_power mean_specific_power

h W Wm-3
Charging (experimental) 11.88 7.69 - 10* 5.60 - 10°
(simulation) 10.45 8.78 - 10* 6.40 - 10°
Discharging (experimental) 7.85 -1.10- 10° -8.02- 10°
(simulation) 8.65 —1.01-10° -7.36-10°

3.5.2. Charging/discharging power characterization

Power values estimated by experimental temperature measurements
are prone to strong fluctuations, caused by RSS pressure measurement
fluctuations and the nature of enthalpy estimation. Therefore, we intro-
duced a mean power value, which is calculated for the duration until
90% of the maximum experimental charging/discharging enthalpy was
reached. Hence, quantitative comparison of both charging/discharging
power and duration is enabled between experimental observations and
different simulation scenarios. For the evaluation presented here and
illustrated in Fig. 13, typical operation scenarios were assumed, as
already introduced in Section 3.5.1. During charging, the RSS’ target
pressure was set to 21 bar, corresponding to a temperature of roughly
217 °C. During discharging, the RSS’ target pressure was set to 10 bar,
corresponding to a temperature of roughly 184 °C.

The results for the obtained mean LHTES power values are given
in Table 3. Fig. 13 shows the charging and discharging power char-
acterization of the LHTES part of the hybrid storage via both power
estimated by experimental measurements and power deduced from
multiple single PCM cell simulations.

We observed good agreement between the simulated and mea-
sured values for mean power and charging/discharging duration. The
charging duration is slightly underestimated by the simulation, while
discharging duration is slightly overestimated compared to the exper-
imental values. Discharging is faster than charging for this trajectory,
i.e. the absolute value of discharging power is higher than the charg-
ing power, since undesired heat losses of the LHTES accelerate the
discharging process.

Table 4 presents mean LHTES power values and charging duration
for simulations with different reference cells scaled to the full LHTES
storage mass. The rather low LHTES power rates and long time
periods are a result of low heat transfer values (see Table C.6) between
the RSS and the LHTES in this first hybrid storage prototype, and,
relative to that, high heat losses to the environment. While we expected
that heat transfer between the RSS and the LHTES part of the hybrid
storage prototype is very critical to overall performance, it proved to
be even more difficult to manage than initially expected. This fact is
also reflected in the surprisingly strong deviating temporal behaviour
between the eight LHTES modules, which are identical in construction,
as presented in Section 3.3.

3.6. Sensitivity analysis of key process parameters

With the help of the validated single PCM cell models, we carried
out a sensitivity analysis on the influence of the critical process param-
eters a;, and a,, on the key process parameters charging/discharging
duration and power (see Fig. 14). The large dependency of the bound-
ary heat transfer coefficients on the charging duration is apparent.

To put the measurement results into perspective, we consider the
“theoretical” optimum values for the heat transfer coefficients assum-
ing direct contact, i.e. perfect heat transfer between solid construction
elements. We assume a heat transfer coefficient from liquid water inside
the RSS to its steel shell of 700Wm=—2K™! as given in [64,81], perfect
heat transfer between the RSS’ steel shell and the PCM containers’ steel
shell and heat conduction in the PCM container’s steel walls according
to the material properties and geometry values given in Tables 1 and
2, respectively. Furthermore, we assume a typical heat conductivity
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Simulation values are calculated via the validated LHTES module parameters. Dashed-dotted lines represent the mean power values for the duration until 90% of the maximum

experimental charging/discharging enthalpy was reached.
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Table 4

Mean LHTES power values and duration for the period until 90% of the maximum
experimental charging/discharging enthalpy was reached for simulation of different
reference cells. The power values were scaled to the full LHTES storage mass.

