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ARTICLE INFO ABSTRACT

Keywords: Many efforts are being made to mitigate the main disadvantage of most phase change materials — their low
Power thermal conductivities — in order to deliver latent heat energy storage systems (LHESS) with adequate perfor-
Evaluation

mance. However, the effect of applied methods is difficult to compare as they are mostly tested for different
storage types and sizes and/or different boundary and initial conditions, which hinders rapid progress in the
optimization of these approaches. In this work, a previously developed method for comparing the performance of
LHESS is applied to experimental results of different storage systems under different conditions and subsequently
analyzed and further refined. The main idea of the method is to normalize the power with the volume and a
reference temperature difference and compare its mean value plotted over the normalized mean capacity flow of
the heat transfer fluid (HTF). This enables the presentation of the results in a compact and easily comparative
way. Attention has to be paid when it comes to the choice of the reference temperature difference, the reference
volume and the method for calculating the mean value. Two variants of calculating the mean value (time-
weighted and energy-weighted) and two variants of reference temperatures for determining the temperature
difference to the inlet temperature of the HTF (initial temperature and melting temperature) are applied and
discussed in detail. While the method significantly increases the comparability of results, none of the options
listed above are without drawbacks. Approaches are shown to reduce or eliminate these drawbacks in the future.
The recommendation for comparing different LHESS under different conditions is to use the method described
here and clearly state the chosen reference temperature, reference volume and method for calculating the mean
value.

Performance indicators
Phase change materials
Latent heat

Thermal energy storage

phase change materials (PCMs), defined as Latent Heat Energy Storage
Systems (LHESS), offer the additional advantages of an increased energy
storage density over the phase change transition temperature of the PCM

1. Introduction

Thermal energy storage (TES) systems present important opportu-
nities to increase the efficiency of thermal systems, the integration of
renewable energies, the utilization of waste heat, and the temperature
control of various systems, including electronics. Those systems using

used and operation over a narrower range of temperatures.

However, PCMs have, for the most part, low thermal conductivities,
which leads to inherently low heat transfer rates in and out of an LHESS,
also known as the rate problem [1]. Many solutions have been and
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Nomenclature

Variables and abbreviations

Cc Capacity flow in W/K

¢ Mean of the capacity flow in W/(m?K)

[ Specific heat capacity in J/(kgK)

13 Effectivity

HTF Heat Transfer Fluid

LHESS latent heat energy storage systems

m Mass flow in kg/s

NTU Number of transfer units

Q Heat inJ

Q Thermal power in W

Q Mean value of the thermal power in W

‘Q‘ Absolute mean value of the thermal power in W
PCM Phase change material

Ste Stefan number

t Time in s

At Time step size in s

T Temperature in K

TES Thermal energy storage

UA Heat transfer coefficient times the area in W/K

v Volume in m?
Subscripts

end End of experiment
energy Energy—Weighted
HEX heat exchanger
HTF Heat transfer fluid
initial Initial condition
inlet Inlet condition

INS insulation

melt Melting

PcM Phase change material
ref Reference

time Time-weighted
TOT Total volume

start Start of experiment
superscripts

expl Example 1

exp2 Example 2

exp3 Example 3

exp4 Example 4

norm normalized

continue to be studied for the purpose of increasing the heat transfer
rates through the utilization of highly thermally conductive particles
[2-4], metal foams and matrices [5-7], graphite matrices [8-10],
macro-encapsulation [11,12], and design decisions looking at geome-
tries and the addition of fins [13-17] or alternative structures [14,18].
Overviews of these techniques can be found in several reviews [19-21]
and alternative approaches are listed in a recent publication [22].

Numerous individual studies have been done to characterize given
LHESS that use different heat exchange systems as a function of the PCM
used and varying operating parameters (temperatures, flow rates, etc.),
during both the charging and discharging phases [15,23-29].

Looking at the range of data obtained from these studies raises an
important problem: how can the performance of different LHESS
(different geometries, heat exchange systems, PCMs, operating param-
eters) be compared? However, it must be remembered that the ability to
quantitatively compare different LHESS systems is a prerequisite to
developing any design rules for such systems [26].

The characterization of LHESS as a function of operating parameters
results in power curves (Q vs time) that can be integrated to give energy
storage curves (Q vs time). However, such curves are ineffective when
comparing systems of different sizes or operating over largely different
temperature ranges, i.e., for example, they do not help answer the
simple question: is the larger system providing higher total heat transfer
rates because of its size, or because it has a better design?

Earlier work looked at comparative metrics and design rules from
traditional heat exchangers for inspiration. This led to studies aimed at
applying the effectiveness (¢) to LHESS using PCM-heat exchangers
[30,31], which were originally conducted for designing LHESS [32].
Issues related to the definition of effectiveness when applied to transient
problems where the maximum possible heat transfer rate cannot be
defined a priori were raised [26]. Ultimately, the effectiveness was
applied over a narrow range of the charging or discharging process,
when the bulk of the PCM is at a fairly constant temperature [33]. Using
the number of transfer units (NTU), the other half of the traditional
&-NTU method, or UA-values, could also be problematic since the heat
transfer coefficient in the PCM can change over time, as conduction
gives way to natural convection during melting, or the overall conduc-
tion thermal resistance increases during solidification. However, it has

been found from previous studies that presenting the results over a
dimensionless time [7,34] increases comparability. The same may hold
for the melt fraction for small Stefan numbers Ste, however, the melt
fraction can be hard to determine in experiments. In addition, Lazaro
et al. have presented an averaging approach that could be applied to
determine a system specific UA-value [35].

A system’s power characteristics still appear to be a natural
comparative metric. Again, Lazaro et al. [35] presented an approach
based on previous work [36,37] that first looks at the power in or out of
the system as a function of the energy stored or discharged, in order to

reduce the system to one mean power value (Q), which is obtained by
integrating the power as a function of the energy.

Knowing that energetic and economic aspects are also of crucial
importance for LHESS and that therefore power considerations alone
are, by far, not sufficient for a complete evaluation of such systems, this
work is limited to the consideration of power. The study is based on
preliminary work conducted by the authors as part of Subtask 4P of the
IEA SHC Task 58/Annex 33 [38]. It presents an analysis of the dis-
charging (solidification) of different LHESS based on PCM-heat ex-
changers, on which the approach defined by Lazaro et al. [35] is applied
and analyzed in detail. The mean and normalized power parameters are
calculated in different ways, and the results are considered to look at the
possibility of using those parameters as comparative metrics. The paper
is structured as follows. After the introduction, the method applied is
described in Section 2. The study involves more than 30 experimental
results from eleven setups, which are introduced in Section 3. In Section
4, the results are presented and discussed and, finally, a conclusion is
given in Section 5.

