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Abstract

Abstract

Thermal energy storages integrated in industrial processes allow for higher degrees of
energy flexibility and reduction of fossil fuel use. The combination of latent heat thermal
energy storage systems with water/steam processes can lead to optimized thermal gradients
and therefore good system efficiencies. Storage units and systems have been proven at pilot
scale. The integration in industrial processes remains a challenge, due to the size of the
systems as well as the hurdles in design, permitting and build.

This thesis encompasses the parametrization, design, build, integration and initial
operation of a megawatt-scale latent heat thermal energy storage unit, producing superheated
steam for an operating cogeneration plant and industrial process customers. The storage unit
can produce superheated steam at more than 300 °C and 25 bar at a mass flow rate of 8 t/h for
at least 15 minutes. The data of the dispatchable production of superheated steam for more
than 20 minutes show the thermal power and capacity at 5.5 MW and 1.9 MWh.

In order to develop this storage system and show the feasibility of the novel aspects of
producing superheated steam in once-through operation, providing megawatt-scale thermal
power and capacity, and integrating it into an operating system, various steps are involved.
These steps are a combination of upscaling the thermal power and capacity, designing for a
feasible build and for given system requirements, and system integration development. The
upscaling in thermal power results in the development of a very dense fin structure and tight
tube-spacing. The upscaling in capacity requires the development of a design model with
capabilities for analysis of thermal losses and possible non-ideal flow through the headers, as
well as more banal aspects such as transportability and weight considerations as well as
physical filling capability with the pelleted salt during commissioning, and accessibility for
permitting bodies. System integration in an operating system considers charging and
discharging with the available components and maximization of benefits to the plant. This
integration, requiring not just a design and optimization of the storage technology itself but of
the whole system, is a novel point of view for the development of latent heat storage systems.
It is not critical that the storage itself provide all of the parameters, but that the system

integration makes this feasible.






Kurzfassung

Kurzfassung

Die Integration von thermischen Energiespeichern in Industrieprozesse tragt wesentlich
zur Flexibilisierung des Energiesystems sowie zur Reduktion des Einsatzes fossiler
Brennstoffe bei. Die Kombination von Latentwérmespeichern mit Wasser-/Dampfprozessen
kann zur Optimierung von Temperaturgradienten und damit zu hohen Systemwirkungsgraden
beitragen. Im Pilotmalistab haben sich Speichereinheiten und -systeme bereits bewahrt, die
Integration in Industrieprozesse bleibt jedoch aufgrund der GroRe der Systeme sowie der
Hirden bei Entwurf, Genehmigung und Bau eine Herausforderung.

Diese Arbeit umfasst sowohl die Parametrisierung und den Entwurf, als auch den Bau, die
Integration und den initialen Betrieb eines Latentwéarmespeichers im Megawatt-Malistab, der
Dampf flr einen industriellen Prozesskunden erzeugt. Der Speicher soll Dampf bei einer
Temperatur oberhalb von 300 °C bei 25 bar und einem Massenstrom von 8 t/h fiir mindestens
15 Minuten erzeugen. Die Daten der bedarfsorientierten Erzeugung von uberhitztem Dampf
fiir mehr als 20 Minuten unter diesen Bedingungen zeigen eine thermische Leistung und
Kapazitat von 5,5 MW und 1,9 MWh.

Um dieses Speichersystem zu entwickeln, sind verschiedene Schritte nétig, die allesamt
neue Aspekte abdecken: Sowohl die Erzeugung von uberhitztem Dampf im Durchlaufbetrieb
und die Bereitstellung von thermischer Leistung und Kapazitat im Megawattbereich, als auch
die Integration in ein bestehendes Betriebssystem. Dies erfordert eine Kombination aus der
Hochskalierung der thermischen Leistung und Kapazitat, der Konzeption eines realisierbaren
Aufbaus sowie der Entwicklung der Systemintegration. Die Leistungssteigerung fuhrt zur
notwendigen Ausarbeitung einer sehr dichten Rippenstruktur und entsprechend engen
Rohrabstanden. Zudem ist eine Modellierung mit Analysemoglichkeiten von Warmeverlusten
und potentiell nicht idealer Stromungen der Wasser-/Dampfseite im Sammler erforderlich.
Weiterhin werden Aspekte von der Transportfahigkeit Uber die Beftllbarkeit mit pelletiertem
Salz wahrend der Inbetriebnahme bis hin zur Zuganglichkeit fur Zulassungsstellen behandelt.
Die Entwicklung der Systemintegration in den laufenden Betrieb ermdglicht die Be- und
Entladung mittels bestehender Komponenten und somit eine Optimierung der
Anlagennutzung. Diese Integration, die nicht nur eine Auslegung und Optimierung der
Speichertechnologie selbst, sondern eine Anpassung des gesamten Systems bedarf, eroffnet
neue Blickwinkel fiir die Entwicklung von Latentwarmespeichern. Entscheidend fiir den
Erfolg ist hierbei nicht nur die Betrachtung der Speicherkomponente, sondern die Betrachtung

des gesamten Prozesses.
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Infroduction

