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Abstract

The understanding of processes in heat storage materials and reactors can be greatly improved by the use of non-destructive
methods that allows the view inside the objects. The advantage of non-destructive methods is that the sample of interest
remains intact, experimental changes can be monitored in-situ, and the experiments are less labor intensive. Alongside oth-
ers, three of the most utilized non-destructive techniques for heat storage systems are discussed: NMR, X-ray imaging, and
neutron imaging. The working mechanism and (dis)advantages of these techniques are discussed alongside various applica-
tions and examples. This work aims to provide a handle to researchers working in the field of thermal energy storage on how

to investigate heat storage materials and reactors in a non-destructive manner.
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1 Introduction

To tackle the current climate crisis, the European member
states have agreed in the European Green Deal to reduce the
greenhouse gases by 55% (compared to pre-industrial levels)
by 2030 and to become fully climate neutral by 2050 [1].
Since space heating, cooling and hot tap water production are
still major contributors to the total greenhouse gas emissions,
sustainable heating alternatives must be implemented [2].
Currently many renewable energy sources are employed
such as solar and wind energy. However, these energy
sources provide an intermittent supply of energy and thus
a mismatch between peak energy production and consump-
tion exists [3]. To effectively utilize the available renewable
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energy sources or to revalorize waste heat streams, efficient
energy storage is required.

Thermal energy storage can be divided according to three
different working principles. First there is sensible heat stor-
age (SHS) which relies on the heat capacity of the chosen
heat storage material. Energy is stored by increasing the tem-
perature of the heat storage material. A well-known example
of sensible heat storage is the hot water tank [4].

Second, heat can be stored in the solid-liquid phase tran-
sition of materials. This is called latent heat storage (LHS),
and the used heat storage materials are referred to as phase
change materials (PCMs). Latent heat storage is associated
with higher energy storage densities compared to sensible
heat storage and well-known examples are ice, paraffins or
salt hydrates [5].
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Third, there is thermochemical energy storage (TCHS)
which relies on the interaction of a thermochemical mate-
rial and a gas. This method of heat storage has the highest
energy density, and some examples of materials often used
are salt hydrates, metal hydroxides, metal carbonates, zeo-
lites, metal organic frameworks, oxidation/reduction of iron,
metal oxides, and silica gel [6].

In an application, the active heat storage material is often
placed in a heat storage vessel as pure compound or as com-
posite material [7-9]. Depending on the chosen working
principle (sensible, latent, or thermochemical) the internal
structure of the heat storage vessel can vary from pure heat
storage material to stacked or packed bed configurations
including or excluding additional structural modifications
[8, 10-14].

Multiple modelling approaches exist to determine the
performance of heat storage materials and vessels using
indirect observation such as inlet/outlet and internal/exter-
nal temperatures [4, 15], flow rates and pressure drop [12],
or assumptions and available literature data [16—18]. How-
ever, such models lack information about the structure and
morphology of the material, as well as information on the
packing geometry of the heat storage vessel, treating it as a
black box with assumptions which can result in deviations
from reality.

Methods for characterizing thermal energy storage mate-
rials and systems can be classified into two categories. The
first category comprises destructive techniques and often
involves opening and dismantling the heat storage vessel or
physical fracturing of material to examine the inside using
optical techniques such as scanning electron and optical
microscopy. This is labor intensive and destroys the sam-
ple of interest, possibly introducing artefacts in the process.
The second category comprises non-destructive techniques
that enable researchers to investigate the heat storage vessel
without its disassembly.

To aid in the input for theoretical models, a detailed
understanding of processes and changes during (dis)charge
processes is required. In this work the various available
non-destructive methods are described and will be dis-
cussed using examples. Coverage in literature is however
limited. Many reviews of non-destructive techniques exist
in the literature; however, they typically focus on visualiz-
ing and analyzing defects and various composite materials
[19-22]. The primary techniques described in this work are
nuclear magnetic resonance imaging, X-ray imaging and
neutron imaging, as those are the three techniques that have
been applied in heat storage research on number of occa-
sions [23-25]. In the end, the methods will be compared and
evaluated based on the information each technique provides,
and they can serve as a starting point for other research into
heat storage systems in which researchers want to investigate

@ Springer

their material and heat storage vessels in a non-destructive
way.

2 The Need for Non-destructive Techniques

The following section will illustrate the need for non-
destructive techniques for thermal energy storage solutions.
Often observations made on small scale or individual parti-
cles cannot be directly translated towards a full system and
inside the heat storage vessel, often called a reactor, many
structural changes during charging and discharging occur.
These changes can impact on the overall system perfor-
mance and should therefore be understood. For example, in
sensible heat storage using a hot water tank, mixing of water
or thermal stratification can occur resulting in separation
of the liquid into layers of different temperatures. Figure 1
shows how thermal stratification in a hot water tank results
in segregation of water into a bottom volume with colder
water (blue) and a volume with warmer water (green) [15].

In LHS, phase segregation due to natural convection and
density differences between solid and liquid phase often
occur [26]. This results in a similar situation as described for
stratification in a hot water tank with the difference that now
the molten and solid phases will separate, just like melting
ice floats on the surface of the already molten water.

In the case of TCHS, some changes occurring during
(dis)charging can be a volumetric increase and decrease of
salt hydrates, crack and dust formation, and agglomeration
(Fig. 2) [27, 28]. All structural changes will have an impact
on the performance of the heat storage unit and therefore
understanding how these changes evolve over time is key for
performance optimization. Figure 2A shows how particles of
K,CO;-1.5H,0 pressed to different porosities, by changing
the compressive pressure during uniaxial pressing, evolve
during cyclic (dis)charging before they eventually fracture.
This fracturing occurs due to the internal morphological
reorganization during cyclic (dis)charging. In Fig. 2B it is
visible how grains of the same material increase their size
during 12 (dis)charging cycles, causing the effects observed
in Fig. 2A.