2. Method
2.1. Performance parameters

As described above, UA and Q might be suitable to define perfor-
mance parameters that allow for a fair comparison of different LHESS
designs over different operating parameters. Within this work the focus
is on Q. The main idea is to normalize Q where possible, calculate the
mean values and present it in an easily interpretable way. It is assumed
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that the power is linearly dependent on the volume V and that the same
is true for to the temperature difference. This means that the influence of
free convection (as solidification is considered), radiation and
temperature-dependent material properties are neglected. Therefore,

the normalized power Q"™ is calculated by

- norm 0

¢ v (Tiner = Trer) W
with Ty and T being the inlet temperature of the HTF and a reference
temperature of the LHESS, respectively. The choice of T, is essential.
The results presented in this paper are calculated with T,ef = Tinisir and
are also given for Tr;f = T, in the Supplementary Material S3: Addi-
tional Results. A discussion of both choices for T,y can be found in
Section 4.1.2. The definition of the volume V is also of great importance.
To calculate the results for this paper, the volume was set to V = Vpcy +
Vyrr (and to V = Vpey + Virr + Viex for two setups where Vpey + Ve
is not known). A discussion on using other definitions can be found in
Section 4.1.4. For calculating a normalized mean value of the power

Qnmm, two approaches are investigated. Either a calculation performed
as time-weighted

lend 1 norm

oo o > (0" e ar)

g 5[0

Qnorm — Jtan ~ lstart (2)
time -

Tena — Tstare Tend — Tstart

or as energy-weighted

lend 1+ porm - norm
end OT - norm Z (Q o <Q L4 At) )
snorm— j,\m: Q ® Q dt ~ lstart (3)

energy — anrm ’em/( - norm
Y . Al)

Istart

The integration limit is set at 95 % of the energy or at the time when
95 % of the energy is discharged. The reference of 100 % is set at the
amount of energy discharged at the end of the experiment. In some
discharge experiments, an inlet temperature above the starting tem-
perature occurred briefly at the beginning; this period was not taken into
account in the integration. The results are presented later on over a

normalized capacity flow ¢, which is defined as

- norm mec,
— P
¢ =20

v €]

where the mass flow of the HTF is m and its specific heat capacity is c,.

The mean of the normalized capacity flow ¢ can also be calculated as
time-weighted

Tend
- lorm
leng 10T Z(C” OAt)

e A SR

C _ Jtgan ~ lstart 5)
time -

Tend = tstart tend = Ustart

or energy-weighted

ri/ (C,wrm R (Q"‘””" . At) )

Tend C””’m d
—Torm t
jrorm j;,\mrl Istart

— ~
= = . (6)
energy norm tond 1 porm
% > (Q . At)
Istart
O] - norm ~norm ~norm
If m is constant then C,,,, = C™ and therefore only Conergy 15 used

here, which is also integrated up to 95 % of the energy. Flowcharts for

the calculation of Q"™ and ¢ can be found in the Supplementary
Material S1: Flowcharts in Fig. S1.1 and Fig. S1.2, respectively.

-norm , -norm
/

2.2. The C -plot

One of the core pieces of the analysis, performed later, is a diagram
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developed based on preliminary work [35] in which Q" ™is plotted over

¢"™. This is done as a normalization in terms of i, or more generally, C
cannot be performed in a meaningful way so far, because Q is not lin-
early dependent on C. Therefore, a normalization is done only for the
temperature difference and the volume. The influence of the capacity

flow is then shown in a diagram - the Cnom/Qnam-plot. For a better

orientation, the analyses and comparison of several types of isolines can

be drawn in this diagram. In Fig. 1, lines with a constant UA™™ are

plotted, which indicate the behavior of TES with a constant UA value.

norm

For the calculation of these lines, a was first selected and the

Qnam was then calculated for given ™™ values. To do so, the NTU was

calculated with

UA™™

NTU = ———
¢’

@)
and finally, the effectivity ¢ and Q"™ were subsequently calculated with

e=1—-eM =2,
Pokd

Fig. S1.3 in the Supplementary Material S1: Flowcharts consists of a

®

flowchart listing how to plot UA™™ lines. The diagonal line with an

infinite UA™™ value refers to a direct storage without losses (for
instance a perfect hot water puffer storage tank without heat losses and

mixing) and defines the benchmark. In this optimal case, Q" = ¢
and, from Eq. (7) and Eq. (8), it follows that e =1 and NTU = oo,
respectively. Most LHESS are a combination of a direct TES (the HTF
that is already in the storage) and a part with a finite UA value (the PCM
etc). Here, it must be taken into account that the UA value of the PCM
etc. is most likely not independent of C. This is so because, for small C,
the whole length of the LHESS cannot actively participate in the heat
transfer process at the same time. Rather, an active part migrates in the
flow direction of the HTF through the TES, where its length depends on
C. For these two reasons, it is expected that the behavior of an LHESS

does not exactly follow a UA™™ (iso-line)

3. Experimental setups

In this work, 32 experiments from 11 different setups are presented
and analyzed with the approach developed; thereby covering a wide
variety of designs as well as sizes — the volume varies over more than two
orders of magnitude. The different designs are listed in Table 1 (a more
detailed classification can be found in the final report of the IEA SHC
Task 58/Annex 33 [38]), while, in Table A.1 in the Appendix A, the
initial and boundary conditions of each experiment are shown, as well as
general information on the LHESS, the PCM and the HTF, together with
the volume of the PCM Vp¢yy, the HTF Vyry, the heat exchanger Vygy, the
insulation Vjys and the complete LHESS Vror.

As can be seen in Table 1, designs 3 and 5 include supercooled PCM.
A unique aspect for Setup 6 and Setup 7 is that stable supercooling is
applied [39]. When using stable supercooling in LHESS, discharging of
the stored sensible capacity is typically followed by the discharge of heat
of fusion (during PCM solidification) [40]. This storage principle was,
for instance, demonstrated in a solar heating system [41,42] and typi-
cally results in long periods between charge and discharge cycles —
increasing the complexity from the perspective of a comparison with
other concepts. Finally, a brief description of each of the eleven setups
follows.

3.1. Setup 1

This LHESS consists of a cuboid container in which a total of 72
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- UArom=infinite

o TA=10000 W/ (mK) —

e UA™m™=5000 W/(m*K) —

. _ TAOm=2000 W/(m?K) ——
TA=1000 W/(m?K) - /(wK) —

1 J

- norm , = norm

Fig. 1.

Table 1

List of different designs and their identifier.
Identifier Description
Design 1 Macro encapsulated LHESS with liquid HTF (also tank-in-tank)
Design 2 Macro encapsulated LHESS with gaseous HTF
Design 3 Macro encapsulated LHESS with liquid HTF and supercooled PCM
Design 4 Internal heat exchanger with liquid HTF
Design 5 Internal heat exchanger with liquid HTF and supercooled PCM
Design 6 External heat exchanger with liquid HTF

aluminum capsules, filled with magnesium chloride hexahydrate as
PCM, are placed. The capsules are arranged in two levels above each
other and have a length of 250 mm and a diameter of 40 mm. The flow
direction of the HTF is from bottom to top or vice versa. More infor-
mation about the LHESS, detailed figures and a description of the
experimental procedures can be found in the literature [37].