1. Introduction

With the climate change act of 2021 from the German Federal Government [1], a law was
passed to commit Germany to greenhouse gas neutrality by 2045, reducing emissions by 65%
of the 1990 levels by 2030. For industrial processes, this means reducing or eliminating fossil
fuel use wherever possible. A possibility for the reduction of fossil fuel use in process steam
applications is the integration of thermal energy storage systems. There are various options
for this integration. One is to couple to-date separate processes, allowing for a transfer of heat
between, for example, batch and continuous processes. Another is to provide peak energy by a
storage system in a variable demand system, allowing for a smaller dimensioning or nominal
load operation of a fossil-fuel burning unit. A third possibility is the provision of energy as a
standby operation, providing energy to bridge between operation of different components. A
fourth is to integrate electricity provided by renewable energies via a heat pump or directly
converting this to heat, providing process steam directly through a thermal energy storage
system. These are examples, but do not cover all of the decarbonization methods in process
steam operation that are possible with thermal energy storage systems.

Each of these needs has two factors in common: the need is very dependent on the
individual process being analyzed and, currently, thermal energy storages have not been
developed to a commercially available state for such applications, allowing for an easy
integration and adaptation. Within the work of this thesis, the world’s largest high-
temperature latent heat storage system for the production of superheated steam at the
megawatt scale was developed, built and integrated into an operating cogeneration plant,
raising the technology readiness level [2] of the technology from 4 to 5.

In the next two sections, first the industrial process decarbonization and the specific
process considered in this work and then thermal energy storage development are discussed.
This is followed by an outline of the research objectives and method, thereby presenting the
publications that are the core of this thesis.



Introduction — Industrial process decarbonization

1.1. Industrial process decarbonization

Production processes relying on steam have been built and adapted to maximize product
manufacturing. This results in greatly varying operating parameters, depending on duration of
production, production equipment and the processes involved. The temperature ranges
involved have been analyzed and detailed by several authors. Nagler et al. [3] differentiate the
process heat demand in the European Union into four temperature categories — <100 °C, 100-
500 °C, 500-1000 °C and >1000 °C — showing the different energy amounts needed in
different industrial processes. Rehfeldt et al. [4] differentiate between <100 °C, 100-500 °C
and >500 °C for the European Union plus Norway, Switzerland, Iceland, analyzing process
heat as well as space heating and cooling demands. In a deliverable of Heat Roadmap
Europe [5], the heating and cooling demand for 28 member-states of the European Union
were analyzed regarding sub-sectors, end-use technologies and temperature levels. Here, it
was concluded that process heat at temperatures above 200 °C accounts for about 50% of
industrial heating and cooling demand.

In addition to temperature, the mass flows, pressures and variations in duration of demand
are obvious differences in process steam requirements between industry types as well as
specific sites. This makes the development of a standardized energy source or system for
meeting demand essentially impossible. According to [4], natural gas accounts for 935 TWh
or 39% of the total energy use for industrial heating and cooling in the European Union.

To attain the abovementioned goal of decarbonization, one of the building blocks can be
the integration of thermal energy storage systems. Integration of energy storage systems is
dominated by the variety of potential processes in which the storage technologies can be
deployed as well as the various benefits they deliver. Therefore, the requirements for thermal
energy storage systems vary greatly depending on the chosen application, just as the systems
themselves have different capabilities depending on their technical principles. In Paper I, a
systematic methodology that approaches the challenge of characterizing and evaluating
thermal energy storage systems requirements in different industrial applications is presented.
Key parameters from a system point of view are time-dependent mass flows, temperatures,
pressures and working media. These in turn result in design criteria such as rate of heat
transfer, necessary capacity, temperature range of operations, and working media.