Apart from the observations highlighted in this section,
other challenges associated with heat storage materials exist.
For example, in latent heat storage phase change materials
can suffer from incongruent melting, volume changes, or
supercooling. Thermochemical materials can, in addition
to the volumetric changes, suffer from poor reversibility
and multiple hydration states. The use of non-destructive
techniques allows researchers to observe those changes and
effects as they happen. Additionally, the effect of reaction
conditions or mechanical loads imposed by material confine-
ment can be observed. Gaining such insight is invaluable for
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Fig.1 Thermal stratification of a hot water tank showing the separa-
tion of hot and cold water throughout the tank. The white circles rep-
resent the 3 coiled heat exchangers present in the tank. Temperature
profiles are generated via numerical modelling. Adapted from “Inves-
tigating Thermal Stratification in a Hot Water Storage Tank during
Charging Mode,” by K. Kumar, and S. Singh, 2022, Journal of Phys-
ics: Conference Series, 2178(1) (https://doi.org/10.1088/1742-6596/
2178/1/012001). CC BY [17]

Various optical imaging techniques, often coupled with com-
puter image processing, are commonly utilized to monitor
the effect of (dis)charge cycles. Since they provide a field
of view for a limited material volume from a fixed angle,
it imposes limitations on the researchers. Such work often
studies individual particles over the course of several cycles
with either optical microscope [28] or scanning electron
microscope [27]. Those investigations give information
about particle swelling and crack formation that can be fur-
ther used to develop and validate more fundamental pro-
cesses occurring in heat storage materials material.

In LHS, this methodology is often employed to moni-
tor the reaction progress in custom made see-through reac-
tors. In many cases, PCMs turn from white, opaque to clear
when they change phase from solid to liquid. Figure 3 shows
how optical imaging can be utilized to monitor the melting
behavior of PCM inside a container. Initially, the complete
PCM volume is white and for the system with 1 or 3 fins
the fins are clearly visible protruding from the wall into
the PCM. As the temperature of the right wall (and fins)
increases, a clear melting front of molten PCM (clear/black)
can be seen to progress through the PCM from the hot (right)
to the cold (left) side.

Visible changes are easily tracked with a standard camera
and can be related to several properties. Most commonly
values for conversion speed [29-31], temperature gradi-
ent within the material [29] and heat transfer rate [29] are
extracted from the visual changes. It is however important to
note that the extracted properties are only valid for coordi-
nates in the imaging plane (2D). Information perpendicular
to the imaging plane cannot be derived.

Additionally, the uniformity of the reaction, the heat
transfer mechanism and the effect of other forces or phenom-
ena, such as effect of buoyancy or phase segregation, might
be noticeable, depending on the material and experimental
conditions. For example, a non-uniform melting front might
indicate non-uniform temperature distribution due to inho-
mogeneities in the studied material or presence of natural
convection which promotes movement of hot, low-density
liquid to the top of the tank.

In TCHS, the optical properties of the material usu-
ally do not change, so even more drastic adaptations must
be made to the reactor design, or the visualization of the
process has to be limited to top surface only. Mejia et al.
[32] have built a set-up that would allow them to view and
record the top particle layers inside the reactor (Fig. 4).
The left image shows the top view of a bed of pristine
Ca(OH), grains. The middle and right image shows the
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Fig.2 Optical images of the degradation of K,CO; particles with
various particle porosities over consecutive (dis)charging cycles
(A). Adapted from “Impact of cycling on the performance of mm-
sized salt hydrate particles,” by J. Aarts, H. Fischer, O. Adan, and
H. Huinink, 2024, Journal of Energy Storage, 76, p. 109806 (https://
doi.org/10.1016/j.est.2023.109806). CC BY [27]. Optical images of

same top view after 10 and 20 (dis)charge cycles, respec-
tively. Comparing the start and end situation shows a
different bed structure. The thermocouple still visible at
the start (grey rod) has been buried in the material after
cycling due to expansion of the material.

Such setup allows for easier determination when the phys-
ical material degradation starts to occur as the inside of the
reactor can be inspected during reaction without disassem-
bly. Nevertheless, it is our experience that the degradation of
the particles in the middle or at the bottom of the reactor is
much more considerable due to the added compression from
all the particles above and no room to expand freely. This
means that the surface particles are the best-case scenario.
A full glass reactor would give better insight; however, this
would lead to high thermal losses due to poor insulation
properties of glass and poor performance of the reactor.
Even then, the core of the reactor could not be inspected
due to outer layers of the material.

Another approach for studying the evolution of particle
morphology in a bed-like setting involves a flatbed reactor
with single particle layer. When a single layer of particles
is confined in a well-defined space, with no excess volume
around them, their behavior during reaction will mimic the
behavior of a single layer of particles confined by other par-
ticles within the reactor. The correlation is not identical, as
the particles in the flat bed reactor will not experience the
additional weight of the material above it unless pressure is
applied with the top plate, but it is still a reasonable approxi-
mation to study the interplay between the reactive gas flow
pattern, morphological changes in the particles and the feed-
back loop it can create over a number of cycles as particles
deform, fuse and crack. Figure 5A shows how the grey salt
particles turn black starting at the bottom (gas inlet). This
blackening is due to deliquescence (overhydration) and the
salt particles start to dissolve [33].

@ Springer

K,COj; particles before and after 12 (dis)charging cycles indicating
particle swelling (B). Adapted from “Effect of cycle-induced crack
formation on the hydration behaviour of K2CO3 particles: Experi-
ments and modelling,” by M. A. J. M. Beving, A. J. H. Frijns, C. C.
M. Rindt, and D. M. J. Smeulders, 2020, Thermochimica Acta, 692,
p. 178752 (https://doi.org/10.1016/j.tca.2020.178752). CC BY [28]

By coupling such reactor with a thermal imaging camera
(Fig. 5B), the temperature evolution within the particle bed
can be tracked. It is visible that especially at the bottom,
close to the gas inlet, and top left the fastest temperature
increase is observed. At the bottom this is expected due to
the inlet of water vapor at this location. However, the fast
temperature increase on the top left indicates possible wall
channeling of preferential flow path effects.

Combining IR and optical imaging adds another layer of
information that enables better understanding of the relation-
ship between reaction progress, morphological changes, and
flow paths. In general, thermal imaging is a valuable tool
in mapping the behavior of various heat storage materials
[34, 35].

IR imaging can be also applied to LHS to track the
reaction progress as shown in Fig. 6. In their work, Liang
et al. (2024) have followed the solidification process of
Na,S0,-10H,0 with different carboxymethyl cellulose
(CMC) content (0-10%), to monitor the impact of the
thickener on the phase separation of the salt as well as its
heat capacity [36]. The authors observed different cooling
rates between the different contents of CMC. The sample
without any CMC had cooled down completely after 20 min
(completely yellow) whereas samples with CMC were able
to retain a higher temperature for longer times (red color).
Indirectly from this, the latent heat and thermal conductiv-
ity could be determined as PCMs with high latent heat will
maintain their phase transition temperature for longer.