3.2. Setup 2

This LHTES unit is a PCM-air heat exchanger that consists of a
commercially available organic PCM macro-encapsulated in aluminum
rigid slabs (CSM panels from Rubitherm filled with RT27 [Rubitherm
GmbH. Website, http://www.rubitherm.com/ (under the topic:

Products, Paraffins-RT) [accessed 26.10.10]]). The total amount of
PCM in TES is approximately 135 kg, contained in 216 slabs. The slabs
are arranged in vertical walls of slabs. These walls are separated from
each other by a 1 cm air gap. The air flows in parallel to the slabs
containing the PCM. More, detailed information on the experimental
results can be found in the literature [28].

3.3. Setup 3

A total of 14 aluminum plates filled with RT60 from Rubitherm are
mounted in this LHESS. The plates have the dimensions 22 x 120 x 600
mm® and are arranged parallel to each other facing the largest side.
Water is used as HTF, which flows in the gaps between the plates. Lar-
rinaga et al. [27] gives more information on this LHESS and the testing
procedure.

1.5
Crom in W/(m?K)

2 2.5 3 395
x10*

/Q™™-plot with TA™™ (lines).

3.4. Setup 4

A small storage prototype using 1, 2, or 3 copper coils (3/8" outer
diameter) positioned in a rectangular fiberglass box with dimensions
38.75 x 33.7 x 17.75 cm® as presented in [43]. Dodecanoic acid
(melting temperature of 43 °C) is used as the PCM and water as the HTF.
The system was tested over a wide range of initial and HTF temperatures
to help determine the impact of each on the storage and discharge
performance of the LHESS.

3.5. Setup 5

A small storage prototype using 4, 8 or 12 finned-tubes oriented
vertically inside a rectangular fiberglass box with dimensions 30 x 30 x
15.25 cm® as presented in [23,44]. Dodecanoic acid (melting tempera-
ture of 43 °C) is used as the PCM and water as the HTF. The system was
tested over a wide range of initial and HTF temperatures to help
determine the impact of each on the storage and discharge performance
of the LHESS.

3.6. Setup 6

This storage prototype was tested for combined short and long-term
heat storage utilizing stable supercooling [45]. Heat transfer was
analyzed in a numerical study [46]. The storage consisted of a cylin-
drical water vessel of 0.4 m in diameter (without insulation). Inside, 112
tubes with a diameter of 0.0276 m and a length of 1.52 m — containing
the composite — were mounted vertically. HTF flows from the bottom to
the top of the water vessel. Fig. S2.1 in the Supplementary Material S2:
Setups shows the storage prototype without insulation.

3.7. Setup 7

This storage prototype was also tested for utilizing a stable super-
cooling of sodium acetate trihydrate composite for combined short and
long-term heat storage [47]. It was manufactured with inexpensive
standard components of water stores. A steel tank with an outer diam-
eter of 0.45 m contained the composite and a steel spiral heat exchanger.
It was situated in the center of another steel tank with a diameter of 0.5
m containing HTF - to realize the heat exchange via its outer surface.
Fig. S2.2 in the Supplementary Material S2: Setups shows the resulting
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“tank-in-tank” design.

3.8. Setup 8

This setup was prepared to visualize the process phase change,
including solidification and melting, of a pure organic PCM in a rect-
angular enclosure enhanced with fins and to measure the rate of heat
transfer. Lab grade n-eicosane and tap water were used as the PCM and
heat transfer fluid. Fig. $2.3 and Fig. S2.4 in the Supplementary Material
S2: Setups show the schematic layout of the set-up and the enclosure.

3.9. Setup 9

The two encapsulated storage setups are in the form of a cylindrical
storage vessel with a height of 1350 mm and a diameter of 600 m; the
total loaded number of PCM capsules is 160 with the slab encapsulation
(Setup 9a, Fig. S2.5 in the Supplementary Material S2: Setups) and 285
with the ellipsoid encapsulation (Setup 9c, Fig. S2.6 in the Supple-
mentary Material S2: Setups). The encapsulated PCM is a commercial
product named ATP60, and silica sand is blended as the additive with
PCM presumably for increasing the overall thermal conductivity of the
filler.

In Setup 9b, a spiral coil was installed into a stainless tank with the
dimensions of 720 mm in diameter and 1375 mm in height (see Fig. S2.7
in the Supplementary Material S2: Setups). The heat exchanger used in
the spiral coil tank consists of 36 layers of vertically distributed spiral
coils. HTF flows through the coils from the inner section and leaves from
the outer section.

3.10. Setup 10

A rectangular storage container is used. The heat exchanger is
immersed in the PCM and consists of 10 radiator panels arranged in
parallel (see Fig. S2.8 in the Supplementary Material S2: Setups). The
panels measure 0.3 x 0.4 m?, with a maximum thickness of 14 mm. The
distance between the panels is 16 mm.

4
3.5 ‘3<10

3 3
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3.11. Setup 11

The latent heat storage has a rectangular tank with an internal vol-
ume of 1 m®. A capillary heat exchanger immersed in the PCM, with
water as heat transfer medium, is used. Due to the corrosiveness of many
salt hydrates, the capillaries are made of polypropylene. To increase
both (dis)charging power and storage capacity, the heat exchanger
features small distances between the thin capillaries and an overall high
surface-to-volume ratio. Fig. S2.9 in the Supplementary Material S2:
Setups shows the storage tank with heat exchanger.

4. Results and discussion

The results are presented in two parts. Conceptual aspects are first
presented, addressing the question of how the performance parameters
should be calculated and presented. In this section, the influence of the
initial and boundary condition with respect to temperature will also be
discussed, as it is directly connected to the discussion on the choice of
T, In the second part, the influence of different designs or variations of

design aspects and the influence of ¢ is presented.
4.1. Conceptual results

4.1.1. Different ways to plot the power

The simplest way to present the performance of different experi-
ments of various LHESS is to plot Q over time, which is shown for all the
experiments of this study in Fig. 2. This, however, will in most cases lead
to an unfair comparison because of different storage sizes and/or
boundary and initial conditions. If a wide variation in Q and discharging
times exists, as shown for the experiments involved in this study in
Fig. 2, it is not even possible to make a meaningful comparison at all.

To allow for a comparison of the performance of the LHESS, Q is
normalized with Eq. (1) and plotted over relative time and relative en-
ergy in Fig. 3. To keep the number of results limited, only one experi-
ment is shown for every setup. The results follow, to a certain extent, the
basic presentation of the power curves for different types of LHESS
presented in Chapter 5 of Mehling and Cabeza [48]. Using the relative

Fig. 2. Q over time plotted for all 32 experiments.

