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ARTICLE INFO ABSTRACT
Keywords: This paper presents a study carried out as part of commissioning and testing of world’s first grid-scale 150 kW,
Layered packed-bed Pumped Heat Energy Storage (PHES) demonstration system. The system employs two novel layered packed-bed

Thermocline energy storage
Thermal front control
Pumped heat energy storage
Thermal irreversibility

thermal stores. The present study experimentally investigates one of the stores designated as “hot thermal store”,
which has an energy storage density of 1072 MJ/m?® and stores heat at 500 °C and 12 bar. The layered store is an
enhancement of a normal packed-bed store and offers a higher degree of thermal stratification. Experiments
show that layering results in about 64 % reduction in pressure loss along with yielding considerably narrower
thermocline. Round-trip efficiency, storage capacity and utilisation were calculated based on 1st Law analysis
considering both simple and layered mode operation at nominal design conditions. Two cycle control scenarios
were considered: time-based and temperature-based. In the time-based scenario, the store shows nearly similar
performance in both modes. However, in temperature-based scenario, layered mode outperforms. During cyclic
operation, layered mode outperforms as it reaches steady-state in merely 3rd cycle, without any loss in efficiency,
capacity and utilisation; simple mode yields competitive efficiency but capacity and utilisation deteriorate after
each successive cycle and steady-state is achieved in 20th cycle. 2nd Law analysis was additionally performed to
gain insight into various losses and their impact on the performance.

of an energy storage (ES) facility with clean, renewable generation

1. Introduction [5,6]. As such, an ES system is essential to act as a ‘buffer’ between the
RE supply and the demand, allowing greater grid stability by adjusting
1.1. Energy storage needs the load and power quality [7,8]. Much like the trends of RE, ES in-

stallations are increasing exponentially [9]. As of mid-2017, worldwide
The capacity of renewable energy (RE) around the world has doubled installed ES capacity stood at nearly 176 GW [10] and the annual battery

over the last 10 years due to cost reductions and supportive policies [1]. storage deployment increased from 3.3 GW in 2019 to 5.0 GW in 2020
Technology advances and prompted market competition are likely to [11]. Geographically constrained pumped hydropower storage (PHS),
motivate further deployment of renewable installations across the globe. currently dominating with 96 % share of the total capacity of ES, will be
It is predicted that the share of RE in the worldwide total primary energy superseded by newer ES systems to develop a more decentralised power
supply would increase from 14 % in 2015 to 63 % in 2050, whilst the system. Even though battery storage, behind-the-meter in particular, is
share solely in the power sector over the same period would increase being promoted, it is still an expensive option due to high upfront costs,
from 25 % to 85 % [2]. Therefore, renewable generators, such as and faces recycling challenges. Therefore, to fulfil the ramped-up ES
onshore and offshore wind farms, concentrated solar power (CSP) and demand, other means than the ‘traditional and expensive’ kinds will
photovoltaic (PV) arrays, are seen as the future of next-generation have to be explored.

electrical power systems.
RE offers variable and fluctuating power [3,4]. This pivotal draw-
back calls for a more flexible, dynamic power system enabled via pairing
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Nomenclature

A store cross-sectional area, m?
B exergy, J

Bi Biot number, —

discharge coefficient, —

gas isobaric specific heat capacity, J.kg™1.K™!
solid specific heat capacity, J.kg~1.K~!
diameter, m

store diameter, m

particle diameter, m

friction factor, —
mass flux, kg.s~'.m
convective heat transfer coefficient, W.m 2K !
gas thermal conductivity, W.m~1.K*

length scale, m

store length, m

gas mass flow rate, kg.s™
solid mass, kg, ton
Nusselt number, —

gas pressure, Pa, bar
Prandtl number, —

rate of heat transfer, W
gas constant, J.kg 1.K!
Reynolds number, —
RTE round-trip efficiency, %

-2

1

xQ;?*U EQSWS‘NNWPT‘:‘Q\@QUQQ.@Q

=
*

S rate of entropy generation, J.K 1.s7!

SC storage capacity, kW.h

Sy particle surface area-to-volume ratio, m~!
T temperature, °C, K

t time, s, hr

tn nominal charge time, hr

U gas flow velocity, m.s; ! store utilisation, %
U, open-tube gas flow velocity, m.s~*

\%4 store volume, m®

z store axial distance, m

Greek letters

B ratio of diameters, —

€ store void fraction, —

¢ exergetic loss coefficient, %

n dimensionless time variable

Hg gas dynamic viscosity, Pa.s

3 dimensionless length variable

p density, kg.m ™3

PES energy storage density, J.m >

T time scale, s

Subscripts

¢, d charge, discharge

g s gas, solid

pm pressure; particle, modified

t thermodynamic, thermal

X exit

1,2 upstream and downstream conditions; 1st Law and 2nd
Law

Abbreviations

CAES compressed air energy storage

CSP concentrated solar power

ES energy storage

HP heat pump

HTF heat transfer fluid

LAES liquid air energy storage
LCS layer control system
MCS main control system

PCM phase-change material

PHES pumped heat energy storage
PHS pumped hydropower storage
PV photovoltaic

SAH solar air heater

RE renewable energy

TES thermal energy storage

1.2. Packed-bed storage and recent advances

Among the wide array of ES systems, thermal energy storage (TES) is
an attractive option as it can meet both heating and cooling demands
along with providing electrical energy if coupled with power generation
system. It works by storing energy by changing the temperature of a
suitable storage, or heat transfer substance (e.g, rock, metal, salt, oil,
water or phase-change material (PCM) etc.). There is a massive potential
for TES as many dormant concepts of the past, such as pumped heat
energy storage (PHES), have started to receive attention now due to
technically advanced methods with reduced levelized costs [12]. TES
can be categorised in three normal modes: sensible, latent and ther-
mochemical [13-15]. A combination of sensible and latent heat storage
can also be used [16]. TES with a packed-bed is an easy solution as it can
adapt to each of these modes.

Solid packed-bed TES using a sensible heat method is widely used
especially for high temperature heat storage. Basically, a packed-bed
store is an insulated container filled with spherically or randomly sha-
ped solid particles. Heat is stored when a high temperature heat transfer
fluid (HTF) is passed through the voids of the packing, transferring its
thermal energy to the solid. Conversely, the stored heat is retrieved by
passing a low temperature HTF in the opposite direction. Downward
flow of HTF during charge and upward during discharge usually results
in better performance [17]. An important feature of the packed-bed
store is the formation of a temperature gradient zone, known as ‘ther-
mocline’ [18], and hence it is often called a thermocline store.

Common to many industries, packed-bed storage has established

itself as a low-cost, safe, structurally simple yet thermodynamically
reliable technology [19-21]. That is why special interest is shown in
studying its different configurations largely based on the state of the
storage medium, mechanism of storage process and level of storage. The
majority of scientific publications on packed-bed stores deal with cases
where they are either integrated into CSP [22-24], solar air heater
(SAH) [25-27], adiabatic compressed air energy storage (CAES)
[28-30], PHES [31-33], liquid air energy storage (LAES) [34] or do-
mestic heat pump (HP) [35] systems, thus demonstrating their wide-
range capabilities. Fig. 1 illustrates packed-bed TES in several
applications.

The research domain on packed-bed storage is vast, covering
analytical, experimental, parametric and optimisation studies. Most
studies involve performance evaluations by observing variation in a)
physical design parameters: such as aspect ratio, void fraction, type, size
and shape of filler materials and insulation thickness [21,27,36,37], b)
HTF type and flow rate [18,38-41], c) axis of flow (i.e., axial or radial)
[42], or d) charge temperature [17,43]. All these affect the storage
thermal response greatly. The storage performance or efficiency is
mainly governed by the thermocline behaviour, which is arguably the
most studied aspect as it affects exergetic efficiency: narrow thermocline
results in better efficiency [44]. In spite of significant efforts to achieve
an optimal behaviour, two key issues still remain a substantial challenge
for the research community: a) maintaining a thin ‘thermocline’ and b)
reducing ‘pressure drop’.

A survey of literature reveals that, to date, most studies on packed-
bed storage have been undertaken within the scope of ‘solar’ energy,
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SR

Fig. 1. Various implementations of packed-bed TES. a. CSP, b. adiabatic CAES, c. SAH, and d. PHES. Key: A - Air, C — Compressor, E — Expander, F — Fan, P — Pump,

R — Receiver, SC — Solar Collector, SR — Solar Reflector, T — Turbine.

also evident from previous review studies [27,45]. In CSP applications,
packed-beds are regarded as a promising alternative to the expensive
two-tank molten-salt technology. In addition, they benefit from having
twice the energy density, with most having about 180-250 MJ/m® when
there is a temperature difference of 100 °C [45]. Notwithstanding,
packed-bed storage has also been investigated for implementation in a
variety of other power-to-heat or power-to-power applications. Many
studies have focused on the selection of appropriate storage material for
sensible packed-bed TES. For instance, Al-Azawii, et al. [46] experi-
mentally compared the performance of recycled ceramic materials with
that of conventional alumina materials in terms of thermal and pressure
drop losses. The results revealed that alumina has superior thermal
performance than ceramic materials, however, exergy losses due to
pressure drop are higher for alumina comparatively. Kocak, et al. [47]
tested demolition waste-based storage materials in a laboratory-scale
packed-bed TES system for industrial solar applications below 200 °C.
A smooth stratification behaviour of the store was observed with energy
efficiency reaching as high as 67 % at a charging temperature of 150 °C.
When compared with Therminol 66 synthetic oil as storage medium,
demolition waste resulted in 45 % higher amount of energy stored and
60 % cost reduction. Lai, et al. [48] considered sintered ore particles to
study the effect of several parameters on the thermal stratification
performance of the packed-bed storage using air as HTF. The study
concluded that small particle sinter bed yields superior thermal strati-
fication and under steady-state cyclic operation the cycle efficiency can
reach up to 66.78 %.