It is therefore noteworthy to mention that optical tech-
niques are limited to the amount of information that can be
derived. As optical imaging can only provide 2D information
of the observed layer, mostly being the top or outer surface,
the conclusions drawn cannot be generalized to the bulk of
the material. The same holds for optical thermal imaging as
it only a 2D image is provided without any information in
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Fig-ll? Photographs t?f the 1 Plain wall 1Fin—wall 3Fin—wall
melting process in the rectangle

enclosﬁrﬂ with partial fins ong (a) (f) (k)
the right and without fins at
every 10 min while the right
wall is maintained at 70 °C. In
these photographs, the white
and black colors represent the
solid and liquid phases of the
PCM, respectively. Based on
the changes in the solid phase,
the dominant heat transfer
mechanism, heat transfer rate
as well as other processes and
forces can be determined. The (b)
imaged sample area is 12X 5
cm. Reprinted from Interna-
tional Journal of Heat and Mass
Transfer, 78, B. Kamkari, and
H. Shokouhmand, Experimental
investigation of phase change
material melting in rectangular
enclosures with horizontal par-
tial fins, 839-851., Copyright
(2014), with permission from
Elsevier [29]
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Fig.4 Schematic of an experimental set up used to monitor the
appearance of the top of the reactor during operation (left), followed
by the photos taken during the before, during (10 (dis)charge cycles)
and after (20 (dis)charge cycles) the cyclic experiment showing the
morphological changes at the surface of the bed. The rod visible in
the first image is a thermocouple that gets buried in the TCM during

cycling due to material expansion. Adapted from Real-time visuali-
zation and experimental analysis of stabilized Ca(OH)2 granules for
thermal energy storage,” by A. C. Mejia, S. Afflerbach, M. Linder,
and M. Schmidt, 2024, Energy Conversion and Management: X, 23,
p. 100656 (https://doi.org/10.1016/J. ECMX.2024.100656). CC BY
[32]

Fig.5 Optical image of flatbed reactor filled with K,CO; particles
during deliquescence (A). A reaction front Is seen during deliques-
cence of the particles when excess moisture leads to color change.
Thermal images of a flatbed reactor filled with K,CO; during (over)
hydration (B). The temperature front developed during hydration
observed with thermal camera does not lead to significant differences
in particle appearance compared to images recorded with a regular
optical camera. However, it can be used to monitor reaction and tem-

@ Springer

perature fronts in the reactor bed. Orange areas have higher tempera-
tures than the blue zones. Adapted with permission from “Hydration
fronts and particle bed mechanics: Visual studies of thermo-chemical
heat storage flat-bed reactors: An experimental physics study of sus-
tainable energy storage,” by B. J. A. Van Schaik, 2022, Eindhoven
University of Technology. Copyright 2022 by Brandon van Schaik
[33]
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Fig.6 Na,SO,-10H,O with different CMC mass ratios imaged dur-
ing cooling with thermal infrared imaging camera at the same time
interval. Reprinted from Journal of Energy Storage, 83, Q. Liang,
H. Zhang, Y. Li, X. Zhang, and D. Pan, Multifunctional response of

the direction perpendicular to the imaging plane. Therefore,
to get a full understanding of the inside of the heat storage
vessel a combination with a 3D technique is required.

2.2 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) employs the effect a
strong magnetic field has on nuclei of atoms. By applying a
well-defined magnetic field, the spins of the nuclei, typically
randomly arranged, will align with the direction of the field.
When the field is turned off, the spins will go back to their
original random orientation. The time it takes, the relaxation
time, depends on several factors, such as the nature of the
element and its environment (other neighboring elements,
chemical bonds, environmental conditions, etc.).

The NMR can be used in two different modes. First, NMR
spectroscopy, most often applied in chemistry, is used for
molecular analysis. NMR spectroscopy is employed for a
limited number of nuclei ("H, '3C, N, '°F, and 3'P) as the
nuclei are required to have a spin. The best know examples
of NMR spectroscopy are 'H liquid NMR spectroscopy and
13C solid state NMR spectroscopy [37, 38]. The basis of
NMR spectroscopy relies on the following: In the absence
of a magnetic field the magnetic moments of the nuclei are
randomly oriented, but as soon as the nuclei are placed in
an external magnetic field, the magnetic moments will align
with this external field. Most nuclei will align with the mag-
netic field (lowest energy state) whereas a small number of
nuclei will be rotated 180 degrees opposed to the magnetic
field (high energy state). Supplying radio frequency (rf)

biomass carbon/sodium sulfate decahydrate composite phase change
materials, 110621., Copyright (2024), with permission from Elsevier
[36]

radiation corresponding to the energy difference between
the high and low energy state (resonance frequency) allows
the nuclei to flip between the two states. During this process
they release a signal which can be detected.

The specific resonance frequency depends on the pre-
cise chemical environment and interaction between atoms
or molecules.

Secondly, NMR is utilized for imaging studies, which is
the main NMR application in the studied works. Here, 1D,
2D and 3D images are created based on the concentration
of the exited nuclei at certain positions [39]. Spatial NMR
imaging is possible due to the gradient present in the applied
magnetic field. Due to this gradient the resonance frequency
becomes location dependent which allows for the analysis of
the materials divided into different slices. The signal inten-
sity in each slice is given by the following equation [40]

[ ) N

Here py represents the density of the hydrogen protons,
T, and T, represent the longitudinal and transversal relaxa-
tion times, respectively, and ¢, and ¢, represent the echo and
repetition time, respectively.

The most well-known example of NMR imaging is medi-
cal magnetic resonance imaging (MRI), which used to create
live 2D and 3D images of human body parts [41]. However,
NMR imaging is also employed in several other fields of
interest such as liquid penetration [42], oil and gas industry
[43], paintings [44], and geological porous media [45].
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Within the domain of heat storage, NMR imaging has
been shown to be of value for TCHS and LHS. Within
TCHS, NMR imaging is used on both material and reactor
level. Donkers et al. (2015, 2015, and 2016) showed how
NMR can be used to quantify the water content (hydration
levels) in the material as a function of position and provide
in-situ structural information [46—48]. As the signal inten-
sity scales with the hydrogen atom density (water molecule
density), the total hydration level of the material could be
measured as function of time and position [46]. The authors
used a Hahn sequence in which they have chosen long ¢,
times compared to 7, and short 7. compared to 7, to maxi-
mize the signal intensity (see Eq. 1) [49].