charging_duration mean_power mean_specific_power

Sensor identifier

h W Wm—?
LBD20CT001 7.70 1.19 - 10° 8.67-10°
LBD30CT001 7.73 1.26 - 10° 9.15 - 10°
LBD40CT001 9.01 1.02-10° 7.40 - 10°
LBD50CT001 7.67 1.19-10° 8.71-10°
LBD60CT014 13.47 6.79 - 10* 4.95-10°
LBD70CT001 10.02 9.13-10* 6.66 - 10°
LBD80CT001* 13.50 6.78 - 10* 4.94-10°
LBD90CTO001 8.92 1.03-10° 7.48 - 10°
LBD20CT002° 10.12 9.05-10* 6.59 - 10°
LBD30CT002 10.68 8.57-10* 6.24 - 10°
LBD40CT002 9.05 1.01-10° 7.38 - 10°
LBD50CT002 38%" 2.45-10* 1.79 - 10°
LBD60CT032 14.57 6.28 - 10* 458-10°
LBD70CT002 5.38 1.70 - 10° 1.24 - 109
LBD80CT002 9.65 9.49 - 10* 6.91 - 10°
LBD90CT002 11.85 7.72-10* 5.63 - 10°

aMeasurements not representative due to experimental errors, see Section 3.3.1.
YOnly 38% of charging capacity reached.

value for compressed mineral wool of 0.045WmK™' for the 100 mm
insulation layer and a heat transfer coefficient of 5Wm™2K™' from
this insulation layer to the environment. These assumptions corre-
spond to scenario 3 in Table 5. Under these assumptions, we arrive at
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597.49Wm~2K™! for the maximum, i.e. best possible, value of &;, and
0.41 Wm=2K™! for the minimum, i.e. best possible, value of aqy;.

While the assumption of perfect contact between the RSS’ and
the PCM containers’ steel shell delivers “theoretical” benchmarks for
fast charging/discharging and large power values, these are unlikely
to be reached. Hence, we consider another scenario (scenario 4 in
Table 5) where heat transfer enhancement via a small layer of heat
conductivity paste between the two storage types is achieved. Assuming
that this layer is 5mm wide and filled with typical high temperature
heat conductivity paste with a heat conductivity value of 3WmK™!, we
arrive at an overall heat transfer coefficient of a;, and 299.37 Wm=2 KL,

Table 5 lists the resulting charging/discharging duration and mean
power of these scenarios together with simulation values of the actual
LHTES prototype and the best achieved LHTES values. These results
show that charging/discharging times can be reduced by up to 10
times and specific power could be increased by up to 10 and 5 times,
respectively compared to the achieved values. Therefore, feasible ways
to enhance heat transfer between the RSS’ steel shell and the LHTES
containers’ steel shell, i.e. ¢;, have to be found.

The hybrid storage prototype construction, as presented in Sec-
tion 2.2.1, relies on direct contact between the two storage types,
i.e. between two metallic surfaces of cylindrical shape. With the heat
conductivity of still air being as low as 0.038 WmK™!, small gaps of
around 1 mm width lead to a crucial drop in overall heat transfer.
Fig. 15 illustrates the dependency of the overall heat transfer coefficient
a;, on the width of a gap between the RSS’ steel shell and the LHTES
containers’ shell.
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Calculation of mean LHTES power values and duration, for the period until 90% of the maximum
experimental charging/discharging enthalpy was reached, for different scenarios. Scenario 1 corresponds
to the mean value of validated LHTES modules of the built prototype, as given in Table 3. Scenario 2
corresponds to the best validated LHTES module (based on sensor LBD70CT002) scaled to the full prototype
mass. Scenario 3 assumes perfect heat transfer conditions. Scenario 4 considers a design iteration with, again,
perfect heat transfer conditions but a layer of heat conductivity paste between RSS and LHTES modules.

Zin Pout

scenario

duration mean_power mean_specific_power

Wm—2K~' Wm—2K~' h w Wm-3
1 (charging) - - 11.88 7.69 - 10* 5.60-10°
1 (discharging) 7.85 -1.10- 10° -8.02-10°
2 (charging) 29.61 1.42 5.38 1.70 - 10° 1.24 - 10°
2 (discharging) 5.50 -1.58-10° —-1.15-10°
3 (charging) 597.49 0.41 0.77 1.24 - 10° 9.04 - 10°
3 (discharging) 1.28 -6.93-10° —5.05 - 10°
4 (charging) 299.37 0.41 1.08 8.60 - 10° 6.27 - 10°
4 (discharging) 1.87 -4.72 - 10° —3.44- 10°

600
I
|
7 \ —
?‘M 400 -
=t \ gap filled with air, k = 0.038 Wm 'K ~!
B \ gap filled with heat conductivity paste, k = 3.0 Wm 'K~
TS 200
g
0 | | | 77777\77777777\777\7 I I |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

width of gap / mm

Fig. 15. Theoretic dependency of the overall heat transfer coefficient a;, on the width
of an assumed gap between the RSS steel shell and the attached LHTES module, filled
with still air (blue line) and filled with heat conductivity paste (orange line).