Various designs and combinations have been suggested in the liter-
ature in an attempt to improve storage performance. In contrast to
commonplace cylindrical shapes, a truncated conical design was studied
in an air-rock based pilot-scale demonstrator [49], as a means to mini-
mise thermo-mechanical stresses. However, an optimisation study [37]
revealed that a design with negative cone angle, as opposed to the
positive angle in the above study, has higher exergy efficiency. Never-
theless, due to increased benefits, Singh, et al. [50] considered the shape
with a positive cone angle and numerically investigated transient per-
formance of a large-scale storage unit. Knobloch, et al. [51] presented a
study on the construction and testing of a high-temperature (675 °C), 1
MWh;, rock bed storage pilot plant using air as HTF. The noteworthy
design feature was the packed-bed storage being partially underground
with a vertical air flow configuration. By increasing the air flow rate
during discharging, an improved round-trip efficiency (RTE) of 80.7 %

was achieved. Furthermore, McTigue, et al. [42] discussed thermody-
namics of a radial-flow design for packed-beds in comparison with
typical axial-flow designs mentioned above, and inferred that radial-
flow design achieves lower pressure losses but results in higher capital
costs due to added volume required for bypass flows. Such radial-flow
design has been introduced and tested recently in the form of a
laboratory-scale prototype [52]. The packed-bed had an energy capacity
of 49.7 kWh, and was able to operate between 25 °C and 700 °C using
dry air. The system resulted in reduced pressure losses (<1 mbar) and
about 1.11 % dwell period thermal losses with an overall thermal effi-
ciency of 71.8 %. Even so with these designs, maintaining invariable
discharge temperature, which is another performance requirement, still
remained as a question. Rodrigues, et al. [53] addressed this particular
problem and emphasized only on the discharge cycle effectiveness of an
air-rock packed-bed system subjected to variation in mass flow rate and
storage material characteristics. Their results showed that increasing the
mass flow rate and porosity improves thermal stratification and
discharge cycle efficiency compared with the charge cycle. In a multi-
criteria optimisation study, Roux, et al [54] investigated an air-
ceramic packed-bed with respect to exergy efficiency and environ-
mental impact using life cycle assessment parameters. The results
showed that exergy efficiency optimisation requires a tapered shape
packed-bed whereas life cycle assessment optimisation will require a
square shaped packed-bed. The study finally proposed an optimal design
capable of achieving 97 % exergy efficiency. Wang, et al. [55] consid-
ered an array of multiple hot and cold packed-bed TES units for use in a
large-scale (80 MWh) PHES system with the aim to decrease power
variation during discharging. The devised arrangement, in the form of
multiple TES units connected in series, resulted in a RTE of about 65 %
with delivery power variation of 43.1 % which was further brought
down to 13.2 % using a temperature complementation operation mode.
Sensible packed-bed stores can also be implemented in PHES systems
using direct and indirect approach, as in [56], where it was indicated
that indirect use of packed-beds i.e., through heat exchangers, the PHES
system becomes advantageous in terms of reduced installation cost (by
40 %) which is realised with a minor RTE penalty (<5%). Using sensible
packed-bed TES systems, Zhang, et al. [57] performed parametric opti-
mization and thermo-economic analysis of Joule-Brayton cycle-based
PHES system. The study showed that for a 60 MWh system, a RTE of
70.97 % can be achieved. It was noted that with an increase in charging/
discharging durations, the economic performance of the system
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improves, and the aspect ratio (length-to-diameter ratio) increases for
cold store whereas it decreases for hot store after an initial increase.

As a way to mitigate the problem of discharge temperature (and thus
the discharge power) gradually decreasing, different options were
explored: such as cascading using different PCMs, and multi-layering
using both solid material and PCM. In a follow-up study, Zanganeh,
et al. [58] suggested such a configuration which combined sensible and
latent heat storage in that a small amount of PCM was added at the top of
the bed with the aim to stabilise discharge temperature. The results
indicated that a PCM volume of 1.33 % of the total volume was enough
to keep the discharge temperature constant, however, no improvement
in overall efficiency was noticed. This arrangement was studied further
by Galione, et al. [59] who pointed out that such a method can reduce
thermocline degradation over time in a cyclic operation for CSP plants.
Cheng, et al. [60] carried out an optimisation study on a cascaded cool
TES using a variable number of PCM layers, and found that cascading
reduces charge time whereas storage quality and quantity are not
affected compared with single-stage (layer) storage. Liu, et al [61]
proposed a latent packed-bed TES system incorporating three-stage PCM
and three-layered diameter capsules in an attempt to improve stratifi-
cation during charging. It was reported that compared with the con-
ventional non-cascaded packed-bed with single-layered diameter
capsules, the charging efficiency of the cascaded packed-bed having
three-layered diameter capsules improved significantly from 24 % to 61
%. Osterman, et al. [62] conducted a study on a hybrid (sensible/latent)
packed-bed TES system to examine the effect of PCM fraction on
discharge temperature stabilization and found that increasing the PCM
fraction leads to longer stabilization periods but lower initial discharge
temperatures. Xue, et al. [63] employed two latent heat packed-bed TES
units, one hot and one cold, in a hypothetical 150 kW PHES system.
According to the results of their analysis, addition of recuperation be-
tween the hot store and expander decreases input power requirement by
18.1 kW and compared with sensible heat-based storage, PCM based
storage increases energy density by 65 kWh/m®.

All in all, the focus of new research has been on improving ther-
mocline behaviour and resulting exergy efficiency by incorporating
different variations to either the existing design or the HTF flow pattern
inside the packed-bed. One approach, upon which the present work is
based, is splitting the sensible heat-based packed-bed into a number of
designated segments along its vertical axis. In published literature, this
idea seems to have been coined by Crandall, et al. [64] and later adopted
by Howes, et al. [65] who shaped the concept further to serve another
but similar purpose, specifically for large-scale ES systems. A compa-
rable technique was proposed around the same time by Bindra, et al
[66] under the name of the ‘sliding flow method’ to improve exergy
efficiency. The method allowed the inlet and exit air flow ports of the
packed-bed to change axially to follow the thermal front in the bed.
However, improvement in exergy efficiency was only numerically
justified, and no supporting experimental evidence can be found in the
literature. Mathur, et al. [67] developed a method which was comprised
of multiple extraction points along the bed length so that after identi-
fying the thermocline region, the HTF could be heated up to the desired
temperature via external means and then returned back at a location
ahead of the thermocline movement.

Very recently, Al-Azawii, et al. [39] developed another new tech-
nique. They used the same term in their work i.e., layered store, how-
ever, the method was different to [64,65,68] as division of the store
domain was achieved by using pipes (for HTF injection) of different
lengths inserted along the axis of the bed and radially separated from
each other. The exergy efficiency was shown experimentally to increase
from 55.4 % to 80.3 % by using three layers. Geissbiihler, et al. [69,70]
assessed different thermocline control strategies (some of which are
based on the above studies), and proposed a new way named the mixing
method: the HTF is extracted simultaneously from one port located at
mid-height of the store and the bottom during charge (or the top during
discharge) and mixed together to achieve a certain outflow temperature.
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Through numerical simulations, it was shown that storage utilisation
can be increased via the mixing method but this occurs at a minor ef-
ficiency penalty. Stressing the need for optimal discharge temperature
(instead of thermocline degradation), another study [71] numerically
examined a previously developed extraction method [67] by using
multiple equidistant extraction ports although this approach differed
from the one reported earlier as instead of returning the HTF back to the
storage unit, it is transferred to the power block.