A more sophisticated analysis of the relaxation times can
be used to identify the environment of the water molecules
and can be related to the structure of the material [48].
Shorter relaxation time is related to crystal water bound in
the lattice of the material, whereas longer times are related
to for example, pore water [47]. Such analysis, employed by
Qiu et al. (2023), enable the authors to identify two states of
bound water in silica gels [50]. Again, since the water con-
tent directly correlates with the observed signal, the authors
could also calculate the total water content in the material
using NMR.

On a reactor level, the same type of measurement can
be applied. In this case, NMR can be used to monitor water
front movement through the bed [23, 51]. The impact of flow
conditions (humidity, flow rate, temperature), particle shape
and size and packing density can be investigated. Informa-
tion such as conversion rate, power output and flow distribu-
tion can be extracted from the measurements, as exemplified
in Fig. 7.

Here the authors used Hahn spin echo measurements to
create a 1D image indicating the conversion (loading) at
various positions inside a reactor bed of K,COj; particles.
The left-hand side of the image corresponds to the inlet of
the packed bed and the profiles from dark green to blue cor-
respond to a measurement interval of 12 h. In the first time
profiles, an increase in loading is observed close to the inlet
of the reactor bed. At longer times, slowly the loading starts
to increase from left to right, indicating a hydration front
travelling trough the bed from inlet to outlet.

Nevertheless, NMR techniques, due to relatively poor
spatial resolution, will not provide any information about
individual particles within the bed or their morphological
changes. Employing a 3D NMR technique, as done by Gaeni
et al. (2017), which is synonymous with a medical scanner,
enables to gather moisture profiles throughout the reactor
volume [52]. This makes the observations of for example
reactor edge effects more explicit, yet it is not resolved
enough to look at individual particles. It provides valuable
insight on reactor level, though it cannot be used on scales
small enough to gain insight into the fundamental processes

@ Springer

Loading (mol/mol)

Position (mm)

Fig.7 Loading (conversion) as a function of position in a reactor bed
for various reaction times. The figure shows the evolution of a reac-
tion front throughout the reactor bed and can be used to monitor the
evolution of the reaction in-situ. From “Investigation into the Hydra-
tion Behaviour of K,CO; Packed Beds: An NMR Study,” by T. Rae-
maekers, P. Donkers, and H. Huinink, 2023, Journal of Energy Stor-
age, 149(3), p. 826 (10.1007/s11242-023-01985-7). CC BY [23]

on particle level. To increase the resolution, the echo time
must be increased, however this makes it unable to meas-
ure the short relaxation times associated with hydration and
crystal water.

Imaging NMR studies can be expanded with Magnetic
Resonance Thermometry (tMR) investigation. tMR princi-
ples can be used to study a variety of materials [53-55] and
several different techniques exist to conduct NMR tempera-
ture imaging [56]. The basic principle behind tMR is that
parameters such as T1, T2, diffusion constant and chemi-
cal shift are affected by changes in temperature, allowing
for temperature mapping given the values are known at a
reference temperature [57]. The differences and challenges
associated with the assorted techniques are beyond the scope
of this work.

In case of heat storage applications, additional signifi-
cant relaxation shifts occur due to solid-liquid phase tran-
sition of the material, as the interactions between the mol-
ecules change drastically. When several of those effects are
closely monitored and coupled during analysis, a detailed
phase and temperature map of a material can be made.
In LHS, tMR has been used for temperature and phase
mapping of encapsulated phase change material (PCM) on
particle [58] and bed level [59]. Skuntz et al. (2018) used
tMR to map the melt front propagation in a packed bed of
PCM particles (Fig. 8) [59]. The authors took 3 longitudi-
nal slices at various times to visualize the melting behavior
(conversion) versus time and position. The inflow of hot
and inert fluorocarbon-based liquid is placed at the bottom
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Fig.8 Melt front propagation versus time for 3 longitudinal slices.
Blue is fully unmolten and red fully molten PCM (scale bar corre-
sponds to conversion). The white circled areas are areas with high
longitudinal flow whereas the white squared areas are areas with high
transverse flow. The white rectangular boxes labels 1 to 5 are used to
construct transversal slices in Fig. 10 of the original work. Reprinted
from Chemical Engineering Science, 190, M. E. Skuntz, D. Perera, J.
E. Maneval, J. D. Seymour, and R. Anderson, Melt-front propagation
and velocity profiles in packed beds of phase-change materials meas-
ured by magnetic resonance imaging, 164—172., Copyright (2018),
with permission from Elsevier [59]

of the vessel. The melt front propagating from bottom to
top is clearly visible as the gradual changes from blue
(unmolten) to red (molten) with increasing time, allowing
for determination of a melt front and melt front velocity.

Such studies enable the study of the dynamics of melt-
ing and solidification processes at different conditions and
at different positions within the reactor, down to individual
encapsulated particles. Further, the effect of packing and
flow of heat transfer fluid around the particles can be stud-
ied and potential dead zones identified. Furthermore, the
energy transfer process can be also identified and com-
pared with computational data for better understanding of
the multitude of processes that simultaneously occur in a
heat storage reactor.

An adaptation of this technique, done in the study by
Skuntz et al. (2021) in which the heat transfer fluid flow
through the bed has also been probed with NMR [60]. It
adds a complementary set of data aiding in understand-
ing the heat flow patterns observed in the PCM. It also
provides a more holistic approach to studying heat storage
reactors where not only the active material is scrutinized
but also the fluid that transfers the heat.