Within this thesis work, a thermal energy storage unit was integrated into a heat- and
power cogeneration plant in Neunkirchen-Wellesweiler, Germany. This plant provides
process steam for industrial customers. The system and requirements for this storage system

are discussed in Paper 111 and Paper V. These requirements are summarized here to detail
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this process steam integration. The cogeneration plant consists of a gas turbine with 5.2 MW¢
and 8.5 MW, nominal powers connected to a downstream heat recovery steam generator, as
shown in Figure 1. In parallel, two auxiliary boilers, each with a nominal power rating of

13 MWy, also connect to the steam mains.
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Figure 1: Simplified schematic of the cogeneration plant, showing the gas turbine with heat recovery steam generator in
parallel to the two auxiliary boilers. These have main inlets from the feedwater tank and outlets to the steam mains.

The gas turbine solely burns mine damp; the auxiliary boilers can burn either light heating
oil or mine damp, depending on the mine damp quality and availability. Mine damp is
collected from previous coal mining sites and is distributed within a mine gas network in the
state of Saarland. Due to the nature of the energy source, fluctuations in both quality and
quantity of the mine damp occur. The burning of mine damp was classified within the
Renewable Energy Sources act (Erneuerbare-Energien-Gesetz, EEG) to be beneficial to the
climate. This was analyzed and discussed in an expert’s report regarding the future of mine
damp networks in the state of North Rhine-Westphalia [6]; the technical overview is also
applicable to the state of Saarland, in which Neunkirchen-Wellesweiler is located. As detailed
here, the amount of mine gas available will decrease in the future due to natural flooding of
the abandoned mines; relevant methane quantities are, however, forecasted to be emitted
through 2030.

To produce the necessary steam for customers, the steam mains are operated at a minimal
temperature of 300 °C and a pressure of 25 bar. Condensate is returned to the plant from the
customers and is stored in a feedwater container after the water quality is maintained.

The cogeneration plant is operated according to the demands of the steam customers,
which vary according to production and weather. Due in part to the remuneration based on the
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Renewable Energy Sources act classification, the gas turbine is the preferred primary load
bearer. This results in several operating modes for the plant, that vary according to annual
seasons. In the summer, process steam is produced for several industrial processes. In the
winter, space heating energy is supplied as well. A mixed operation is necessary in spring and
autumn. The main components of the cogeneration plant are operated accordingly in order to
meet these varying demands.

Each component can be operated at full load or partial load, both of which produce steam
and burn fossil fuels. Minimal load is the lowest load at which the component can be operated
while burning fuel. For these auxiliary boilers, startup from minimal load to full load takes
approximately two minutes. In addition, a further operating mode is possible in the auxiliary
boilers: heat maintenance. In this mode, steam from an operating unit (in this case, either the
heat recovery steam generator or the other auxiliary boiler) flows through the auxiliary boiler,
maintaining a minimum temperature in the boiler components. This allows for a fast (here,
about 15 minutes) return to full load compared to startup from ambient conditions, as well as
less stress on the components due to load changes.

One of the customers of the cogeneration plant operates a process with very critical steam
parameter demands, one of which is an uninterrupted supply. When the gas turbine trips due
to fluctuations in mine gas supply, or for other reasons such as component failure, the steam
emitted from the heat recovery steam generator has acceptable steam quality for the customer
for about two minutes. In order to ensure uninterrupted supply, while one component is in
operation, another is always kept at least at minimal load. This allows for a fast transition
(<2 min., see above) when necessary. As minimal load requires a burning of fossil fuels, this
operating scheme results in a constant burning of fossil fuels as a standby. The frequency of
such supply transitions, according to the cogeneration plant operator, varies highly: between
multiple times a week to once a month. Figure 2 shows a distribution of operating modes
analyzed for the year 2021 for both auxiliary boilers and the gas turbine. The yellow bars
show the summed times per month during which the gas turbine was not in operation and the
auxiliary boilers assumed the primary steam production load. The summed times during
which neither boiler was at minimal load — therefore either in heat maintenance or producing
steam to augment overall production — are shown in blue. The times during which either
auxiliary boiler was at minimal load are shown in green and indicate cases in which fossil fuel
is burned to provide a standby for the steam production. As the cogeneration plant provides

steam for heating purposes in the winter, the operating modes vary by season. In the year
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analyzed here, discussed in [7], the gas turbine was repaired in January, resulting in a long

shut-down time and therefore yellow bar in that month.
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Figure 2: Operating modes at the cogeneration plant for the year 2021, cumulated per month, showing times during which
the gas turbine is tripped, neither auxiliary boiler is at minimal load and the summed times a boiler is at minimal load.
Based on [7]

A possibility for the reduction of carbon emissions from this cogeneration plant is the
reduction of operation in minimal load through the replacement of the auxiliary boiler standby
operation through a thermal energy storage system. This would reduce the times at minimal
load by between 3 and 74%, depending on the season. Based on the analysis by Tawitpat [7],
this would have resulted in a reduction of fuel use by about 8845 MWh/a in 2021.