1.3. Present work

The aim of the present study is to address the main challenges of
inconsistent output temperature during discharging due to degradation
of thermal stratification and pressure drop losses incurred in a sensible
packed-bed TES system. The study relates to an innovative layered
packed-bed TES system which was designed according to the scheme
devised by Howes, et al. [65] for application in a PHES system. Using the
novel concept of layering in two thermal stores, one hot and one cold, a
closed Joule-Brayton cycle-based system was built to demonstrate the
PHES technology. The present study is primarily based on the experi-
mental work conducted on the hot thermal store specifically designed
and fabricated for this purpose. A detailed and comprehensive optimi-
sation study was conducted by developing a numerical packed-bed
model prior to the construction of the layered store. During the initial
analysis, particular focus was given to the selection of appropriate
storage material and optimisation of the number of layers to be con-
structed for given diameter and length of the store. The study involved
estimation of required level of insulation and determining the thermal
front control strategy and associated layer control system needed to
improve temperature stratification and make best use of the layered
structure. CFD analysis was additionally conducted during the research
and design phase to gain in-depth insight of the layered hot store and its
components of critical nature. An experimental rig was set up around the
same time during the development and commissioning phase of the 150
kW, PHES demonstrator to investigate and validate the thermodynamic
performance of layered hot store which is crucial for any ES system.
Over the years, only one research group [36,72,73] has studied a layered
design in detail, and highlighted various aspects using a numerical
approach. Although important, those analyses were only theoretical and
optimisation-based, and therefore, no study has been found to have
provided experimental evidence to support this new concept. Featuring
such a novel design, the current study examines the store performance
experimentally with particular focus on thermocline behaviour, pres-
sure losses, store utilisation and 1st and 2nd Law storage cycle effi-
ciencies. In compliance with the target performance indicators set at the
design stage, the proposed solution results in reduced pressure drop
losses, enhanced temperature stratification and stable discharge tem-
perature for relatively longer duration. The novelty of the idea is thus
validated through the experimental tests and results which will fill a
major gap in the existing literature in this field of technology.

2. Methodology

This section covers the description of the layered thermal store, layer
control, experimental setup and the relevant instrumentation and con-
trol systems.

2.1. Thermal store design

As stated before, after carrying out numerical optimization analysis,
a bespoke thermal store was designed and experimentally investigated
in the present work. The store is technically advanced and offers an
economical solution as an ES device. Fig. 2 shows different drawing
views of the store and highlights its crucial features. The store consists of
a large, vertical carbon steel pressure vessel (design code: PD5500:2009
Cat. 2 and PED Module G). It has semi-elliptical ends and is composed of
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Pressure
Vessel

Insulation

Instrumentation
Pneumatics AR
Flange Heat Exchanger
Flange
a. b.

<— Top Duct
Top Filter

Stack
Assembly —p
(Core)

Stack

Support ~~a

E

Bottom Filter ———»

/

Heat Exchanger Bottom Duct

Layer 16— i Storage
Media
Layer
Supports

Layer1 —p

C.

d.

Fig. 2. 3D drawing views of the store. a. Complete store, b. Without pressure vessel, hard insulation is shown only, c. Section through the store with complete

insulation removed, and d. Main core showing stack built up to layer 11.

four sections: a base with split skirt type supports, a centre section, an
upper head, and a top cap attached to the upper head. These sections are
connected together using bolted flanges. This vessel has a design pres-
sure of 12.2 bar (gauge), shell internal diameter of 3 m, wall thickness of
12 mm and an overall height of 5.5 m. The internal volume of the vessel
is 28.4 m®. The vessel was hydro-tested by the supplier (Halton Fabri-
cations Itd.).

The actual storage volume where heat is to be stored is a modular
core and is present inside the vessel, separated by a layer of insulation, as
shown in Fig. 2b. A fine grade of washed, dried and surface hardened
magnetite (86 % Fe304 by volume containing small traces of silica) was

used as storage media. Magnetite was chosen as it is low cost, abundant
and has high volumetric heat capacity [31,74,75]. The magnetite was
supplied by LKAB Minerals in pebble form with an equivalent particle
diameter of 2.1 mm. Atmospheric air was used as the HTF in this study.
The core is a 2.7 m tall fabricated steel structure of hexagonal cross-
section having a circumradius of 0.9 m. The core is divided into 16
identical, horizonal layers built successively on top of each other in the
vertical direction, contained by stack panels, thus forming a stack as-
sembly. Each layer is filled with approximately 850 kg of storage media
uniformly distributed up to a depth of 111 mm. As shown in Fig. 2(c & d)
(and highlighted in Fig. 7a), the construction of the layers is such that
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two consecutive layers are 60 mm apart and have a free space of 36 mm
for the lateral distribution of the gas over the storage media. Each layer
has a 24 mm thick base which is made of an array of equilateral trian-
gular tiles (having a side length of 300 mm) joined together. These tiles
have a pattern of holes allowing the gas to pass through the base into the
layer below (or above). The holes were kept much larger than the mean
particle size to minimise resistance to the gas flow. A fine stainless steel
900 um mesh, therefore, was placed above the base to prevent particles
from falling through to the layer below. A number of vertical posts
provide support (for the layer above) and separate the adjoining layers.
By building the store in this way the weight of the upper layers is carried
down through the structure by the vertical posts (under compression
load only) and the base of each layer only supports the weight of the
storage media in that particular layer thus reducing bending loads on the
base structure. Moreover, due to the triangular geometry of the tiles, a
regular hexagonal base can be developed easily which effectively fits
within the cylindrical vessel thereby giving a nearly circular shaped
packed-bed. Such a modular structure of the layered store, consisting of
many smaller components assembled together, was used to provide
mechanical stability and allow for ease of transportation and rapid
construction for current and future TES systems.

The store has a number of nozzles for ancillary systems such as
pressure relief, instrumentation, heat exchanger, layer control and drain
systems. All connections to the store are via flanged joints. The top and
bottom gas connections are made via 18” and 8” nozzles (ANSI 150#)
respectively. Around bends, these ducts are provided with turning vanes
to minimise gas flow losses. The conical section at the top of the store has
flow distributors to provide even gas flow over the cross-section. The
vessel is internally insulated to retain the heat within the core. The top
head is the high-temperature end of the store and is insulated along with
the stack walls. Two layers of 50 mm thick WDS® Ultra microporous
insulation panels are attached to the top head, conical gas diffuser area
and the stack walls using stainless steel straps followed by fabric sleeve
fitted over the entire stack and the conical area. The surrounding region
between the stack and the vessel is then loosely filled with silvapor
(perlite) granules. Through simulations during design phase, it was
estimated that with this insulation strategy, under a fully charged state,’
the temperature at the pressure vessel surface is<40 °C at an ambient
temperature of 20 °C. Two filter trays are fitted to the top and bottom of
the store to ensure that the dust particles of the storage media do not
leave the store in either direction. Both filters are made of fabricated
stainless steel frames with pleated Cadisch Hollander 165/800 20 pym
filtration papers. In addition, a heat exchanger is placed within the store
near the bottom head to bring the exit gas temperature down to ambient
during charge if required. It must be noted that this heat exchanger
system was not used in the current experimentation as the store was not
connected to the demonstrator. The key system parameters most rele-
vant for the validation of developed mathematical models using exper-
imental results and further system simulations are summarised in
Table 1.

2.2. Layer control system

The most innovative feature of the store is layering. Precise control of
the thermal front through the layers is achieved by selectively opening
or closing of the gas bypass choke valves. A simple illustration of this
situation is shown in Fig. 3. Chock valves are positioned horizontally
around the edges of the hexagonal stack at every layer, as shown in a
schematic figure, Fig. 4 (and photograph in Fig. 7b). Such peripherally

! Here, the fully charged state means that the store is charged to 500 °C
which is the actual design temperature for use in the PHES demonstrator.
However, during the current work the store was charged to a lower temperature
rendering minimal thermal losses to the surroundings which, therefore, have
not been included in the numerical model for validation of results.
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Table 1
Fixed design parameters of the store.

Storage media 86 % Fe304: 14 % SiO,

Equivalent particle diameter, d, [mm] 21

Void fraction, & [-] 0.425

Bulk density * p, [kg.m %] 4800

Bulk specific heat capacity, ¢ [J.kg L.K™'] See Sec. 3.4
Total mass, mg [ton] 13.6
Thermal store

Diameter ” D [m] 1.88
Length ™ L [m] 1.776
Volume ” V [m?] 4.93
Number of layers 16

Energy storage density, pgs = pscs(1 — £)AT/V [MJ.m 3] 1072

2 Density of pure magnetite is 5150 kg/m®. However, due to the presence of
small impurity in the form of silica, bulk density has been calculated and used in
the numerical analysis.

b These are equivalent dimensions and have been determined by considering
the store to be of a perfect circular cross-section and assuming that there are no
gas gaps between successive layers i.e., a case of simple store.
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Fig. 3. Gas passage through the active layers of the layered store during charge.
Thermal front is confined to only two layers, 10 and 11, where the side valves
are closed (shown in black).

located valves provide a sufficiently uniform flow distribution through
the active layers i.e., layers where significant heat transfer is taking
place. When the valves at a particular layer are open, the porosity
through the storage media at that layer is reduced and the gas circum-
vents the layer. Conversely, when the valves at a particular layer are
closed, the gas is forced to pass through the media of the layer.