2.3 Attenuation X-ray Imaging

Similarly to NMR, X-ray imaging is extensively used in
medicine from simple cases as broken bones to advanced
techniques as 3D imaging of the body with a CT scan [61].
In science, it is widely utilized in a variety of disciplines
to image the (micro)structure of various materials such as
construction materials [62], batteries [63], archaeological
specimens [64], and heat storage materials [65]. Several
X-ray imaging modalities exist such as X-ray phase contrast
imaging which uses information on the X-ray phase change
when passing through a sample [66], X-ray dark field imag-
ing which uses the diffracted X-ray beam leaving the sample
to create an image of the interested area [67], and attenuation
X-ray imaging which will be the focus of this section.
Attenuation X-ray imaging employs the contrast differ-
ence caused by X-ray attenuation and can be classified as a
transmission type imaging modality. The X-ray beam gener-
ated by a source of choice (most commonly an X-ray tube
with a tungsten anode) passes through the imaged object.
In the process some of the radiation is attenuated before
reaching the detector. Based on the amount of attenuation
through the sample, contrast can be generated between areas
with high and low X-ray attenuation. The amount of attenu-
ation, which results in visible contrast, depends on multiple
factors. First, the atomic number of the imaged material as
elements with higher atomic numbers tend to cause more
attenuation. Second, the thickness and density of the mate-
rial affect the total attenuation as thicker or higher material
density regions will attenuate the X-ray beam more. Espe-
cially when analyzing phase change materials a sufficient
density difference between the solid and molten phase must
exist [68]. Third, the X-ray energy will affect the attenuation
as lower energy X-rays are attenuated more. By adjusting
the energy of the beam expressed in kV and the radiation
intensity expressed in mAs, an optimal image with good
contrast and high signal-to-noise ratio can be obtained [69].
Thanks to the maturity of X-ray imaging technology,
2D imaging techniques based on X-ray attenuation are
less popular in latest investigations as they give a single
viewpoint of the specimen. Through 3D imaging (com-
puted tomography, CT), a wider range of information can
be gathered at the expense of longer imaging time (sev-
eral minutes up to an hour depending on the exact device
[68]). For example, when imaging particle beds, the X-ray
tomography images can be used to develop a 3D mesh that
replicates the particles and the void between them. Such
a computer-generated mesh can be then used to calculate
various particle or bed properties, such as density or poros-
ity or even to model gas flow and heat transfer through the
imaged volume. An example of such work is the study by
Arya et al. (2024). In this work they focused on imaging
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particle beds and in particular reactive gas flow through the
bed [24]. The authors used micro-CT generated images to
create a 3D model and evaluate the changes in bed proper-
ties after 10 (dis)charge cycles. Both open and closed poros-
ity, grain size distribution, and percolation paths (Fig. 9) in
both packed beds were calculated using GeoDict software
with PoreDict, GrainFind, and percolation path function,
respectively. These results were used to compute the fluid
flow paths using the FlowDict module. Although the use
of predefined modules enables easier computation, it lacks
information about the assumptions and approximation
embedded in these modules.

In Fig. 9 the grey parts represent the salt hydrate whereas
the white parts represent the porous void space between the
particles. The percolation paths (dark grey lines) represent
the connected pores available for vapor transport starting at
the colored spheres at the top of the images. In the uncycled
(left) bed the percolation paths seem more evenly distributed
over the sample volume whereas in the cycled material the
percolation paths appear more convoluted. As these percola-
tion paths are crucial for the vapor flow through the packed
bed using micro-CT can be used to optimize the structure
for efficient use of the bed capacity.

This shows that X-ray tomography is not only a tool for
visual inspection of morphological changes but that it is also
a starting point for a much more sophisticated analysis. The
ability to calculate and visualize flow paths of the reactive

gas through the particle bed and changes in those give inval-
uable insights on how to better engineer particles, reactor
and the gas delivery system. It also enables researchers to
follow the changes in the particles as a function of bed depth
which is not possible with optical techniques that look solely
at the top layer.

With high enough resolution, similar measurement can be
conducted on a single particle. The morphological changes
of those, such as particle swelling and cracking are relatively
easy to image [70]. By imaging a single particle through a
number of cycles, the development of internal porosity in
single TCM particle can be readily followed with micro-CT
[65]. Such data can be then used to correlate the develop-
ment in internal porosity network, increase in particle vol-
ume and enhancement in reaction kinetics.

The impact of particle coating, focus of many investi-
gations on TCMs [71-73], was also studied with micro-
CT by Elahi et al. [74]. Thanks to the high resolution of
the technique, not only the thermochemical material, but
also the coating (polyether sulfone (PES)) itself could be
imaged (Fig. 10). The authors were able to clearly distin-
guish between the salt hydrate (orange) and coating (blue).
Such works give insights into coating properties such as
thickness, porosity, and interfacial properties between
particle and coating as well as the grain structure of the
particle. The porous nature of the coating (Fig. 10B) can
be clearly linked to the SEM image of the top surface of

Fig.9 Percolation paths obtained from CT data in an uncycled
(left) and cycled (right) TCM particle bed which can be used to the
fluid flow in both systems. The grey parts represent the salt hydrate
whereas the white parts represent the porous void space in between
the particles. The percolation paths (dark grey lines) represent the
connected pores available for vapor transport starting at the col-

@ Springer

oured spheres at the top of the images. Adapted from “Characterizing
Changes in a Salt Hydrate Bed Using Micro X-ray Computed Tomog-
raphy,” by A. Arya, J. Martinez-Garcia, P. Schuetz, A. Mahmoudi, G.
Brem, P. A. J. Donkers, and M. Shahi, 2024, Journal of Nondestruc-
tive Evaluation, 43(3), p. 77 (10.1007/s10921-024-01092-7). CC BY
[24]
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Fig. 10 K,CO; macrocapsule
morphology images: one macro-
capsule particle (a), Micro-CT
cross-section (b), SEM interface
image of porous PES coating
and K,CO; granule (c), and top
surface PES coating layer SEM
image (d). From “Boosting
stability of K2CO3 granules for
thermochemical heat storage
applications through innovative
membrane encapsulation,” by
B. Elahi, D. Salehzadeh, W.
Vos, N. Shahidzadeh, G. Brem,
and M. Mehrali, 2024, Chemi-
cal Engineering Journal,

500, p. 157042 (10.1016/j.
cej.2024.1570427). CC BY [74]

Porous PES

K2COs core

the coating (Fig. 10D) showing nanometer sized holes in
between the grain structure of the coating layer. This shows
how Micro-CT and SEM imaging can serve as complimen-
tary techniques.

Several works focusing on LHS have employed X-ray
CT to monitor melting fronts and crystallization behavior
of various materials [75-78]. Thanks to the density differ-
ences between solid and liquid phase, reaction fronts can be
precisely followed (Fig. 11) [79]. This allows for calculating
reaction speeds, degree of conversion and indirectly, tem-
perature distribution in the material.

Additionally, the liquid fraction during the melting and
solidification can be precisely determined. Figure 11a shows
the melting of ice as a function of time. Using X-ray CT
exact liquid fraction can be derived and coupled with a
numerical model. For an in-depth discussion the reader is
referred to Guarda et al. [80].

The work from which Fig. 11b originates also serves
as a clear example of why collecting 3D information is so
important compared to 2D imaging. When looking at the
2D snapshots taken from the full tomography, the reaction
progress can be easily monitored. However, 2D images do
not provide in depth resolved information. For example, in
Fig. 11b solidification of CaCl,-6H,O0 is observed. However,
based on those images it is impossible to tell with complete
certainty whether the crystallization of the needle shaped
particle visible in the middle of the vial starts in the bulk
of the material or if one of the edges touches the wall of
the vial.