——setup1a setup 7 a
—setup1b setup 7 b
—setup1c¢ setup 8 a
—setup 1d setup 8 b
——setup 2 setup 8 c
——setup3a ——setup9a
—setup3b ——setup9b
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——setup4 b setup 10 a
setup4 c setup 10 b
setup 4 d setup 10 ¢
—setup5a setup 10d
—setup5b setup 10 e
—setup 5 ¢ setup 11 a
—setup 5d setup 11 b
—setup6 ——setup11c
e 1 |
1.5 2 2.5
time ins «<10°
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o
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Fig. 3. Q™"
plots a) and b) respectively.

energy as the x-axis, in particular, allows for a straightforward inter-
pretation of many interesting aspects. Some of these are discussed in
detail in the Appendix B.

Plotting the results as in Fig. 3 gives interesting insights, but it has
two major drawbacks:

1. The influence of m or, more generally speaking, of C is neglected.
2. Still, only a rather low number of experiments can be compared.

The approach followed in this paper to overcome these issues is to
calculate a mean value of Qmm with Eq. (2) (time-weighted) or Eq. (3)
~Torm

(energy-weighted) and to plot it over a mean value of ¢ . The Qenergy
values of one experiment per setup are shown in Fig. 4.
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0 50 T

4000

2000

relative energy in %

with Tt = Tinitia1 Plotted over relative time or over relative energy for one experiment of every setup. The plots ¢) and d) are zoomed in versions of the

Now, a larger number of experiments can be compared and the in-

fluence of "™ can be estimated. However, one fundamental question
still remains: Is the comparison made in Fig. 3, and especially Fig. 4,
fair? First, it should be highlighted again that a comparison in terms of
only the power neglects the very important part of the storage density
and, of course, the costs of the system, which both need to be taken into
account in a holistic analysis. Second, there are several points to

investigate and discuss for Qmm and Qno'm:

1. What is the influence of different T,,?

2. How does the method for calculating the mean value of Q"™ affect
the results?

60001 | |
Wzmﬁmte
5000 |/ C——
TAT=10000 W/(mK) ™ O setup1a
& L + setup 2
= 4000 rd % setup3a
= ; AT 5000 W/(m*K) X setup4d
B O setupb5a
~ 3000 { setup6
- setup 7 a
g Y/ setup8c
6: 2000 HE . e - TA=2000 W /(mPK) - ? setup 9 a
—— o <] setup10a
* setup 11 a
1000 [{ J—— VA =1000 W /(mBK) —rerr
12 * UArerm=500 VV/(n]SK) S,
£ : 0 TABE=200 W/ (mPK) ——mmeeee
0 ! )
0 2 4 6 8 10
Cnorm in W/ (mSK) » 104

- norm

Fig. 4. Qenergy with Trer = Tinitial Plotted over

~.norm .
C for one experiment of every setup.

energy
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3. When calculating Q "™ the information on the slope of Q""" is lost.

4. What is the influence of different V,,?

All four points are addressed below; the first point in Section 4.1.2,
the second and third points in Section 4.1.3, and the last in Section 4.1.4.

4.1.2. Influence of T

For normalization in terms of the temperature difference (see Eq.
(1)), Ty needs to be defined. Within this work two options, Tinq and
Treit, are considered for Tyr, which are rather easy to determine and
constant over time. Furthermore, it is expected that the heat transfer
with respect to latent heat corresponds to Ty, and that the heat transfer
with respect to sensible heat corresponds to Ty - A detailed theoretical
consideration of the impact of different definitions of Ty is provided in
the Appendix C.

Fig. 5 and Fig. 6 show Q;f:rngy plotted over C:nergy for all experiments
listed in Table C.1 in the Appendix C for T = Tiyiq and Trer = Tnerr,
respectively. It can be seen that, generally, the greater the difference
between  (Tiitiat — Tintet)/ (Tmete — Tinter) for the two experiments

compared, the more pronounced the contrast between the two choices of

T, will be. For instance, the ratio of Q:::r"gy changes most for different
T, for Setup 3 and is almost invisible for Setup 10, which refer to the

(Tinitial — Tmlet

largest and smallest changes in e e , respectively.

melt —

Here, it should be highlighted that the closer Qenergy is for two ex-
periments (that have a variation in the initial and boundary conditions
of temperature only), the better the normalization worked. Taking this
into account, the normalization with Ty, as Trr works better for Setup 1
and Setup 5, while with T as Ty, it works better for Setup 3 and
Setup 4. For Setup 10, it works well in both cases. It should also be noted
that using Ty as Trs leads to unrealistically high UA values for the

sensible part of the thermal energy stored. This may result in QZZZ;),
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being larger than ¢ as shown in Fig. 6.

energy?
The same results as discussed above are shown for QanT in the
Supplementary Material S3: Additional Results in Fig. S3.1 and Fig. S3.2
for Tref = Tiniiat and Ty = Tere, respectively. In this case, regardless of
the choice of Ty, the normalization performs well for Setup 4, Setup 5
and Setup 10, but does not work for Setup 1 or Setup 3.
Next, Qmm is plotted over the relative energy, once with Tyt = Tinisiar

(see Fig. 7) and once with Ty, = Tpelr (see Fig. 8). The experiments of
rm

Setup 1, Setup 3 and Setup 4 have a distinctive peak of Q"™ in the
beginning, which refers to the sensible heat of the HTF and potentially
the encapsulation as well. Comparing this peak for different experiments
of one setup shows that, with T,;f = Tia (see Fig. 7), the normalization
works for this part of the discharging process. Setting Trf = Tnerr (se€
Fig. 8), the normalization in the sensible part does not perform well, but
for the part of the discharging process where latent heat plays a major
role - i.e., after the initial peak — it generally gives better results than
setting Trer = Tiniiat-

The main advantages and disadvantages of using Tiniiq; O Tynerr as the
reference temperature are listed in Table 2. Neither choice is perfect, but
both produce results that are more comparable than without normali-
zation. In general, a normalization of several experiments is more
comparable when the experiments involved show a proportional tem-
perature change (see Appendix C for definition) between each other and
similar Ste. In any case, the type of reference temperature used needs to
be clearly identified and should be identical for the experiments
involved, and the above described effects of the two reference temper-
atures should be taken into account when applying a normalization.

Finally, it should be noted that the normalization for Q rnlght be
improved by calculating T,y through weighting Tinyiq and Tpe, with
respect to the ratio of latent to sensible heat. However, comprehensive
tests need to be done to check this assumption. Moreover, no matter the
choice of Ty, there will be an error in the normalization when plotting
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Fig. 5. Qenergy with Tyt = Tinitial plotted over C

energy

for experiments with different boundary and initial conditions of temperature.
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Table 2
Advantages and disadvantages of using Tipitiai OF Trmelt as reference temperature.

Tintet — Tinitial Tinter — Tmelr

+ Reflects the boundary conditions of the
application

+ Reflects the heat transfer concerning
the latent heat of the PCM - works
especially well for small Ste

+ Is a fixed temperature and easy to
define (for pure PCM that do not
supercool)

+ Is independent of the storage type and
storage material

+ Reflects the discharging of the HTF and
results in an effectivity of 1 for an ideal
direct storage

- The initial temperature might be hard to
measure

- Does not reflect the heat transfer with
the PCM concerning the latent heat. If
the temperatures are symmetrical, the
temperature difference applied is twice
as high as the temperature difference

Tintet — Tmelt-

- Leads to “unfair” results as soon as
Tinter — T, .
_inlet 7 "melt ¢ not equal for the
Tinter — Tinitial

compared experiments. Also, differing
Ste can give problems.