Fig. 4 presents the schematic layout of the hardware of an intelligent
Layer Control System (LCS) which is responsible for the thermal front
control in the layered store. The LCS consists of two subsystems which
are internal and external to the store. The internal subsystem comprises
of choke valves and corresponding actuation mechanism whereas the
external subsystem comprises of 4-port valves and their corresponding
control mechanism (photographs are shown in Fig. 5(a & b)). As shown
in Fig. 4, there are 6 sets of choke valves in every layer, each accom-
modating in one side of the hexagon. A single choke valve is made of 9
pucks, attached to a common rail, and translates over as many circular
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I}
External system | In-store system
I}

ports (@ 50 mm) in the base to cover or uncover them. In this way, each
layer receives gas coming through a total of 54 ports in the circumfer-
ence of the hexagon yielding a uniform flow distribution — refer to Fig. 4
which shows top view of the top and bottom layers (only) with closed
and open choke valves, respectively. These choke valves are moved
simultaneously by 2 oppositely positioned, double-acting pneumatic
actuators such that each actuator shunts 3 adjoining choke valves. The
external subsystem consists of a series of (as many as the number of
layers) mechanical 4-port valves mounted in parallel onto a carrier
frame. These valves pneumatically control the actuators as they can
reverse the high- and low-pressure pneumatic supply connections to the
in-store actuators, as can be seen in Fig. 4. The pressure differential
required by the actuator to work is 3 bar — the high-pressure supply is at
hot store operating pressure whereas the low-pressure supply is 3 bar
less than the hot store pressure. The 90° movement of the 4-port valves is
controlled by a pair of carriage arms, one on each side of the row of 4-
port valves. These carriage arms are driven via two motors and
timing-belt-pully mechanism, one for each carriage arm. Various micro
switches and reed switches are used (not shown in the figure) to signal
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i Fig. 4. Basic schematic of Layer Control
. System hardware. Key: A — Actuator, CA —
E Carriage arm, LP — Low-pressure supply, HP
- High-pressure supply, M — Motor, P — pul-
ley, V — 4-port valve. The internal subsystem
shows choke valve mechanism for the top
and bottom layers only. The top layer is in
charging state as the choke valves are closed
and gas cannot be bypassed. The bottom
layer is inactive as the choke valves are open
and gas is bypassed. The external subsystem
shows 4-port valves for the top two and
bottom three layers only.

Pucks attached

Circular

the location of the carriage arms and change in the status of the valve in
each layer. The external subsystem is contained within a pressure vessel
supported by a bracket, which mounts on the store (see Fig. 6b). Fitted
outside the store the required high- or low-pressure pneumatic signals to
the actuator are sent via 32 pneumatic feed tubes (2 tubes per layer).
Through a provision within the layers, a set of these tubes runs along the
length and width of the store to feed the pair of actuators on both sides of
each layer. The LabVIEW program of the LCS communicates with the
Main Control System (MCS) to use the set of temperature readings from
the in-store thermocouples to determine when to open or close the choke
valves in a particular layer.

The whole choke valve and actuation system for the layer control
was designed in-house according to specific principle needs required for
proper working of the bespoke layered store. Careful design required
appropriate material selection for each component so that it can with-
stand the high- and -low temperature and pressure of the working gas.
Particular focus was given to pneumatic actuators as their failure would
significantly affect the storage performance. Safety relief valves were
used to protect the actuators against any overpressure. The actuators
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Fig. 5. Layer Control System at fabrication and commissioning stage. a. 4-port mechanical valve system, b. pneumatic actuators and choke valves attached to a store
stack wall, c. actuator testing against a load at room temperature, and d. actuator testing at 500 °C in oven.

were commissioned prior to their use in the store. The testing mainly
involved checking of generation of sufficient force in both directions to
operate the choke valves and identification of any significant leaks from
the graphite seals and Swagelok gas fittings. On a customised rig, shown
in Fig. 5c, the actuator was continually cycled back and forth under
required pressure differential at room temperature for a number of cy-
cles. After this, the actuator was oven tested at 500 °C for 600 plus cycles
to observe any premature component failure due to thermal expansion
and see any potential degradation of the graphite packing seals (see
Fig. 5d). The reliability of the choke valves at higher design tempera-
tures was thus ensured prior to hot store performance evaluation in the
present study.

Controlling the layers in a specific way governs the shape of ther-
mocline. As stated previously, a narrower thermocline is required for a
number of reasons, one of which is the better utilisation of the store. This
is achieved by programming the LCS such that in view of the received
store thermocouple data when specific temperature criteria is fulfilled
only pertinent layers are activated and deactivated during charge and
discharge. The same strategy is applied to the model to generate nu-
merical results. It is noteworthy that during charge, the top layer charges
first and the thermal front slowly moves down to the bottom layer. The
thermal front moves in the reverse direction during discharge.

Consider that T, and Ty are the charge and discharge temperatures
respectively, and AT is their difference. During charge, the next layers at
the leading edge of the front are activated when the temperature dif-
ference between the (rising) temperature of the gas exiting the layer

forming the nose of the front and the discharge temperature exceeds 8.5
% of the overall required temperature rise i.e., (T; — Tg) > 0.085 x AT.
Similarly, the previous layers at the trailing edge of the front are deac-
tivated when the temperature difference between the (rising) tempera-
ture of the gas exiting the layer forming the tail of the front and the
discharge temperature exceeds 91.5 % of the overall required temper-
aturerisei.e., (Tg—Tg) > 0.915 x AT. The same approach is implemented
during discharge, but with the conditions for nose and tail replaced and
inequality symbols reversed.

2.3. Experimental test setup

A basic schematic of the experimental setup and photograph are
shown in Fig. 6. Mainly, the setup consists of a fan, heater and the store.

A radial type blower fan, connected at the bottom of the store, was
used to circulate atmospheric air used as the HTF at near ambient
pressure. The fan was directly connected to a 37 kW variable speed drive
motor to vary air mass flow rate depending upon the store pressure drop.
A 108 kW electric heater was connected to the top of the store. During
charge, the heater heats the air to the required working temperature
(~131-146 °C) which then enters the store from the top and leaves after
transferring its heat to the storage media at near ambient temperature
from the bottom. During discharge, the ambient air enters from the
bottom and leaves after receiving the heat from the storage media from
the top whilst the heater is kept switched off. Pipeline connections and
several manually operated valves between the fan and store enable flow
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Fig. 6. a. Basic schematic of the external experimental setup. Key: EH — Electric Heater, F — Fan, OP — Orifice Plate, P — Pressure Sensor, T — Temperature Sensor, TS —
Thermal Store, V — Valve. Note: The duct between EH and the store top is externally insulated using 50 mm thick rockwool layer, and b. A photograph of the hot TS

with the testing equipment. The store was built and tested in Hampshire, UK.

reversal during these charge/discharge periods, as indicated in Fig. 6(a
& b). Diverter valves (V1, V2 and V3) cause the changeover between
charge and discharge periods whereas damper valves (V4 and V5) fitted
downstream of the two outlet diverter valves allow the system back
pressure and mass flow rate to be adjusted. An orifice plate was placed at
the inlet duct before the fan to calculate the air mass flow rate. The
orifice plate was sized to give a differential pressure of 3 kPa at the
design mass flow rate of 0.7 kg/s.

2.4. Instrumentation and data logging

Local gas and solid temperatures inside the store were measured
using N-Type thermocouples, along the axial direction only, as shown in
Fig. 7a. Sixteen thermocouples were placed in the middle of each layer

to record the solid temperature. Fifteen thermocouples were suspended
in the voids above the storage media between each layer to record the
gas temperature. Two additional thermocouples were placed for
recording the gas temperature with one placed above the top layer and
one below the bottom layer. All these thermocouples were fitted on one
of the vertical posts at the respective layers by using brackets, at a dis-
tance of one-third of the store radius from the centre. Fig. 6a shows
various thermocouples and pressure sensors fitted around the external
circuit (outside the store). All the pressure sensors were calibrated prior
to their use. Absolute pressure, p1, ambient temperature, T1, and the
differential pressure, p2, across the orifice plate allow the air mass flow
rate to be determined. One thermocouple measures the air temperature,
T2, downstream of the heater. Two pressure sensors, p3 and p4, and two
thermocouples, T3 and T4, are fitted to the top and bottom ducts to
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Fig. 7. a. TS section showing principal features (not to scale). In-store thermocouples are shown with red dots. Thermocouples in the gas gaps are numbered 0 to 16
from bottom to top whereas those in the layers are numbered 1 to 16. LCS receives thermocouple data from the MCS (red dotted lines) and sends pneumatic signals
(blue lines) to the valves to activate/deactivate the layers, and b. A photograph of one layer of the store during construction. The storage media is poured on top of
the mesh and supported by a lightweight structure. Choke valves in one side wall of the stack in closed position can also be seen. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Testing equipment and instrumentation details.
Component Acquired Details
from
Fan Halifax Fan 37 kW, 2950 rpm, M, gesign = 0.7 kg/s
Electric heater Neatafan 1td 108 kW, connected with thyristor
controller
Orifice Plate - @ 131.6 mm, pl — p2 = 3 kPa at 0.7
kg/s
Sensor type and name Acquired Range Accuracy
from
N-Type in-store TC Itd 0to + + 1.5°C (—40 to +
thermocouples 1100 °C 375 °C)
+0.004 T °C (+375
to + 1000 °C)
T-type external TC Itd —185to + +0.5°C (—40 to +
thermocouples, T1 — 300 °C 125 °C)
T4 +0.004 x T (+125 to
+ 350 °C)
Pt-100 temperature Neatafan 1td —100 to + +0.3+0.005xT
sensor, TS 450 °C
Pressure sensors (abs), RS 0-200kPa  +0.1% Vgs (38.5 -
pl, p3, p4 Components 41.5 mV)
Differential pressure Siemens 0-3kPa <+ 3% Vgs (DCO —
sensor, p2 10V)
Differential pressure Neatafan Itd 0.02-0.3 + 0.0025 kPa
switch, p5 kPa (repeatability)

measure the air pressure (abs) and temperature, respectively.