1.2. Thermal energy storage

In this section, an overview of the state of research and development for thermal energy
storages is discussed, in order to give a framework for the work in this dissertation.

1.2.1. Classification by energy storage principle
Thermal energy storage systems can be classified into sensible, latent and

thermochemical concepts, listed in the order of technological maturity. This differentiation
and categorization has been described by many authors, including Cabeza et al. [8] and
Steinmann [9]; the classification is briefly summarized here.

In sensible systems, the energy is stored through an increase in temperature of the
medium. This can be either a solid medium through or around which heat transfer fluid flows,
as with packed bed or particle storage, or a liquid medium that is used either directly or via a
heat exchanger, as in pit storages and molten salt storages in concentrating solar power

applications, respectively. These types of systems are by far the most common type of storage
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system [8], and today are used in industrial settings both in the form of heated solid media
such as rocks or formed stones in regenerator storages [10] and as molten salt storage systems
in concentrating solar power plant settings. In the future, these may also be viable as thermal
energy storages for industrial processes [11]. Research in sensible heat storage has various
aims. One is to expand system boundaries by increasing the operable temperature ranges
through material research and monitoring, which would allow for higher power block
efficiencies [12, 13, 14, 15]. Another is to optimize system design such as by applying
thermoclines [16, 17]. Cost reduction through use of slag or other cheap materials [18] as well
as adaptation for electrical charging [19] and integration into Carnot batteries [20] are further
aims.

In latent heat storage, the storage is operated around a phase change temperature of the
storage medium. This is typically for the phase change between solid and liquid states, due to
lower volume changes from this state change as compared to liquid and gas. This technology
has been developed for a wide range of applications and temperature ranges, as reviewed
concisely by both Mehling et al. [21] and Du et al. [22]. These have partially been developed
to commercial maturity, and some are still in research and development. This technology is
the focus of this thesis, and relevant concepts and developments are discussed in the next
section.

Thermochemical energy storage systems are based on reversible chemical reactions;
energy is stored during endothermic reactions with a following separation of reactants. It can
again be released during an exothermic reverse reaction. The energy release can be controlled
by the temperatures and pressures required for reactions to occur. Research topics for
thermochemical systems include stability and movement of the solid reactants, heat transfer

through the solid reactant, system design and scalability and system integration [23].

1.2.2. Development and research topics in latent heat storage systems
In latent heat storage, heat is transferred to a phase change material, or PCM?, during

charging. This PCM is heated by the heat transfer fluid, or HTF?, above the phase change
temperature, thereby melting from the solid state to the liquid state. Barring thermal losses,
this heat is stored until required, at which point the heat transfers back to the system. For such
a system, both the PCM and the concept for heat transfer and containment are integral.

Nazir et al. [24] reviewed the work on phase change materials, providing a good summary
of the goals and parameters. Ideally, the PCM has a high specific heat capacity as well as high

1 PCM: phase change material
2 HTF: heat transfer fluid
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thermal conductivity, a good thermal stability, low flammability, no or controllable
supercooling, low corrosivity and low volume change during phase change. When developing
a storage for an application type or specific system, the phase change temperature needs to
match the temperature demands of the system, and ideally be both cheap and available while
being ecologically acceptable. Materials research on PCMs aims to synthesize such materials
with specific phase change temperatures, apply coatings or encapsulations for a better heat
transfer, as well as to enable a better characterization of the known materials. For the
temperature range from 200 to 350 °C, Bauer et al. [25] determined the applicability of nitrate
salts as PCMs. Specifically, sodium nitrate with a melting temperature of 306 °C has been
well characterized [26].

The goals of the concept for heat transfer and containment of the PCM are multifold. On
the one hand, the storage material simply needs to remain in place, regardless of its physically
molten or solidified state and the volume change inherent to the change between states. This
containment portion of the concept also needs to minimize or reduce, depending on system
requirements, heat losses to the environment. On the other hand, the heat needs to be
transferred into and out of the PCM at the desired rate over the desired time. This aspect has
led to much research and development, leading to various latent heat storage concepts.
Reviews and analyses of these have been conducted by several authors, including
Steinmann [9], Du et al. [22], Tao and He [27], Elarem et al. [28] and Sharma et al. [29]. A
brief overview is given here in order to show the level and breadth of development and
research attained thus far. Differentiation in applications lead to differing developments. For
this thesis, the term ‘high temperatures’ denotes temperatures greater than 100 °C, above
which water cannot be stored at atmospheric pressure in the liquid state.