It should be noted that more research on the technical feasibility
of the proposed application of heat conductivity paste (scenario 4) is
necessary. While some suppliers offer non-hardening high-temperature
compounds (e.g., silicon-based pastes such as Omegatherm 201 or
Silicon Solutions SS-240), compound integrity under cycling operation
must be tested. Furthermore, economic viability of the holistic concept
(see, e.g., Niknam & Sciacovelli [62]) could be strongly influenced by
the costs of such modification.

4. Conclusion
4.1. Summary of results

We presented the first-of-a-kind functional lab-scale prototype of
the novel hybrid RSS/LHTES storage concept presented by Dusek &
Hofmann [56,57]. While previous investigations focused on numerical
characterization and techno-economic assessments, we delivered the
first technically feasible construction and experimental investigation of
such hybrid storage. The RSS could be retrofitted with additional 60 MJ
storage capacity by means of LHTES modules. This corresponds to a
storage capacity increase of 30% compared to the lab-scale RSS unit,
which features a capacity of 200 MJ in the typical operating range. The
retrofitted LHTES features a volumetric energy density of 437 MJm3,
which is 221% of the RSS’ energy density. The total energy density of
the hybrid storage amounts to 227 MJm—>.

Charging/discharging times and specific thermal power of the
LHTES modules were roughly measured as 8h/ 12h and 560 Wkm™3 /
—802kWm™3, respectively, in the typical operation region. During the
PCM activation experiments, approximately 26% of the stored enthalpy
in the LHTES could be retrieved back to the RSS.

Numerical models for both RSS and LHTES part of the hybrid
storage were validated with satisfactory results. Via parameter op-
timization, the effective heat transfer coefficients «;, and «,, were
identified individually for different LHTES module sectors. The RMSE
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values between simulated and observed temperature over the whole ob-
servation period ranged between 1.8 °C and 6 °C for all sensor positions.
Qualitatively, charging behaviour of the LHTES is reproduced very well
except for minor temporal deviations while larger discrepancies in the
discharging behaviour can be observed.

With the help of our validated thermal model, a sensitivity analysis
of the key process parameters on the hybrid storage performance was
carried out. The results show that specific charging/discharging power
could be increased by up to 10 and 5 times compared to the achieved
values with realistic re-adjustment of heat transfer between RSS and
LHTES part, e.g., by using a layer of high temperature heat conductivity
paste or similar concepts.

4.2. Outlook on future research and development

The hybrid storage prototype realized in this experimental inves-
tigation is very promising for industrial application due to its easy
retrofit procedure. However, the investigations have shown that heat
transfer between RSS and LHTES must be improved further to increase
charging/discharging power and heat recovery. In the developed
construction concept, direct contact between the RSS and the LHTES
containers is essential for efficient storage operation. Fixed, permanent
mounting to the RSS shell was disregarded due to technical and safety
restrictions given in detail in Section 2.1. Unfortunately, the metallic
springs, intended to ensure a tight fit of LHTES containers to the RSS
surface, proved inadequate.

Future iterations of this hybrid storage could include high-
temperature heat-conducting paste, thermal oil or other heat transfer
compounds between the two storage parts in order to eliminate the
possibility of air gaps. Such re-adjustments were not considered in the
present study for the sake of simplicity, due to safety concerns, and
because of limited resources to invest in both costly material and time
to investigate additional safety issues introduced with such compounds.