Besides LCS described in Sec. 2.2, two more control systems were
employed. The Fan Control System (FCS) controls the fan speed to
maintain a constant mass flow rate. The FCS also starts and stops the
heater when required. The Heater Control System (HCS) is a program-
mable temperature controller and is responsible for maintaining a spe-
cific heating profile for the gas at the store inlet during charge, using

10

feedback from temperature sensor, T5. The pressure switch, p5, provides
confirmation of air flow and is interfaced directly to the HCS. All of the
sensor data was recorded and logged using National Instruments I/0
modules and a Graphical User Interface (GUI) was developed using
LabVIEW software for this purpose. All in-store thermocouple data was
logged by the MCS every 10 s whereas the external data i.e., fan speed,
temperatures, T1 to T4, and pressures, p1 to p4, were logged every 5 s
using a separate (but time-synchronised) store test logging system. De-
tails of the rig components and instrumentation are summarised in
Table 2.

3. Fluid dynamic and heat transfer model for numerical analysis

To design an efficient ES system and further investigate its thermo-
dynamic aspects, it is important to carefully understand the thermocline
behaviour of the packed-bed. For this purpose, most of the prior studies
use the ‘flow through porous media’ approach, and are supported by the
well-known 1-dimensional, 2-phase (2-equation) formulation presented
by Schumann [76]; this includes one equation each for the gas and solid
phases suggesting that T, # T; at any local position, and that the prop-
erties of gas and solid vary only along the direction of the gas flow. This
approach has been widely recognised as a building block for research on
this topic, and is practiced in the present work.

3.1. Model assumptions

A few assumptions have been considered. It is noteworthy that these
assumptions are meant to make the ‘gas-solid’ model thermally simple
(of course without compromising the reliability of results) and are
reasonably justified, as will be shown later through the comparison of
experimental and model results. The assumptions are:
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1. Thermal resistance inside the solid particles compared to the exterior
surface is negligible (Bi < 1): this eliminates the need to model a
complex temperature field inside the particles

2. Heat transfer is dominated by convection: heat transfer by conduc-
tion within the gas and the particles themselves has a minor effect, as
has been reported previously [74,77]. Moreover, the current testing
does not involve an ‘idle storage phase’ between charge and
discharge where conduction may play a role. Radiative heat transfer
is also ignored as the experiments were conducted at a lower
temperature

3. Store side walls are adiabatic: this being due to adequate insulation
available around the store

4. No heat loss takes place through the ‘gas gaps’ between and around
successive layers i.e., the temperatures of both the gas and solid at the
axial ends of two successive solid media layers and therebetween is
uniform: this allows the model to consider only the ‘effective’ length
of the store, made up by individual depths of solid media layers

5. Storage material is evenly distributed: porosity is constant in any
direction, especially near the wall i.e., no flow channelling is present.
This assumption is further supported by the fact that the store in the
present investigation has considerably large equivalent diameter
than the mean particle diameter (D > dp) such that this effect is
negligible

6. The store is of circular cross-section: an equivalent diameter is used
for the numerical analysis (see Table 1).

3.2. Governing equations

Considering these assumptions, we can write equations governing
the pressure and temperature variation through the store. Firstly, an
equation is presented to represent heat transfer rate, 5Q, for the
gas-solid network for a segregated, arbitrary control volume of the
store, shown in Fig. 8.

8Q = hdA(T, — T) )
where h = Nukg/d, is the convective heat transfer coefficient, §A = Adz
(1 — ¢£)Sy is the differential heat transfer surface area in which & = Vy/Vis
the void fraction, or store porosity, and S, = 6/d, is the particle surface
area-to-volume ratio. As suggested in [77], for the involved range of
Reynolds number, the convective heat transfer coefficient is estimated
using Nusselt number correlation taken from [78], as in the following
equation.

Nu = 2.0+ 1.10Pr'"#Re,*; (15 < Re, < 8500) 2
where Re, = Gdp/pg is the particle Reynolds number.

For the same control volume, we can write mass balance, momentum
balance and energy balance for the gas phase and energy balance for the
solid phase, in the form of partial differential equations, (3)-(6),

[e——1—c—ple—ec—>

Fig. 8. Arbitrary gas—solid system control volume.
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respectively [36,74], as follows:

dp,  0G
Mass : 8W+071_0 3)
G 0 (G*

Momentum : EE—i—a—Z (Z.H;Z (17 _ pggz) ) = —¢(l1—¢€)S,7, (€))
0. o 9T o, _dp 77@

Energy (gas) : Ge, +€<pgcp o) = e (5)
. oTs )

Energy (solid) : émch? =60 (6)

In the above equations, G is the mass flux, given as G = p,U, = my/A
where U, is the empty-column gas velocity (related to the interstitial gas
velocity as U, = €U). ¢, and ¢, are the gas and solid specific heat ca-
pacities, respectively. 7; is the shear stress on the solid particles.

The gas dynamics and thermal response of the store are thus
captured numerically by integrating Egs. (3)-(6) with respect to space
and time variables in a coupled fashion. Changes in density are usually
small when temperature changes are not big and, therefore, on most
occasions have been ignored to simplify the analysis [74,77]. Here,
however, these are taken into account using Eq. (3) for precisely eval-
uating the thermocline behaviour. Changes in pressure (and hence the
store pressure drop) are calculated using Eq. (4). Egs. (5) and (6) are
solved to compute temperature variation of the gas and solid.

Under given conditions of gas flow in a typical case like this, the
dynamic and hydrostatic pressures vary negligibly along the store and
viscous effects dominate the velocity driven inertial effects. Ignoring the
unsteady gas term leaves Eq. (4) in a simplified form to give pressure
drop through the store, as given in Eq. (7).

0.4
Red!

G- eSS . _ 5

dop
- £p, ~ Re,

0z 7)

where f is the friction coefficient, which according to the modified
Reynolds number, Reym, = G/(1 — €)Syug, has a turbulent flow regime
(Rem > 2.0) and is given by the Carman correlation [79].

The energy equations can also be reorganised, as below, by incor-
porating three variables to assist in numerical integration [36,74]:

aT, T, — T, Gc, e (op JaT,

L= Fil=—"L —F=—|(——p.c,—=* 8
o T T es T TG (az Per gy ®)
M, T,-T, pc

a7 T hs, ©)

where [ and 7 are the length and time scales, respectively, and F accounts
for unsteady accumulation of the gas. The numerical integration algo-
rithm used to solve Egs. (3), (7), (8) and (9) is essentially based on the
latest approach devised in [74,77], and for completeness is provided
below (with similar notation for consistency). It should be noted that
this numerical approach has not been verified before against any
experimental data.

3.3. Numerical integration

The numerical method used here employs a semi-analytical
approach the significance of which was demonstrated theoretically by
White [77] (and used in their later papers) in terms of improved
computational efficiency and numerical stability along with the allow-
ance of larger space and time steps. Fig. 9 illustrates a three-step section
of the space-time computational grid marked with nodes. To evaluate
the unknown gas and solid temperatures at a current node (i,n), tem-
peratures are known at each node for the previous time step, n— 1, and at
nodes up to and including the previous space step, i — 1, for current time
step, n. This follows with analytical integration of Eq. (8) between space
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steps, i — 1 and i at current time step, n, whilst keeping T and F constant
at their average values, as given in Eq. (10).

Tyin=(1-— a)T, +aTyi1,+(1— a)Fl (10)

Likewise, Eq. (9) is integrated between time steps, n — 1 and n at
current space step, i, whilst keeping T, at its average value, as shown in
Eq. (11).