When the original 3D images obtained from X-ray CT
(3D rendering) are provided, the exact growth of the crystals

over time is visible in more detail (Fig. 12) [79]. It is now
clearly visible that crystal growth starts at the edges and bot-
tom of the container followed by the fusion of these crystals
growing inwards (towards the center) of the container [81].
This illustrates the key difference in detail which can be
obtained from 2 and 3D images.

2.4 Neutron Imaging

Neutrons, just like X-rays, can be used for diffraction and
imaging studies. Neutron diffraction has been used to ana-
lyze various materials such as crystalline proteins [82] and
single crystals [83]. Neutron imaging is a technique com-
plimentary to X-ray imaging. The main principle of neutron
imaging is like X-ray imaging in the sense that it uses the
attenuation properties of the imaged object. The main dif-
ference with X-ray imaging is that X-rays interact with the
electron clouds of elements whereas neutron interact with
the atomic nucleus. Therefore, in contrast to X-ray imaging,
many lighter elements exhibit high attenuation coefficients
for neutrons while exhibiting low attenuation coefficients
for X-rays.

Hydrogen is one of the elements with high attenuation
coefficient, making hydrogen-rich materials, such as water,
prime candidates for imaging with neutrons. The main dif-
ference with NMR, also suitable for imaging high hydrogen
content materials, is that NMR relies on the excitation of
hydrogen in contrast to the physical interaction neutrons
have. This means that in comparison to X-ray imaging, the
contrast in the image is more closely related to the chemical
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Fig. 11 Melting of Ice (a) and 2D snapshots of the solidification of
calcium chloride hexahydrate (b) using 3D rendered CT images.
From “Volumetric quantification of melting and solidification of
phase change materials by in-situ X-ray computed tomography,” by J.

make-up of the sample and not its physical density. In addi-
tion, neutrons can be used to investigate the nanoporous
structure of materials using small-angle neutron scattering
(SANS) [84].

Neutron imaging has been applied in a wide range of
fields [85]. In energy related topics, it is more commonly
used in visualizing water transport in fuel cells and to image
electrical batteries [86] as lithium has high attenuation coef-
ficient [87]. In case of heat storage, it has been employed
only to visualize processes occurring in TCHS with ammo-
nia or water as reactive gas [25].

In the work conducted by Berdiyeva et al. (2020), NH;
sorption and material expansion into the reactor was fol-
lowed through series of 2D images taken during reaction.
This technique allowed authors to monitor NH; absorption
and material expansion at selected reaction conditions and
position within the reactor compared to the starting value
(white dashed line) (Fig. 13).

Similar to NMR, by evaluating the changes in the signal
attenuation, in this case NH; content as a function of time,
reaction progress can be precisely quantified and related
to degree of conversion. This information was used as an
input for modelling, similarly to the previously described
MRI study on K,CO; [52], and eventually a better reactor
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Martinez-Garcia, D. Gwerder, F. Wahli, D. Guarda, B. Fenk, A. Sta-
matiou, J. Worlitschek, and P. Schuetz, 2023, Journal of Energy Stor-
age, 61, p. 106726 (10.1016/J.EST.2023.106726). CC BY [79]

design. Furthermore, material movement within the reactor,
as shown in Fig. 13, could be visualized. This again can be
used as input for reactor design and operation to accommo-
date the morphological changes. By monitoring the conver-
sion rate within the reactor, inhomogeneities or even dead
zones in the gas or heat supply can be identified and recti-
fied with better design. Furthermore, by following expan-
sion or shrinkage of the material, the points where material
reorganization leads to loss of thermal contact to the heat
exchanged can be detected. Both inhomogeneities in heat
and gas flow can have limited impact for compact systems,
however the severity of such effects will compound in larger
systems. Thus, it is crucial for large scale applications that
they are identified and rectified in advance.

Similar to those investigations, transport of water vapor
into K,CO; particles can be readily imaged. The advan-
tage of using neutron imaging is that apart from structural
changes, clear hydration fronts for water absorption can be
visualized with good contrast as well in a single experiment.
An example of new results provided in this work shown in
Figs. 14 and 15. In this example, neutron imaging was per-
formed at the Paul Scherrer Institute (PSI) in Switzerland at
the ICON beamline. Neutrons are generated using a spalla-
tion neutron source at PSI after which they are moderated
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Fig. 12 Semitransparent 3D
rendering of crystal forma-

tion (grey regions) at different
times. Green regions represent
the liquid PCM phase. Adapted
from “Volumetric quantification
of melting and solidification

of phase change materials by
in-situ X-ray computed tomog-
raphy,” by J. Martinez-Garcia,
D. Gwerder, F. Wahli, D.
Guarda, B. Fenk, A. Stamatiou,
J. Worlitschek, and P. Schuetz,
2023, Journal of Energy Stor-
age, 61, p. 106726 (10.1016/J.
EST.2023.106726). CC BY [79]

t=51min

t=102min t=153min

1 hour 2.5 hours

0 hour

Fig. 13 Conversion and expansion during NH; absorption by SrCl,
at various reaction times inside a selected region within the reactor.
From “In-situ neutron imaging study of NH; absorption and desorp-
tion in SrCl, within a heat storage prototype reactor,” by P. Berdiyeva,

4 hours 5 hours 7 hours

A. Karabanova, M. G. Makowska, R. E. Johnsen, D. Blanchard, B.
C. Hauback, and S. Deledda, 2020, Journal of Energy Storage, 29, p.
101388 (https://doi.org/10.1016/J.EST.2020.101388). CC BY [25]
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Fig. 14 Progress of hydration (conversion) over time at different tab-
let heights calculated from differences in neutron attenuation between
anhydrous (green) and hydrated (yellow) material. The insert shows
a 2D image of the K,CO; particle towards the end of the experiment.
Yellow colour indicates high attenuation coefficient caused by water
absorption and formation of K,CO;*1.5H,0 while the green colour
indicates low attenuation coefficient of anhydrous material. Arrows
point towards the progress in the reaction. The profiles were collected
every 30 min

using liquid deuterium at 25 K. For a detailed instrumental
description, the reader is referred to Kaestner et al. (2011)
[88]. Projections were collected using Golden-Ratio Decom-
position [89].