- Comparison with STES or LHESS with
multiple PCM is difficult

- Does not reflect the power of the HTF
initially in the LHESS. If the
temperatures are symmetrical, the
temperature difference applied is half
the temperature difference Tiyer — Tinitial-

- Leads to “unfair” results as soon as
Tintet — Tmelt
Tinler - Tinitial
compared experiments. Also, differing
Ste can give problems.

is not equal for the

with Tyt = There plotted over relative energy for experiments with different boundary and initial conditions of temperature.

lating the mean of Q""" are listed in Table 3. Which advantages and
disadvantages outweigh the others cannot be clearly determined at this
point. Therefore, throughout this paper, the results are presented with

- norm

Qenergy and additionally with m in the Supplementary Material S3:
Additional Results. Furthermore, for future work, it is recommended to
always clearly indicate the selected method when making a comparison.

As already mentioned, by doing a mean value calculation of Q"
the information on its slope is lost. One option to overcome this draw-

. - norm
back might be to plot and compare Q,,,

for Tyer = Tpnerr, Fig. S3.3 in the Supplementary Material S3: Additional

aswell as QZ?;" (see Fig. 9 and,

Results). When comparing the results presented in Fig. 9 with the Q™
plots over relative energy (see Fig. 3 b and d) it seems that Q':z:,"gy / Q;fn':n
works as an indicator for specifying if Q"™ is rather constant during the
discharging process or whether it changes a lot. Qualitatively speaking,

~norm ~norm . ~norm ., .
the closer Qqperg, /Qiime 1S to 1, the more constant Q ~ is. For instance,

the experiments Setup 4d, Setup 3a, Setup 1a and Setup 6 give ::Z;y /
Q™ values distinctively larger than 1 (see Fig. 9) and all of them

exhibit a large change in Q"™ (see Fi g. 3 b and d). Compared to these,

- Can lead to an effectivity greater than
1 and ill-defined logarithmic
temperature differences within the
calculation of the UA values

the slope of Q""" for instance over relative energy, as the ratio of
sensible to latent heat changes during the charging or discharging pro-
cess.

4.1.3. Influence of the mean value calculation
Two ways to calculate the mean value of Q" are investigated in this
study — a time-weighted and an energy-weighted Q""" A theoretical

discussion on both choices can be found in Appendix D.
The advantages and disadvantages of both approaches for calcu-

Table 3

Advantages and disadvantages of using energy or time-weighted Q™

Energy-weighted averaging

Time-weighted averaging

+ Is less sensitive to the stopping criteria

- The deduced Q;‘;’Z"gy over-predicts the
mean power over time, which is used
to design LHESS.

- LHESS with an initial high power and
later a low power tend to perform
better than LHESS with constant
power.

- All information on the slope of the
power curve is lost

+ Reflects the actual mean power, which
would be used for designing LHESS.

- The deduced QZ‘:":" may strongly depend
on the stopping criteria and approaches
0 for complete discharging.

- All information on the slope of the
power curve is lost
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Fig. 9. Qepergy and Qgipme With Trer = Tinitia1 plotted over Cepepy

the change in Q""" is less prominent for Setup 11a, resulting in a smaller

QZZ;;/Q&T value. Finally, Q""" is almost constant over large parts of

the discharging process for Setup 9a, resulting in a Q;'ﬁf,"gy / Q’::,IT value

close to 1.

4.1.4. Influence of Vy

When performing the normalization of Q with the volume, it is
important to choose a proper definition of the volume. In a final appli-
cation the overall volume will matter, but for lab-scale prototypes the

volume fraction

1 11
number of experiment

21

for one experiment of every setup except for Setup 8 — for all cases QZ;’,:;‘gy >

* norm

Qtime .

volume of the periphery might be unrealistically high. This can also be
seen for the setups included in this study in Fig. 10, where the volume
fraction of the PCM plus the HTF on the total volume varies between
~10 % and ~ 90 %. For this reason, if known, the sum of Vpcy and Vyrr
is used as the reference volume throughout this study. For Setup 4 and
Setup 5, this volume is not known and the sum of Vpcy, Vyrr and Vg is
therefore used instead.

Empirical values, which indicate the proportion of the remaining
components to the volume, are necessary to be able to draw realistic
conclusions about the performance in the application. Moreover, a lab-

m PCM and HTF

m HEX and vessel

W insulation

g insulation, HEX and

vessel
PCM, HTF and HEX

31

Fig. 10. Comparison of the volume fraction (of the PCM and HTF against the insulation and the HEX with vessel etc) for each experiment — for experiments 8 to 15
only the sum of the PCM, the HTF and the HEX volume is known and for experiment 6 and 7 only the PCM and HTF volume as well as the overall volume are known.

10
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scale test might have been performed under almost adiabatic conditions,
thus leading to an overestimation of the actual performance in an
application. Again, future efforts should find ways to compensate for this
effect.

4.2. Influence of designs, design aspects and ¢

4.2.1. Influence of ¢

The influence of C]e[ne,gy is analyzed for Q:Z:,ngy when Tyof = Tiniriar, With
the help of Fig. 11 and Fig. 12, and the outcome is compared to the

results using QZ:'HT and/or setting Ty = Tynerr, Which is shown in the
Supplementary Material S3: Additional Results (see Fig. S3.4, see

Fig. $3.5 and see Fig. $3.6). For all setups analyzed, increasing C..o

energy
~norm

leads to a higher Qe,mgy This effect is stronger for LHESS with macro-

encapsulated PCM (Setup 1 and Setup 7) than for the other concepts.
This is due to the fact that the amount of HTF is higher for the LHESS

with macro-encapsulated PCM and this leads to a longer peak in Q"™ in
the beginning of the discharging process (see Fig. 12) — the power during

this peak is directly linked to m and therefore also to Cﬂmgy

However, Setup 11 also shows a distinct increase in Qo for higher

energy

Cznergy Interestingly, when studying Qﬂme instead (see Fig. S3.4 in the

Supplementary Material S3: Additional Results), the influence of

increasing ™™ is now somewhat lower for the LHESS with macro-

energy
encapsulated PCM, but just as prominent as for Setup 11. This can be
understood better when analyzing Fig. 12 in more detail. The LHESS

with macro-encapsulated PCM show the aforementioned strong peak in
~ NO}

Q™™ in the beginning, which is highly influenced by C{:nergy, but the

remaining discharging process is only slightly affected due to a variation

in CZne,gy This is different for Setup 11. Here, a much shorter peak can be

is affected by changing ™ almost

seen in the beginning, but Q""" energy

throughout the entire discharging process. Now, when recalling the
simple example from the Appendix D, it is clear that the energy-

2500

2000 |

—
a
o
o

1000

‘lerm| in WT/(m3K)

500

|, A =5000 W/(mn*K)
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weighted mean value calculation has pronounced peaks stronger than
a time-weighted mean value calculation. Moreover, when changing the

Cﬂnergy affects the whole discharging process, this indicates that the PCM

itself has a high UA value (compared to the Czng"gy value) leading to a
high NTU.