Ts,[,n = (1 - b)Tg + bTSJ.n—l (11)
where a = e™#¢ and b = e7" in which A¢ = Az/l and Ay = At/ are the
dimensionless length and time variable differences. The average tem-
peratures are:

_ Ts.i—l.n + T.&.i,n

¢ 2 ' : 2

T Toin-1+ Tgin T

The average value of F to be used in Egs. (10) and (11) is determined
using the already-known values at nodes, (i — 1, n - 1) and (i - 1, n).

e 1

— ((Pic1n = Pictn1) = PyCp (Tgictn —

F==
Gc, At

Tg.i—l.n—l) )

Eq. (7) is then used to compute pressure drop between each node in a
straightforward finite-difference manner. New gas property values can
be used to obtain gas density at the current space and time step, which
finally allows updating of the mass flux using Eq. (12) below:

Az
Gin=Gi1,+ Er (Pg,i.n—l —Pg,,-_,,) a2

3.4. Specific heat capacity of storage media

The variation in specific heat capacity of the storage media with
temperature leads to considerable changes in the model results. The
specific heat capacity of the storage media, c;, consisting of bulk
magnetite with a small fraction of silica, was calculated using the
expression:

_ Py — Pgi) X PrmagCmag + (/)mag - ps) X PilCsil

s = 13)
(Prag — Psit) X Py

where p; and ppgg are the bulk density of the solid media and the density
of pure magnetite respectively. (Their values are given in Table 1). The
density of pure silica, pgj, is 2650 kg/m3. The specific heat capacities of
pure magnetite, cmqq, and silica, cg, varies with the temperature and,
therefore, temperature-dependent property data was used in the nu-
merical analysis to predict the results accurately. The property data for
both the magnetite and silica were taken from [80,81] and [82]
respectively. Subsequently, a curve fitting procedure was applied in
Excel® to evaluate cyqg and cgy, both in J/kg K. The resulting functions in
terms of the unknown solid temperature, T (K), were used in the nu-
merical integration scheme. These are presented below:

568.0(T, — 111.0)
8.0
568.0(120.5 — T,)
1.5

375.0InT, — 1485.0 +

375.0InTy — 1485.0 +
Cmag(Ty) =

365.0 < T, < 840.0
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Fig. 9. Space-Time computational mesh.
ci(Ts) = 445.9InT, — 1777.4 (15)

It is noteworthy that magnetite undergo es a transition phase at
about 120 K presumably due to changes in the magnetic properties. This
behavior was included in the curve fitting procedure and is represented
by the second condition in Eq. (14).

4. Model validation and discussion of experimental results

Firstly, the numerical model is validated against the experimental
data to ensure that the model is sufficiently accurate, and the assump-
tions presented in Sec. 3 are reasonably justified. In the study the per-
formance of layered TS against its simple counterpart has been evaluated
by operating the same store in two modes: simple and layered. In the
simple mode the LCS remains completely inactive such that the gas
bypass choke valves remain closed during operation. On the contrary, in
the layered mode the store is operated with the LCS remaining
completely functional allowing for a controlled flow path for the gas.
From here on, for simplicity, the store operation will be regarded as
‘simple mode’ and ‘layered mode’.

4.1. Experimental conditions

In the simple mode the store was operated at conditions: T, = 131 °C,
Tq = 23 °C, mg = 0.4 kg/s. In the layered mode the store was operated at
slightly different conditions: T, = 146 °C, Tq = 26 °C, m; = 0.5 kg/s. The

1110 < T, < 119.0

,119.0 < T, < 1205

14)

375.0InT, — 1485.0,120.5 < T, < 365.0
—6.30 x 10° +6.33 x 10'T, —2.29 x 107'T,> +4.16 x 107*T,> —3.75 x 1077 T,* + 1.35 x 107'°T,%,
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Table 3
Experimental conditions for the two demonstration runs using air as HTF.
Mode Parameter Charge Discharge
Simple g [kg.s '] 0.4 0.4
G [kg.s tm™2] 144 x 1073 144 x 1073
p [bar] 1.01 1.01
T [°C] 131 23
Tamp [°C] 17 18.5
Ty, init [°Cl 17 Same as end of charge
t [hr] 5.40 5.40
Layered mg [kg.s™'1 0.5 0.5
G [kg.s"lm™2 180 x 1073 180 x 1073
p [bar] 1.01 1.01
T [°C] 146 26
Tams [°C] 13 21
Tys, init [°Cl 14 Same as end of charge
t [hr] 4.55 4.55

experimental conditions, charge temperature and flow rate in particular,
were not met in the two cases due to some technical difficulties faced
during these experiments — the main reason being the gas leaking past a
layer during the layered mode operation. Nevertheless, irrespective of
the minor leakage (as indicated by the two deviating data points on the
“80 min” curve in the Fig. 12¢), it was possible to retrieve a full set of
data for each mode at the conditions stated above. The pressure was kept
nearly constant at ~ 1 bar throughout for both modes. As the two ex-
periments were not conducted on the same day, the ambient conditions
slightly varied which resulted in different discharge temperatures as
well as the initial store temperature prior to charge. The ambient tem-
perature also varied significantly between charge and discharge during
the layered mode operation compared with a nearly uniform value
during the simple mode operation. Furthermore, the air received at the
store bottom during discharge for both experiments was at ~5 °C higher
temperature than the corresponding ambient temperature; this being
due to the kinetic energy imparted to the air by the blower. A summary
of the experimental conditions is given in Table 3.

4.2. Temperature curves

Fig. 10 shows the experimentally measured curves at various points
around the setup highlighting the store inlet and exit temperatures for
the two modes for a complete cycle. Importantly, compared with the
simple mode, in case of layered mode, the discharge temperature
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remains nearly uniform (around its mean value) for a longer time as
desired, thereby demonstrating the practical advantage of using a multi-
layered store. However, due to minor gas leakage past the closed valves
observed during the layered operation (Fig. 12¢), the discharge tem-
perature initially drops sharply to 115 °C and once the thermal front has
crossed the leaking layer, it gradually regains its final (maximum) value
of 134 °C towards the end. The wavy pattern of the discharge temper-
ature is specifically because of the LCS.

Figs. 11 and 12 show the experimental gas and solid temperature
profiles plotted against the model results for the two cases for a complete
cycle. For the simple mode, the temperature profiles are shown on
Fig. 11, drawn every 45 min except for the last one which is 54 min later
marking the end of charge and start of discharge. Similarly, for the
layered mode, the temperature profiles are shown on Fig. 12, drawn
every 40 min except for the last one which is 33 min later marking the
corresponding end of charge and start of discharge. In practice, the
charge and discharge phases are concluded when specific temperature
criteria are met (Sec. 2.2). For gas, the experimental data is represented
by curves drawn using 17 data points (via thermocouples in the gas
gaps). Likewise, for solid, the experimental data is represented by curves
drawn using 16 data points (via thermocouples in the solid layers). It
should be noted that for use in the numerical model the initial conditions
at the beginning of charge are kept the same as the experimental con-
ditions recorded at “0 min” which are nearly ambient (Table 3). How-
ever, at the beginning of respective discharge phase the corresponding
initial conditions for the model are not the same as the experimental
conditions at the end of charge phase. Instead, the initial conditions for
the model are the same as that at the end of the charge phase achieved
through the model. As will be discussed shortly, this is because of slight
deviation in the model results from the experimental data towards the
end of charge.

As can be seen from Figs. 11 and 12, the model results generally
agree very well with the measured experimental data. The thermal front
movement is accurately predicted in line with the experimental data.
During charge, on a dimensionless length scale of 0.0-1.0 (store top to
bottom), this prediction is particularly accurate up to ~0.7 which forms
most part of the store length. Beyond this point up to the bottom end of
the store a slight gradually increasing deviation is observed as the
simulated thermal fronts seem to remain sharper (as before) compared
with the experimental data. The same behaviour is observed during
discharge. It is noteworthy that since there is no storage phase between
the charge and discharge phases i.e., the discharge phase follows quickly
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Fig. 10. Gas temperature curves as measured by the four external, T1 — T4 (solid lines), and two instore, Tg;6 and Ty (dashed lines), gas thermocouples. a. simple
mode operation, and b. layered mode operation. The data was smoothed before plotting. Temperatures measured by the thermocouples T2 and T3 indicate negligible
duct heat losses as this section of the external setup was well insulated. However, the instore thermocouples at the top and bottom, Tg;6 and T, show some dif-
ferences with their nearest external thermocouple, T3 and T4, values respectively, partly because of associated combined inaccuracy of + 2 °C. The difference
between Ty;6 and T3 is the highest in case of simple mode discharge period which might be because of relatively lower mass flux in addition to the thermo-

couple inaccuracy.
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Fig. 11. Experimental data (points marked on dashed lines) plotted against model results (solid lines) showing temperature profiles of the store in simple mode
operation at T, = 131 °C and nig = 0.4 kg/s. a. gas profiles during charge, b. solid profiles during charge, c. gas profiles during discharge, and d. solid profiles

during discharge.

after charge phase ends in the experiments, there is no considerable heat
loss and ideally the initial conditions at the onset of the discharge should
remain the same as those at the end of the charge: this holding true for
both the experimental and model results. However, due to the increasing
deviation between the experimental and model results towards the end
of charge, the initial conditions for the modelling of discharge phase
cannot be kept same as this would eventually lead to misleading tem-
perature profiles resulting in an earlier completion of the discharge. As
shown in Fig. 11(c & d) and Fig. 12(c & d), during discharge, this situ-
ation ultimately leads to the thermal front behaviours as if they are
similar but just in reverse ie., from bottom to top, first yielding
maximum deviation then gradually reducing to eventually match the
curves towards the end of discharge. Overall, this deviating behaviour
near the store bottom is due to the gradual build-up of heat in the store
over the duration of the charge phase — a phenomenon not captured by
the model.