For analysis, the samples are placed within aluminium
containers which are transparent for the neutrons. This was
done to prevent interaction between the surrounding atmos-
phere and the sample. The sample was exposed to two water
sources with different humidity, resulting in two reaction
fronts within the particle. Those reaction fronts are shown
in form of yellow coloring in the insert (Fig. 14).

The plot shown in Fig. 14 is similar to the reaction fronts
that can be obtained with NMR shown in Fig. 7. In Fig. 7 the
conversion over time over the reactor length is given whereas
in Fig. 14 the same information is given for a single particle.
This shows that neutron imaging allows individual particles
to be measured. Given that the exact sample properties and
the reaction conditions are known, the diffusion constant of
the single particle can be extracted and compared with previ-
ously published values [90, 91]. Furthermore, morphological
changes can be monitored and correlated to the conversion
degree, conversion rate or particle shape.

From application point of view, studying a packed bed
reactor, as the one shown in Fig. 15, is more interesting.
Such experiments, executed in the same experimental setup
as Fig. 14, now equipped with advective controlled humidity,
can clearly show reaction front development in time through
the reactor volume. Furthermore, it shows that the particles
react from outside in (as expected), however close proximity
between some particles hampers the water uptake in some
cases, leaving unreacted (dark) cores at the end of the meas-
urement (Fig. 15B). Moreover, cracks and deformation can
be observed in some particles (Fig. 15B and D). This means
that a more careful image analysis could reveal changes in
particle volume, leading to change in porosity and gas flow
paths through the reactor, similarly to X-ray CT [24, 65].
Note that in Fig. 15 beam hardening effects can be seen as a
higher intensity at the particle edges facing outwards of the
sample. As the detailed explanation is beyond the scope of
this work the reader is referred to the following references
for a detailed explanation [92, 93]

The reverse reaction, dehydration, can also be studied.
This means that the relationships between particle shape,
size packing and vapor/heat supply can be resolved in much
greater detail than when using only classical pressure drop
measurements. This clearly pinpoints where the issues in the
reactor occur and enables much more efficient progress in
the system design. Last, similarly to X-ray CT, data collected

Fig. 15 Selected slices of neutron tomograms taken from the middle of a reactor before (A and C) and during (B and D) K,CO; packed bed
hydration. The use of different particle shapes show how packing efficiency can avvect energy and power density

@ Springer



Journal of Nondestructive Evaluation (2025) 44:141

Page150f20 141

through neutron imaging can be used to generate 3D models
and to study gas flow through the bed.

Finally, neutron imaging has been utilized to visual-
ize processes in light metal hydrides [94-96]. Although
the focus of those works was hydrogen storage, the same
thermochemical reaction (M +n/2 H,=MH,) can be
utilized for heat storage, as H, absorption is reversible
and exothermic [97]. Comparably to water based ther-
mochemical storage, the storage temperature depends
on partial pressure of hydrogen and varies from room
temperature to several hundred degrees Celsius. Hydro-
genation of light metal hydrides suffers from similar
challenges as hydration of salt hydrates, thus the ability
to follow the reaction progress throughout the material
is of great value.

2.5 Other NDT Techniques that could be
of Advantage to Heat Storage Applications

In the sections above, we have presented a series of NDT
techniques that have been utilized on number of occasions
to investigate various heat storage systems. In this sec-
tion, we’ll provide a summary of NDT techniques that has
not been applied to the best of our knowledge, but that we
believe could be of use in this field of research.

Scanning acoustic microscopy (SAM) uses focused
sound waves to image an object. It is commonly used to
visualize defects within material and to conduct failure
analysis. In the energy storage field, it has been used to
investigate various aspects of lithium batteries such as elec-
trode aging, or casing damage [98]. It is a useful technique
for detecting impurities and cracks, often used in combina-
tion with X-ray tomography. In nuclear power plants, it has
been used for in-situ diagnosis and monitoring of corrosion
of the molten-salt reactor [99]. Such work could be poten-
tially applied to sensible heat storage reactors using water
or molten salts.

Positron Emission Tomography (PET) imaging is another
technique commonly used in medicine and other fields of
science but not utilized in heat storage. It utilizes radioac-
tive substances to monitor their location, concentration and
movement, if for example injected into blood flow. Jing et.al.
has utilized this technique to investigate the process of CO,
geo-sequestration [100]. To do so, they generate [''C] CO,
radioisotope and directly inject it into their CO, sorbent sam-
ples. The reaction mechanism is comparable with sorption
based thermochemical storage. Commonly, water vapor is
used as reactive gas and CO, as an impurity, when for exam-
ple zeolites are considered as a heat storage material. Nev-
ertheless, there are certain thermochemical reactions that
utilize CO, as the reactive gas, where this technique could
be more applicable [101-103].

2.6 Comparison of Techniques
2.6.1 Imagingin 2D or 3D

As mentioned at the start of Sect. 2, many of the above-
mentioned techniques, and in particular NMR, X-rays and
neutrons, can be used to generate both 2D and 3D images.
The advantage of taking 2D images is shorter imaging time
which might facilitate following the processes in near real
time. Depending on the technique, it takes less than one
minute to collect a single image. Higher quality images
require longer exposure times to improve the signal to noise
ratio, however if the reaction progress is sufficiently slow
this might not have significant impact on the collected data.
Unfortunately, 2D images typically give an accumulated
composition in the view direction. This means that they
tend to be an average of the imaged volume or a snapshot at
certain depth within the material or provide surface informa-
tion. It also means that assumptions must be made regarding
the uniformness of the observed phenomenon in other direc-
tions. If samples are uniform and symmetrical, such assump-
tions are readily made, but in many cases the properties of
the sample vary throughout the volume, making the observa-
tions less precise and incomplete information is obtained.

By integrating a range of images at different angles we
can obtain a 3D volume representation. This means that such
data can be used to look at both the entire volume and at
selected 2D slices. However, in this case, the viewpoint of
the 2D images can be selected after the measurement and
readily be changed depending on the interest. Nevertheless,
such images will be compounded by an imaging sequence
that can take from several minutes to more than half an hour.
It means that it is in general not suitable for fast processes,
as effects of those will get lost due to the necessary image
integration in postprocessing. It must be noted that some
techniques are available which generate 3D images in a
faster manner such as using synchrotron radiation [104]. For
this, the golden ratio acquisition method can be used which
sacrifices spatial resolution in favor of temporal resolution
[89]. Further, the generation of 3D images is more expen-
sive computationally and timewise, compared to 2D image
analysis. However, if such work is done well, it can be used
as input for further modelling work, as demonstrated before.