For Setup 10, the influence of changing C’:mgy

However, no precise statements can be made, since the effect was
superimposed by random supercooling.

Finally, it should be stated that the choice of T, changed the ab-
solute values, but had no significant impact on the effects described
above.

seems to be quite low.

4.2.2. Comparison of different designs

In Fig. 13, Qenergy values are plotted over CZnergy
ments (except for Setup 8) grouped for different designs. In Table 1, the
identifiers used in Fig. 13 are explained. LHESS with a lot of liquid HTF,
which are the LHESS with macro-encapsulated PCM (designs 1 and 3)

“norm .
show a strong dependency on C’elnergy The influence of Cfelnergy on Qenergy

in general lower for designs 4-5. As expected, the LHESS with air as HTF
(design 2) has a low aem

energy

for all the experi-

than most

with a somewhat lower Qmergy

LHESS with liquid HTF. The influence of different Cf:ne,xy

for design 2, as there is only one experiment. However, it can be stated
that the influence of the HTF initially in the LHESS is negligible due to
the low density of air. At first glance, the LHESS with supercooled PCM
(designs 3 and 5) do not show any special behavior when analyzing only

the Qenerg;y

In the Supplementary Material S3: Additional Results, in Fig. S3.7,
the same results are shown including Setup 8. Moreover, also in the
Supplementary Material S3: Additional Results, these results are shown

cannot be seen

(values)

“.norm

for Qg in Fig. $3.8, for Qenergy With Trep = Tinere in Fig. $3.9 and for Q[m
with Tef = Ty in Fig. S3.10. The points mentioned above do not
change significantly, but one more detail can be noted. In small volume
experiments where a large m is used, either for convenience or to
maintain a constant wall temperature in the direction of the HTF flow,

. UA™™=2000 W /(m®K)

setup 1 a,c
setup 1 b,d
setup 7 a,b
setup 10 a,c
setup 10 b,d
setup 11 a-c

AD>@O

- TA™=1000 W /(m*K)

== JARm =500 W /(m*K) "™

TAwrE=200 W/(m*K) -

1 1 J

4000 5000 6000

O |
0 1000 2000 3000
Cmorm {p VV/ (HIBK)
Fig. 11. sz::gy with Trer = Tinitial plotted over e

energy

for experiments intended to be identical but with different mass flow.
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Fig. 13. Q:z::gy with Tyt = Tinitial plotted over Cenergy (for all experiments except the ones of Setup 8) categorized by the design.
unrealistically high Cznergy values result for real scale applications and more fins (Setup 5) and (longer) fins (Setup 8) lead to higher Q:,‘:;ngy

the diagram becomes somewhat unclear. For instance, m apphed for
Setup 8, which refers to design 6, is equivalent to almost 1400
when the volume of the HTF plus the PCM is used as reference.

m3 -mm

4.2.3. Variation of design aspects
< norm Cni

In Fig. 14, Qgnery, Vvalues are plotted over Cr,
with setups where a variation in the design was performed. For all

for all experiments

setups, the variations of the designs result in a large change in Qene,xy,
and for 3 setups, the results follow the intuition — more coils (Setup 4),

12

values. For Setup 9, this basic check cannot be performed as the design

. . . - norm
does not change in such a simple way. In general, using Q,,, and/or
Trof = Trner instead (see Fig. S3.11, Fig. $3.12 and Fig. S3.13 in the
Supplementary Material S3: Additional Results) does not change the
order of Q;'z:rngy or Qu" for the variations, but using Q. instead of

Q:Z;"gy may have a distinct effect on the difference between two

variations.
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energy
5. Conclusion

A method for comparing the discharging process (solidification) of
LHESS with different designs and sizes and under different boundary
and initial conditions was analyzed with the help of experimental results
from eleven setups and further developed in this paper. The main idea of
the approach is to normalize Q by the volume and a reference temper-
ature difference, calculate a mean value and present the results plotted
over a normalized mean value of the capacity flow in a so-called

c" orm/Qmm—plot. The approach allows us to compare a fairly large
amount of results from very different LHESS, only very high mass flow
rates for small scale experiments caused problems in the presentation.
However, a major open question is how fair such a comparison is. In
particular, the issue of how the choice of the reference temperature —
melting and initial temperature — for normalization and the type of mean
value calculation of Q — time-weighted or energy-weighted — influences
the results has been addressed.

With regard to the reference temperatures, the cases where large
differences between the two possibilities exist and where comparable
results are achieved were shown. Moreover, it was concluded that
neither choice of the reference temperatures can give fully fair results for
the sensible and latent heat parts. To overcome this drawback, the
possibility of weighting the reference temperature in the mean value
calculation according to the latent and sensible parts was mentioned and
should be studied in the future.

With respect to the mean value calculation, it was found that the
time-weighted calculation is highly dependent on the stopping criterion.
This is not true for the energy-weighted mean value. However, unlike
the time-weighted calculation, there is no easy way to interpret the
physical meaning for the energy-weighted mean value calculation. In
addition, the energy-weighted mean value tends to overweight peaks in
Q. Irrespective of the choice of the mean value calculation, the infor-
mation on the slope of Q during the discharging process gets lost due to
the averaging. An option to overcome this drawback is to compare the
energy-weighted with the time-weighted Q value. Analyzing the
experimental results in this study, it would seem that the larger the
difference between both mean values, the more Q changes during the

13

discharging process. Thus, more extensive tests or calculations need to
be done to investigate this further.

The effect of the reference volume on Qnom is linear and therefore
straightforward. Nevertheless, the selection of the reference volume is
not trivial, since the share of the different volumes in the total volume
depends on the size of LHESS. Since, in this work, not all volume frac-
tions of all setups are known, the reference volume for most LHESS was
set to the sum of Vpcy and Vyrr and, for the other two setups, to the sum
of Vpey, Vurr and Vygx. Future efforts should address the question of
how the proportion of the different volumes changes with the size.

Finally, it can be stated that reasonable results can be obtained with
each variant studied, but they are always somewhat subject to limita-
tions and biases. Therefore, it is essential to be aware of these in the
application and to clearly indicate the choice of the reference temper-
ature and volume and the method for calculating the mean value.