4.3. Pressure curves

Pressure across the store was measured only at two locations: top and
bottom. Fig. 13 shows the comparison of pressure variation in the two
operational modes. The generally increasing pressure during charge and
decreasing pressure during discharge is because of the changing ambient
conditions on the day of the experiments. For charge, the average
recorded inlet pressure for both experiments was ~1.024 x 10° Pa
whilst for discharge, this value was higher for the layered mode (1.047
x 10° Pa) than the simple mode (1.031 x 10° Pa). The numerical model

14

uses the measured inlet values of the pressure during the whole cycle. As
can be seen from Fig. 13, the outlet pressure, and hence the resulting
pressure drop, is accurately predicted by the model to a good degree.
Although the working conditions are slightly different for the two modes
but clearly the store pressure drop can be observed to be noticeably
reduced in the layered mode than the simple mode. An average pressure
drop of 1.95 kPa for one complete cycle is observed for the simple mode
as compared with a corresponding value of 0.7 kPa for the layered mode,
indicating ~64 % reduction.

5. Comparison of performance at design conditions

It is necessary to predict the hot TS performance at its actual oper-
ating conditions for use as part of the 150 kW,, 600 kWh, PHES
demonstrator operating at full load. Therefore, having gained confi-
dence from the validated model, additional simulations were run for a
meaningful comparison between its simple and layered mode operation
at same conditions. The conditions are presented in Table 4.

Besides design parameters the storage performance is dependent on
two operational parameters: cycle durations and mode of operation i.e.,
one-off or cyclic operation. We have considered both parameters here. In
reality, it may not be possible for the store to charge and discharge
completely in respective nominal times, ty, and so a time control must be
implemented. In the layered mode, the charge and discharge periods are
set to terminate simply according to the front control strategy (Sec. 2.2).
In simple mode two scenarios have been considered. In scenario 1, the
cycle is stopped when the gas exit temperature reaches a certain value,
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Fig. 12. Experimental data (points marked on dashed lines) plotted against model results (solid lines) showing temperature profiles of the store in layered mode
operation at T, = 146 °C and ni; = 0.5 kg/s. a. gas profiles during charge, b. solid profiles during charge, c. gas profiles during discharge, and d. solid profiles

during discharge.
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Fig. 13. Pressure variation with time through the

however, in case of the layered store, next layer will be activated until
the final layer has reached. In scenario 2, the charge and discharge
durations for the simple mode have been kept same as the final charge
and discharge durations of the layered store. Scenarios 1 and 2 are for
the simple mode only and can thus be distinguished as having ‘tem-
perature-based’ and ‘time-based’ cycle control respectively. Note that
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stores. a. simple mode, and b. layered mode.

the charge and discharge periods may not be equal to each other in any
scenario and in any mode of operation. A TS can be studied based on a
number of inter-related performance indicators, such as: thermal front
shape, storage process efficiency, energy storage density and utilisation.
These key performance indicators have been considered while analysing
results from the numerical study presented below.
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Table 4
Operating conditions using argon as the HTF.
Parameter Charge Discharge
mi [kg.s '] 1.22 1.22
p [bar] 12 12
T [°C] 500 26
Tamp [°C] 26 26
ty [hr] 4

5.1. Thermal front behaviour and cyclic operation

As shown in Fig. 14, the layered mode generates narrower and rather
steep thermal fronts relative to simple mode. Particular to note is that
the prominent wave-like pattern of the thermal front in layered mode is
due to front control strategy resulting in steepening of the front and
shrinking of the thermocline region. This is one of the main reasons
behind layered formation. This eventually leads to increased amount of
energy stored and recovered in case of layered mode compared with
simple mode in scenario 1. In 1st cycle, layered mode charges in 3.06 hr
and discharges in 2.87 hr whereas for simple mode these durations are
2.81 hr and 2.47 hr respectively in scenario 1; simple mode has same
durations in scenario 2 as those in the layered mode. The early end of
charge and discharge for simple mode in scenario 1 results in the ther-
mal fronts remaining behind compared to scenario 2 because of less
time. This pattern is more noticeable and pronounced in cyclic operation
where the thermal fronts gradually become wider and longer.

In cyclic operation, temperature profiles tend to become identical
gradually between successive cycles leading to a steady-state after an
initial transient state. Layered mode converges faster taking only 3 cy-
cles. However, simple mode consumes about 20 cycles in scenario 1 and
5 cycles in scenario 2 to converge. After convergence t. and tg also
become identical in both modes. Simple mode converges quicker in
time-based cycle control in comparison to temperature-based cycle
control. However, this would be at the expense of increased exit losses,
as will be discussed later. In a situation of simple mode where the cycle is
stopped when the exit gas temperature reaches a certain threshold
value, with each passing cycle the elongation of thermal front results in
curtailment of durations ((t, = t; = 1.68 hr after convergence). Fig. 14
shows that for layered mode there is not much difference in thermal
fronts shape in the first and last, steady state cycles.

5.2. Effect of layering on pressure drop

Fig. 15 shows comparison of pressure at store inlet and exit between
layered mode and simple mode of scenario 2 for 1st cycle. As expected,
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layered mode results in reduced pressure drop comparatively; the
computed pressure drop reduction is ~75 % comparing to the simple
mode. The reason is that, with layered formation, the HTF bypasses the
layers which are before and after the thermocline region causing no
pressure drop incurred for these layers. The pressure drop gradually
increases as the charge progresses. Experimental data presented in
Fig. 13 also shows this trend but since the input pressure is not constant
due to change in ambient conditions, the effect is not as much clear. The
increase in pressure drop during charge is because of increasing region
of the store behind the thermal front where the rate of heat transfer is
slowed because of the nearly uniform temperature conditions i.e., Ty~ T
~ T and reduced Rey,. This effect is dominant in simple mode. Reverse is
observed during discharge as the store gradually reaches back to initial
conditions prior to charge.

5.3. 1st Law efficiency

The 1st Law thermodynamic round-trip efficiency (RTEy) of the
storage process can be defined here as the ratio of the heat recovered
during discharge to the heat stored during charge, and is given by:

td

f{mgg(ﬂw-—fﬁﬂ}dt

RTE, = % == (15)
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Fig. 15. Comparison of pressure variation with time across HS for 1st cycle.
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Table 5
Summary of main results from 1st Law analysis.
Mode Simple Layered
Scenario 1 2
1st cycle RTE,, [%] 88.0 94.1 93.5
SC,, [kWhy] 847.4 913.4 908.4
SCq, [kWh] 745.0 859.6 849.0
U,, [%] 75.2 81.0 80.6
Uy, [%] 66.1 76.2 75.3
t., [hr] 2.81 3.06 3.06
tg, [hr] 2.47 2.87 2.87
Steady-state cycle RTE,;, [%] 99.8 99.8 100.1
SCe, [kWh] 505.2 815.7 805.4
SCq, [kWhe] 504.6 814.4 806.4
U, [%] 44.8 72.4 71.4
Uy, [%] 44.7 72.2 71.5
t;, [hr] 1.68 2.74 2.75
tg, [hr] 1.68 2.73 2.73

Fig. 16 shows RTE,; along with storage capacity (SC) and utilisation
(U) for both modes. Here, store utilisation is defined as the ratio of
amount of energy stored or recovered per unit volume of store to its
energy storage density, and is given by:

Qc,d

Uea =
VX ps

16)

For 1st cycle, the layered mode has the efficiency of 93.5 %, while
the simple mode which yields 88.0 % and 94.1 % efficiencies in scenario
1 and 2 respectively. One factor that governs the efficiency is the value
of t, and ty which directly depend on the adopted cycle control strategy.
Since simple mode in scenario 2 and layered mode have the same t. and
tq values, the results for the three performance indicators are nearly the
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Round-trip efficiency, storage capacity and utilization in a cyclic operation. a. & ¢. scenario 1, and b. & d. scenario 2.

same for the 1st and steady-state cycles, as given in Table 5. The main
difference is found in the number of cycles to achieve the steady-state.
Interestingly, RTE;; approaches ~100 % in both modes for any sce-
nario when steady-state has reached. The behaviour of the thermal front
in simple mode for scenario 1, as discussed in Sec. 5.1, results in gradual
deterioration of remaining two performance figures over the next cycles.
The efficiency is increased but as the cyclic operation continues, the
reducing t. and tg reduce both SC and U, as shown in Fig. 16.