A fundamentally different approach of flexible LHTES container de-
signs mounted on the RSS should also be considered and re-evaluated.
For example, construction by means of injection molding or additive
manufacturing could provide essential advantages compared to the
solid steel body construction in the present prototype. Such a container
design could, as the presented prototype, maintain high safety require-
ments and technical constraints of operating a steam vessel. The use of
flexible elastomer-based encapsulations of PCM, e.g., as developed by
Yu et al. [82] or Li et al. [83], to allow for thermal expansion could
provide essential benefits, if heat conductivity of the encapsulation
material is sufficiently high. Wu et al. [84] developed polymer and
graphite based highly thermally conductive, form-stable, flexible and
leakage-proof phase change composites that are also promising for
application in the TES use case targeted in our work. However, most
research focuses on micro-scale encapsulation of PCM and temperature
ranges below pressurized steam applications. The combined properties
of flexibility, high heat conductivity and thermal stability [85] for
macro-scale encapsulation have not been optimized for widespread
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use, yet. Furthermore, more research on the interaction of the com-
bined setup under operating conditions is necessary to optimize hybrid
storage performance.

Our experimental analysis of this first-of-a-kind hybrid RSS/LHTES
storage presents guidelines for future development of hybrid storage
applications. Ultimately, future retrofit hybrid thermal energy storage
concepts should become efficient, economically viable and accepted in
industry and thus a key part to overcome the ever-increasing problem
of mismatch between energy supply and demand.
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Appendix A. Grid and time step size sensitivity of numerical PCM
model

As presented in Section 2.4.4, a uniformly distributed finite element
grid of 1440 elements, corresponding to an element size of Ax = Ay =
0.5mm, and a time step size of A&+ = 1.0s proved adequate for the
numerical PCM simulations in this work.

For sensitivity analysis of grid an time step size, a typical simulation
case, representative for the results in this paper, was chosen. The grid
size sensitivity is illustrated for a reference simulation case in Fig. A.1.
The time step size sensitivity is illustrated in Fig. A.2. Comparison was
made by means of total enthalpy deviation to a base case, since this
metric is of major importance to the numerical studies in this paper.
Both figures show fast convergence and indicate that further refinement
of the chosen values has no significant impact on the simulation results.

Appendix B. Validation of RSS model

Here, more details on the RSS model validation presented in Sec-
tion 3.1 can be found. Fig. B.3 presents the most characteristic values
for the RSS model validation in six subfigures for a given pressure
setpoint trajectory.
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Fig. A.2. Time step sensitivity of reference case, carried out with a grid size of 5760
elements, corresponding to an element size of Ax = Ay = 0.25mm.

Table C.6
Validation results of single PCM cell model for different sensor positions for the
reference case given in Fig. 11. The uncertain physical parameters a;, and a,,, (column
two and three) were optimized to fit the measurement data. Column four and five
present the obtained absolute RMSE and maximal error, respectively, between the
measured and simulated temperature trajectory in the observed period.
RMSE

@, ot max._error

Sensor identifier

Wm2K Wm—K"' K K
LBD20CT001 45.70 3.79 4.0 10.4
LBD30CT001 30.28 1.72 1.8 6.4
LBD40CT001 33.27 1.65 3.1 5.2
LBD50CT001 8.15 0.83 2.2 7.6
LBD60CT014 48.76 5.02 5.1 14.3
LBD70CT001 51.49 1.81 2.6 6.0
LBD80CT001? 30.16 1.40 3.4 10.9
LBD90CT001 28.4 1.73 2.3 6.8
LBD20CT002* 59.11 4.77 5.7 19.5
LBD30CT002 35.80 1.15 2.1 10.9
LBD40CT002 32.33 1.50 3.3 9.7
LBD50CT002 40.42 1.91 6.0 13.4
LBD60CT032 26.24 1.63 2.8 8.9
LBD70CT002 29.61 1.42 3.1 10.7
LBD80CT002 29.34 2.16 3.6 8.8
LBD90CT002 29.72 1.08 2.1 10.4

aMeasurements not representative due to experimental errors, see Section 3.3.1.

Appendix C. Detailed results of single PCM cell model validation

Table C.6 presents the obtained values as well as the resulting
validation errors for the 8 LHTES modules and two sensor positions
each.
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Fig. B.3. RSS measurement values and model outputs for a given pressure setpoint trajectory.
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