Future work should focus on the points addressed regarding the
mean value calculation and the normalization. Moreover, measures will
need to be adopted when the approach is applied to the charging process
(melting) of LHESS, as convection may play a major role and, in
consequence, the heat transfer rate is no longer linearly dependent on
the temperature difference. The authors themselves will continue their
work under Subtask E of the recently launched IEA SHC Task 67/ES Task
40. Finally, it should be remembered that the power rate is only one of
several important aspects defining an LHESS and showing Q in a
normalized way neglects, for instance, the energy density of the storage.
Thus, future efforts should therefore also deal with the integration of
energy density into the approach and investigate combinations with
methods to study the cost-effectiveness [49].
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Appendix A. List of experiments and setups

Table A.1
List of experiments and setups.
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Name Ref. Design  Vpem Vure Viex Vins Vror PCM Tonetr HTF Tinitiat ~ Tinter T
Units - - m3 m3 m3 m3 m3 - °C - °C °C kg
s
Setup la [37]1 1 0.014 0.018 0.014 0.106 0.152 Magnesium 115.1 0il 128 108 0.0414
chloride
hexahydrate
Setup 1b [371 1 0.014 0.018 0.014 0.106 0.152 Magnesium 115.1 oil 133 103 0.0415
chloride
hexahydrate
Setup 1c [371 1 0.014 0.018 0.014 0.106 0.152 Magnesium 115.1 oil 129 108 0.0833
chloride
hexahydrate
Setup 1d [371 1 0.014 0.018 0.014 0.106 0.152 Magnesium 115.1 oil 134 102 0.0821
chloride
hexahydrate
Setup 2 [28] 2 0.17 0.31 0.34 0.38 1.2 RT27 26-28 Air 40 16 0.430
Setup 3a [27] 1 0.0200 0.011 0.347 0.378 RT60 57 Water 60 45 0.0390
Setup 3b [27] 1 0.0200 0.0105 0.3475 0.3780 RT60 57 Water 65 51 0.0390
Setup 4a [43] 4 0.014 - - Dodecanoic Acid 43.3 + Water 65 21 0.0550
1 coil 1.5
Setup 4b [43] 4 0.014 - - Dodecanoic Acid 43.3 + Water 65 21 0.0550
2 coils 1.5
Setup 4c [43] 4 0.014 - - Dodecanoic Acid 43.3 + Water 55 21 0.0550
3 coils 1.5
Setup 4d [43] 4 0.014 - - Dodecanoic Acid 43.3 + Water 65 21 0.0550
3 coils 1.5
Setup 5a [23] 4 0.0137 - - Dodecanoic Acid 43.3 + Water 63 22 0.134
4 finned 1.5
tubes
Setup 5b [23] 4 0.0137 - - Dodecanoic Acid 43.3 + Water 54 32 0.137
8 finned 1.5
tubes
Setup 5¢ [23] 4 0.0137 - - Dodecanoic Acid 43.3 + Water 64 25 0.132
8 finned 1.5
tubes
Setup 5d [23] 4 0.0137 - - Dodecanoic Acid 43.3 + Water 64 26 0.134
12 finned 1.5
tubes
Setup 6 [45,46] 1 0.104 0.075 0.024 0.079 0.282 Sodium acetate 57 Water 91 30 0.118
trihydrate
composite
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Table A.1 (continued)

Name Ref. Design  Vpeu Vurr Vhex Vins Vror PCM Toete HTF Tinitiat ~ Tintee T
Units - - m3 m3 m3 m3 m3 - °C - °C °C kg
s
Setup 7a [47] 3 0.158 0.059 0.019 0.065 0.301 Sodium acetate 58 Water 920 25 0.0622
trihydrate
composite
Setup 7b [471 3 0.158 0.059 0.019 0.065 0.301 Sodium acetate 58 Water 88 28 0.159
trihydrate
composite
Setup 8a [29] 6 5.9e-04 1.17e-04  0.00176  0.00179  0.00425 n-eicosane 36.4 Water 60 16 0.0164
Long fins
Setup 8b [29] 6 6.05e-04 1.17e-04 0.00174 0.00179 0.00425 n-eicosane 36.4 Water 60 15 0.0166
Mid-way fins
Setup 8c [29] 6 6.35e-04  1.17e-04  0.00171  0.00179  0.00425 n-eicosane 36.4 Water 60 15 0.0165
No fins
Setup 9a 1 0.078 0.300 0.082 0.013 0.477 ATP60 60-62 Water 72 47 0.0427
Slab encap-
sulation
Setup 9b 1 0.520 0.020 0.045 0.015 0.580 Crodatherm60 59-60 Water 72 46 0.0553
Spiral coil
Setup 9c [50] 1 0.078 0.300 0.082 0.013 0.477 ATP60 60-62 Water 72 46 0.0660
Ellipsoid
encap-
sulation
Setup 10a [51] 5 0.034 0.009 0.022 0.218 0.283 Erythritol 119 0il 139 100 0.0350
Therminol
66
Setup 10b [51] 5 0.034 0.009 0.022 0.218 0.283 Erythritol 119 0il 134 105 0.0333
Therminol
66
Setup 10c [51] 5 0.034 0.009 0.022 0.218 0.283 Erythritol 119 0il 139 101 0.0250
Therminol
66
Setup 10d [51] 5 0.034 0.009 0.022 0.218 0.283 Erythritol 119 oil 134 105 0.0250
Therminol
66
Setup 10e [51] 5 0.034 0.009 0.022 0.218 0.283 Erythritol 119 oil 129 110 0.0250
Therminol
66
Setup 11a [52,53] 4 0.93 0.02 0.20 0.38 1.54 calcium chloride 29 Water 36 22 0.837
hexahydrate
Setup 11b [52,53] 4 0.93 0.02 0.20 0.38 1.54 Calcium chloride 29 Water 36 22 0.279
Hexahydrate
Setup 11c [52,53] 4 0.93 0.02 0.20 0.38 1.54 Calcium chloride 29 Water 36 22 0.558
hexahydrate

Appendix B. Discussion based on Q""" plotted over relative energy

Description of several aspects of the results presented in Fig. 3:

Setup 1a: the experiment was performed using an LHESS with macro-encapsulated PCM and a large amount of liquid HTF. This results in a peak in
Q™™ at the beginning that lasts until approximately 50 % of the total energy is discharged. Afterwards, the heat transfer is limited mostly by the
heat conduction in the PCM.

Setup 3a: the experiment was also performed using an LHESS with macro-encapsulated PCM and a large amount of liquid HTF. This results in a
high Q"™ at the beginning, but unlike in Setup 1la, no clear peak can be seen. The reason for this might be the mixing of the HTF or a rather low
amount of PCM in the LHESS.

Setup 2: the experiment uses air as HTF. This leads to a high heat transfer resistance between the HTF and the PCM containers. This resistance
seems to dominate the overall process and leads to an almost constant Q™™ until about 60 % of the energy is discharged. Also, the HTF has a very
low €™ and therefore no peak due to the HTF is seen at the beginning.

Setup 4d: the experiment applies a small amount of liquid HTF and has a high ¢"™ value. Therefore, at the beginning, a very high but short peak in
Qmm" can be seen. Afterwards, the heat transfer seems to be limited by the heat transfer (conduction and convection) in the PCM and the result is a
reduced Qnom.