5.4. 2nd Law efficiency

The 2nd Law round-trip exergy efficiency (RTE.) has also been
evaluated in the present study and the calculation method is adopted
from the previous study [73]. The fractional exergy or available work
efficiency is defined as the ratio of net exergy stored during charge to net
exergy recovered during discharge, and is given by:

|:Mgcp (Thm — Tyop — TopIn <%) ) :|dl
N R Tup
Jo | 75¢o ( Top = Toor — TampIn 7 dt

Various irreversible processes lead to exergy loss or destruction and
hence the exergetic round-trip efficiency. In case of packed-bed thermal
stores, the most important sources of irreversibility are due to inherent
‘gas-solid’ heat transfer taking place across a finite temperature differ-
ence, ATy = T, — T, HTF friction and rising Ty at store exit during charge
which is unrecoverable upon discharge. We can define each source of
irreversibility in terms of an exergy loss coefficient, ¢, defined as the
fraction of exergy lost due to an entropy generating mechanism to the
net exergy stored during charge, and is given by:

14

J

fe
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RTE, = a7
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I
Tamb :
S[rr dt
B, /< >
0

where S, is the rate of instantaneous entropy generated due to
irreversibility.
The exergetic loss coefficient due to gas-solid heat transfer across
finite AT is termed as thermal loss, ¢, and is given by:
te

M/ S, dt:M / / 1 do \dt
B, B. T, T,
0 0

The instantaneous rate of heat transfer, dQ, is given in Eq. (1).
The exergetic loss coefficient due to HTF friction is termed as pres-
sure loss, {p, and is given by:
Tamb

tc fe

Tamb 3 . Pro

B / (S,,)dt =5 / (ngln (Ay’j) )dt
0 0

Finally, the exergetic loss coefficient due to increasing temperature
of the HTF exiting the store towards the end of charge is termed as exit
loss, {y, and is given by:

1c
B, 1 . Tyo
(= B "B (/ [mgc,, (Tbm —Tj — Toln <T”h> ) }dr
)

where Tp, is the desired output temperature of HTF at the store exit
during charge; this is also equal to discharge temperature, T4, and is
normally achieved using a heat exchanger.

These losses can be directly used to evaluate RTE;, by using Eq. (22)
below:

(=

(18)

&= (20)

(21

RTE12 =1- (Cz + C,; + é’r) (22)

Table 6 presents the exergetic losses and corresponding round-trip
efficiency. The values of the losses are accumulative ie., they have
been calculated by integrating Egs. (19-21) across the length of the store
over complete duration of the charge. The cycle control strategy and
simple mode scenarios were kept same as before. The results show that
the value of RTEy, falls in the range of 97-99 %. Steady-state cycle yield
~1% better efficiency compared with the 1st cycle for both modes. Of all
the losses, {; are the highest comparatively due to dominant gas—solid
heat transfer-based irreversibility whereas ¢, are the lowest.

These losses strictly depend on the transient performance of the
store. Fig. 17 shows a comparison of instantaneous ¢; and ¢, in simple
and layered mode operation. ¢, have not been plotted as they are very
small. Although the magnitude of ¢, is remarkably small for any mode,
the layered mode yields 80 % lesser losses compared with the simple
mode, indicating the thermodynamic benefit of layering. ; are signifi-
cant and are very high in the early stages of charge and gradually

Table 6
Summary of results from 2nd Law analysis.
Mode Scenario Thermal  Pressure  Exit Round-
loss loss loss trip
efficiency
e [%] &p [%] <% RTE [%]
[%]

Simple 1 1st cycle 2.36 0.05 0.05 97.54
Steady- 0.68 0.05 0.09 99.18
state cycle

2 1st cycle 2.22 0.05 0.29 97.44
Steady- 1.07 0.05 0.37 98.51
state cycle

Layered 1st cycle 2.77 0.01 0.21 97.01
Steady- 1.67 0.01 0.35 97.97

state cycle
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become smaller towards the end for the 1st cycle in any case. This is due
to narrow and steep thermal front in the early stages where ATy is
higher and the heat transfer takes place with smaller available heat
transfer area. As the charge progresses, the thermal front becomes
longer and thermal losses start to drop because of reduced AT For
example, ¢; drop from 97.93 % to 0.59 % and 1.11 % from start to the
end of charge in simple and layered modes respectively (Fig. 17b). Upon
discharge, this loss drops instantly from 4.6 % to 1.24 % and slowly
increases to 3.17 % at the end in simple mode. In layered store, upon
discharge, this loss drops from 2.2 % to 1.4 % and slowly increases to
4.72 %. The significantly smaller value of {; at the onset of discharge
compared to charge for both modes is again due to smaller ATg.
Important to note here are that the spikes in the thermal loss curves for
the layered mode are due to layer activation and deactivation causing
abrupt variations in ATg. Fig. 17 also shows results plotted for steady-
state cycles. It is noteworthy that the variation in spikes diminishes
during charge when the layered mode reaches a steady-state operation.
As shown in Fig. 17, ¢, remain zero for most part during charge and
increase gradually when the nose of the thermal front starts to cross
store exit. For an ideal store, ¢, = 0, but due to thermal irreversibilities it
is never practically possible. If the store is a part of a PHES system, T at
store exit is required to be brought back to Ty, through the use of a heat
exchanger. On the contrary, the rising value of Tg at the store exit to-
wards the end of charge can be used for any other heating purposes. As
can be seen on Fig. 17a, in scenario 1 where the cycle control is ‘tem-
perature-based’, both simple and layered modes produce nearly same
instantaneous ¢y at the end of charge i.e., 1.31 % and 1.35 % respectively
in the 1st cycle. The sharp spikes in the curve for the layered mode can
also be explained here similarly as before; as a particular layer reaches
its end of charge stage, T, increases at the store exit as the flow of gas is
bypassed from next layers. Upon activation of the layer next in line, T, at
store exit drops suddenly to ambient because of active heat transfer
taking place due to large ATy in the active layer. For simple mode in
scenario 2, shown on Fig. 17b, the value of instantaneous ¢, at the end of
charge is 5.23 %, which is significantly higher compared with the cor-
responding value in scenario 1. The reason is that there is more time
available for the simple mode in scenario 2 compared with scenario 1,
allowing for gas to be issued from the store exit at a further increased
temperature. Not much difference is observed in the behaviour of exit
losses for steady-state cycles. Interestingly, there are no exit losses for
any discharge period. However, an equivalent exit loss for discharge
period may be calculated in a case where an external heat source is
required at the store top to keep the exit gas temperature at T.

6. Conclusions

This paper studied hot packed-bed type thermal store both experi-
mentally and numerically, focusing on its thermodynamic performance
only. Previous studies have mostly considered hypothetical system
design and operating conditions, and sensitivity analyses have been
conducted accordingly. The main objective of the study was to experi-
mentally observe the overall feasibility and difference in performance of
the developed hot layered thermal store in comparison with its identical
simple counterpart for use in a 600 kWh, Pumped Heat Energy Storage
(PHES) demonstration system. Numerical model was validated by the
experimental results. Further analysis was carried out to predict storage
performance at design conditions.

The selection of using packed-bed type thermal storage in PHES
system is not only due to the low cost, but also due to the benefit of direct
heat transfer between working fluid and storage material, so that the
heat transfer performance is the best and there is no need to use addi-
tional heat exchanger. The proposed system is scalable. The scale of such
packed-bed should depend on the mass flow rate of the working fluid.
Multiple systems can be used; however, the cost will be higher than a
single larger system. Various publications and reports reveal that lack of
experimental results from a real-scale system limit the prospect of
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Fig. 17. Comparison of variation of instantaneous thermal and exit losses over the charge and discharge durations for first and steady-state cycles. a. scenario 1, and

b. scenario 2.

getting attention by the investors. It is therefore of utmost importance to
practically realise a theoretically proposed solution and showcase the
results to the scientific community. This initial demonstration of the
layered packed-bed could eventually transform how packed-bed based
energy storage was explored, for PHES, in particular. The experimental
data will prove invaluable for further research. Main conclusions of the
study are:

e Layered formation of storage media in a simple store results in
reduced pressure drop; 64 % less pressure drop was confirmed
experimentally at part-load conditions, and 75 % theoretically at
full-load conditions.

Layering improves thermal front shape but round-trip energy effi-
ciency, storage capacity and utilization are not largely improved.
The benefits are realized in terms of reduced pressure drop, faster
reaching of steady-state cycle in a cyclic operation and maintaining a
uniform temperature profile at the store exit for a longer period
comparatively.

With temperature-based cycle control, simple store yields compara-
ble round-trip energy efficiency but because of reduced cycle dura-
tions, storage capacity and utilization efficiency are greatly
compromised.

With time-based cycle control, although simple and layered stores
perform equally in terms of energy-based performance metrics, the
exergy analysis showed that the exit losses in case of simple store will
be slightly higher comparatively and, therefore, layered store will be
a preferred choice.

Exergy analysis further showed that in a cyclic operation, thermal
losses decrease whereas exit losses increase over successive cycles for
both simple and layered stores. However, pressure losses remain the
same.
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