The key benefits and drawbacks of 2D and 3D imaging
techniques are summarized in Table 1.

2.6.2 Comparison of Imaging Modalities
As mentioned in Sect. 2.2, many of the techniques are com-
plementary to each other. In particular, neutron and X-ray

imaging are often used in tandem [105]. This is because
neutrons interact very well with organic materials (due to
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Table 1 Benefits and drawbacks of using 2D and 3D imaging tech-
niques

Benefit Drawback

2D Fast Images as average of the volume
More accessible Single viewpoint
Can give near life view of Requires several assumptions dur-
a reaction ing analysis

3D  Full view of the process  Time consuming post processing
Can give 2D images from Sensitive to gradual changes dur-
any viewpoint ing the scan
Requires sophisticated detector
and/or processing software

high H concentration) which are semi-transparent in X-ray
due to low density and amorphous nature. On the other hand,
heavier elements tend to be opaque in X-ray and more trans-
parent in neutron. This enables to obtain two drastically dif-
ferent images. NMR imaging falls between the two other
techniques as the primary contrast comes from differences in
proton density and the chemical nature of the imaged object,
similarly to neutron imaging, but it does not have equal pen-
etration depth.

NMR imaging is a mature technology enabling both
2D and 3D visualization of various objects. It is relatively
accessible, and it uses non-ionizing radiation (magnetic
fields and radio waves). As mentioned, it relies on the
concentration of specific nuclei and it is not suitable for
dense materials, which somewhat limits its applicabil-
ity in science and engineering. Furthermore, the main
disadvantage of this technique is its inability to image
samples that can be permanently magnetized or that are
encapsulated in material that can be permanently mag-
netized or that has a high density of protons. This means
that samples that are inserted into NMR cannot be placed
in a metal vessel, as this would be attracted by the mag-
netic field. Also, most common polymers cannot be used
for vessel construction due to their high H-concentration
that would overshadow any material placed inside. Most
commonly, glass or PTFE sample holders are utilized
as they will not disturb the signal or provide additional
background noise. This unfortunately puts significant
constraints on the vessel design, resulting in only rela-
tively small reactors being imaged.

X-ray imaging is a further mature technology used for
both 2D and 3D imaging studies. It is highly available com-
pared to other techniques considered, with the advanced set-
ups providing resolution of tens of nanometers (nano-CT). It
is ideal for imaging dense materials; however, the ionizing
radiation might pose issues to for example biobased mate-
rial. A possible downside to using X-rays is that X-rays can
affect the wettability of certain materials during the meas-
urement, possibly affecting the results [106]. Besides that,
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there are no other material limitations regarding X-ray imag-
ing. It implies that polymers can be used to construct sample
holders as they are relatively transparent to X-rays.

In some cases, for X-ray, NMR and neutron imaging,
contrast agents can be used to further enhance image qual-
ity. Such agents are then more sensitive towards the cho-
sen technique than the rest of the sample, thus showing up
more clearly during imaging. Contrast agents for X-rays can
be used to better visualize flow patterns through the mate-
rial or highlight areas of interest through absorption [107,
108]. In many cases, the contrast agents do not chemically
interact with the sample, and they can be fully removed after
the experiment. For NMR imaging, metallic particles, such
as Fe,0, could be utilized as iron strongly interacts with
magnetic fields. Nevertheless, many other options are pos-
sible, depending on the final application [109]. For Neutron
imaging liquid gadolinium contrast agents can be used. For
example, in crack detection these gadolinium compounds can
penetrate the cracks enhancing their visibility [110, 111].

Finally, neutron imaging can be used to obtain comple-
mentary data to X-ray or NMR. However, because it requires
access to specialized facilities, it presents limited use in the
wider scientific and industrial community. In addition, the
spatial resolution is lower, and acquisition times are longer
compared to X-ray CT. It has a great penetration depth and
resolution of 10—100 um. Although, in principle, any mate-
rial could be imaged using neutron beams, many do become
radioactive after exposure, making them impossible to han-
dle without potential associated health risks. Finally, with
greatest contrast provided by light elements, the variety of
applications is somewhat limited by the chemical composi-
tion of the material. Aluminium has been shown to be an
ideal material for sample vessels as it is transparent in neu-
tron beams and its activation decays quickly. Polymers are
not suitable due to their high hydrogen concentration, but
any parts made from organic material can be easily picked
up in the imaging process.

3 Conclusion

The understanding of processes in heat storage materials
and reactors can be greatly improved using non-destructive
methods that allow a view inside the objects. The advan-
tage of non-destructive methods is that the sample remains
intact, experimental changes can be monitored in-situ, and
the experiments are less labor intensive. Three most uti-
lized non-destructive techniques for heat storage systems
are NMR, X-ray imaging, and neutron imaging.

NMR can be used to characterize both TCES and LHS
systems. When investigating TCES systems, NMR can only
provide information on the overall reactor as the spatial
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resolution is too low for identification of individual parti-
cles, whereas on the other hand in LHS systems employ-
ing tMR, individual particles in the reactor can be distin-
guished as well. NMR and tMR are therefore best suited
for imaging samples for which structural information is
less important.

X-ray imaging is a suitable method for investigating the
structural evolution in TCES and LHS reactors. Individual
particles can be imaged as well due to the higher spatial
resolution compared to NMR. X-rays can be successfully
used to probe the conversion in these systems due to the den-
sity difference between the charged and discharged states.

A suitable addition to X-ray imaging is neutron imaging
as it relies on the hydrogen content of the sample. In a TCES
system, the contrast between charged and discharged mate-
rial can be the highest as the charged (dry) material mostly
does not contain any hydrogen atoms. The images of TCES
systems obtained from X-ray and neutron imaging can be
superimposed providing full structural and conversion infor-
mation of the sample. The downside of the technique is that
it is relatively expensive, only small sample sizes can be used.

Which technique to use greatly depends on the required
information and sample characteristics. Whereas spa-
tial resolution improves in the order of NMR < neu-
trons < X-rays, the experimental difficulty increases in the
order of NMR < X-rays < Neutrons, resulting in a trade-off
between the desired information and available resources.

Nevertheless, it should be remembered that the gauge
volume changes with the resolution. When very fine reso-
lution is desired, typically only a small volume can be
imaged, thus limiting the experimental scope. However,
as each technique provides unique information about the
sample combining multiple techniques, such as for exam-
ple neutron tomography and thermal imaging, is desired
for a full understanding of the heat storage system. Only
by overlaying several data sources can a complete picture
of such complex system be obtained.
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