Both Setup 6 and 10: the experiments show the characteristic behavior of LHESS with supercooled PCM. First, the sensible heat of the liquid PCM is
extracted with a rather high Q""" rate — the heat transfer is supported by natural convection in the liquid PCM. Then, after a minimum in Q""" the
solidification starts and the power increases again. While in Setup 10a, about 30 % of the energy is discharged before the solidification starts, it is
more than 50 % for Setup 6.
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Appendix C. Theoretical discussion on the influence of T,

In order to obtain a uniform terminology and to describe possible effects of the choice of Ty, different constellations of Tinia1, Tiner and Trel; are
illustrated in Fig. C.1. For simplicity, it is assumed that the material properties are constant. The temperatures in examples 1 and 2 are seen as
symmetrical and that of examples 3 and 4 as unsymmetrical. Three cases are now discussed briefly:

i) comparing example 1 with example 2
ii) comparing example 1 with example 4
iii) comparing example 3 with example 4

For case 1), (Tinitial — Tintet)/(Timetr — Tinter) is identical in both examples. Such a change in the boundary and initial conditions for temperature will be
referred to as proportional. In case ii), this is no longer true as (Te"p1 - 'I‘”‘pl) = (Te"”4 - T® 4) , but (Te"p1 - 'I’”‘pl) > (T.e"p.“ Te"p4) . The same holds

melt inlet melt inlet initial inlet initial ~ * inlet
3 3\ 4 4 3 3 4 Xp4 . e el ..
for case iii), as (lfn’?ﬁal - 1?1&) = (1:"‘?@1 - lfn'(er[)» but (1;‘?& - lfn"fe[)<<1m€'¢elt - Tfm:)- Such a change in the boundary and initial conditions for

temperature will be referred to as not proportional.

In other words, in each way, the sensible or the latent heat is weighted incorrectly, depending on whether T, Or Tiniiqr is used. However, in case i),
this error is inherently the same for the sensible and the latent heat for both examples (e.g., if in example 1 the latent heat is weighted with a
temperature difference that is 50 % wrong, this also holds for example 2). In cases ii) and iii), this is no longer true, making a comparison even more
difficult. Finally, it should be mentioned that even for proportional temperature conditions, unfair results are expected when the Ste is significantly
different.

T %
Tinitiqt ====-=-=--~ Tinitiqt ====-=---~-~
Tinitia1 ======-=-~-* Tinitiar ===-------
Tmelt - Tmelt - Tmelt - Tmelt
Tiner —————— Tintet ——————
Tinlet —————— Tinlet ——————
example 1 example 2 example 3 example 4

Fig. C.1. Comparison of different examples for boundary and initial conditions of temperature.

In Table C.1, (Tinitiat — Tintet)/(Tmeir — Tinter) iS given for all experiments that have a variation in the boundary and initial conditions of temperature
with otherwise intended identical conditions. Note that (Tiitiat — Tinter)/(Tmetr — Tinter) = 2 implies symmetrical conditions and the closer (Tiniiar —
Tinter)/ (Tmett — Tinter) is to 1, the smaller the expected difference between the two choices for Tr.

Table C.1
Overview of (Tinitial — Tinlet)/ (Tmelt — Tintet) for experiments with different boundary and
initial conditions of temperature.

Experiment Compared to (Tinitial = Tintet)/ (Tmete — Tintet)
Setup la Setup 1b 2.817
Setup 1b Setup 1a 2.479
Setup 1c Setup 1d 2.958
Setup 1d Setup 1c 2.443
Setup 3a Setup 3b 1.250
Setup 3b Setup 3a 2.333
Setup 4c Setup 4d 1.525
Setup 4d Setup 4c 1.973
Setup 5b Setup 5¢ 2
Setup 5¢ Setup 5b 2.167
Setup 10a Setup 10b 2.053
Setup 10b Setup 10a 2.071
Setup 10c Setup 10d 2.111
Setup 10d Setup 10c 2.071

Appendix D. Theoretical discussion on the mean value calculation

In Fig. D.1, stgnxy and Q. are plotted over relative energy (the beginning of the integration was fixed at the start of the experiment, but the end
was varied between 90 % and 100 %) for chosen experiments. It is noticeable that Q:::rngy is always larger than Q. and that Q' changes strongly

towards the end of the discharging process. From a theoretical perspective, Qzl,)n:" even approaches zero for a full discharge as the amount of heat to be
transferred is fixed, but the time to completely discharge or charge an LHESS is infinite in most cases (for an ideal direct storage, for instance, this is not
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the situation). On the contrary, Q':Z;"gy only changes very slightly towards the end of the discharging process. This is an advantage, as an exact
determination of the state of charge is often not possible and an error of just a few percent in the relative energy may lead to large deviations in Q';L:Zn

but not in Q:,‘:any However, Q. allows the time needed for discharging to be directly calculated, whereas such an easy to interpret and useful

physical meaning has not been found so far for stg;y Moreover, QZ::,HQ, may privilege LHESS with peaks in Q"Dm, which can be explained using the

two simple examples shown in Fig. D.2. For the sake of simplicity, it is assumed that both tests were carried out under identical conditions and with the
same volume, which is why no normalization is required in this case. Example a corresponds to an LHESS with a constant Q of 10 kW and example b
reflects an LHESS in which Q is 15 kW for the first half of the discharge time and 5 kW for the second half. When Q of the same examples is plotted over
energy (see the right side of Fig. D.2), the slope of Q does not change for example a, but it does for example b; — 75 % of the energy is discharged with a
Q of 15 kW and the remaining 25 % is discharged with a Q of 5 kW. Obviously, Q. is 10 kW for both examples, but Kergy is 10 kW for example a and
12.5 kW for example b. Generally speaking, the Q curve of example a is likely to be preferred for most applications. In conclusion, for the energy-

weighted calculation, a more likely unwanted slope of the Q curve gives higher Qenergy values than a constant Q. Finally, it must be noted that,

regardless of the procedure for the mean value calculation, the information on the slope of the Q curve is lost.

1000
BOOF— =S~
S e ——setup 2 (energy)
- - - = setup 2 (time)
= L -~ se
- B0 = b setup 7 a (energy)
E N setup 7 a (time)
§= v ——setup 10 a (energy)
N\ : ;
= 400 setup 10 a (time)
g ——setup 11 a (energy)
< N S - — setup 11 a (time)
P E==emmia e e
0 1 1 1 1 ]
90 92 94 96 98 100
relative energy in %
Fig. D.1. Q::l:gy and Qg With Trer = Tinitiar plotted over relative energy for chosen experiments.
4 A
Q examplea — Q
exampleb ----
15 kKWt --------------- : 15KkWT  ==-==----mmmmmmmmm o 1
10 KW ; 10 kW :
1 1
5 kW T 5 kWt bommmme-
0 t/2 ¢t 0 Q/2 ) Q

Fig. D.2. Two simple examples for Q plotted over time (left) and energy (right).

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.est.2023.108428.
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