The main concepts that have been developed thus far are microencapsulation, addition of
nanoparticles to the PCM, the creation of composite PCM/heat transfer materials, active
removal of PCM from the heat transfer surface, insertion of foams or wire structures into the
PCM, macroencapsulation of the PCM or use of extended fins.

In microencapsulation, the PCM is contained in capsules in order to contain the material
while increasing the surface area for heat transfer. With this encapsulation, the PCM can be
integrated in buildings, textiles or directly in an HTF to create a slurry. These concepts are
reviewed by Huang et al. [30] and Giro-Paloma et al. [31]; it is a concept that has thus far not
been developed for high temperature applications.

Nanoparticles added to a PCM aim to increase the thermal conductivity of the material,

though these also, according to extensive reviews by Kibria et al. [32] Tariq et al. [33],
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continue to entail materials research regarding material stability, as well as human and
environmental safety considerations.

In composites, PCMs are combined with a structure material to increase thermal
conductivity and, ideally, reduce corrosivity, as reviewed by Jiang et al. [34]. This publication
discusses the work on composites, showing that the materials research on compatibility of
components continues to be the main focus. Steinmann et al. [35] analyzed a composite of
nitrate salts with graphite flakes for high temperature applications, determining that material
separation occurs during thermal cycling. Zondag et al. [36] have analyzed composites of an
organic PCM and graphite that show good thermal stability at temperatures between 150 and
250 °C.

In active removal concepts, the solidified PCM is physically removed from the heat
transfer surface, allowing this surface to be continually used for further heat transfer. Various
concepts have been developed and range from the movement of PCM, in a container, away
from the HTF as developed by Pointner and Steinmann [37] to the removal of solidified PCM
with a scraper as developed by in different setups by various researchers. Tombrink et al. [38]
developed a horizontal rotating drum, from which the solidified PCM is removed. Maruoka et
al. [39] and Egea et al. [40] developed vertical scraped cylinder storage concepts. Nepustil et
al. [41] developed a flat-plate storage unit, whereby the solidified PCM is scraped from the
flat plates. Zipf et al. [42] researched a scraped auger screw-type heat transfer concept. All of
these concepts have in common that they are as yet in an early stage of research, developing
solutions to problems with stability of moving parts with HTF and PCM contact, system
design and scaling. The potential of active concepts with the possibility for separation in
design of the heat transfer area and the thermal energy storage capacity makes these attractive
for very large-scale integrations. Several of these concepts were analyzed for system
development by Alario et al. [43] in 1980, underlining the difficulties in developing these
concepts to high technology readiness levels. As yet, they have not been developed for use
outside of the laboratory environment, and have been operated at limited pressure and
temperature ranges.

Macroencapsulation aims to increase the surface area for heat exchange. Some designs for
macroencapsulation are open to the atmosphere [37], while others are fully enclosed and can
be immersed in the HTF [44, 45]. According to Liu et al. [46], concepts have been well
developed for building applications. For process steam and other high temperature
applications, two problems remain difficult to manage. One the one hand, if the HTF is a

pressurized medium, in a macroencapsulated concept, both the containment for the HTF is a
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pressure vessel and the macroencapsulation itself must withstand the higher pressures as well.
The second difficulty is allowing for the volume change of the PCM during phase change
while maintaining capsule leak integrity, as discussed by Steinmann et al. [35].

Another method for enhancing the thermal conductivity of PCM is to integrate structures
with high surface-area-to-mass ratios — foams, wools, wire structures. These have been
approached at low temperatures for copper foams numerically by Lei et al. [47] and
experimentally by Martinelli et al. [48], aluminum fibers experimentally and numerically by
Klemm et al. [49], copper wire structures numerically by Schlott et al. [50] and steel wool
experimentally by Gasia et al. [51]. Prieto et al. [52] analyzed the combination of stainless-
steel wool with a porosity of 98.6% and sodium nitrate as the PCM for high temperature
applications, showing promising but early results. This development for reducing the heat
transfer structure mass in a storage design should be continued. The feasibility of having a
good thermal connection between the fibers, wool, etc. in a physical build needs to be
determined.

Heat transfer structures have been used to enhance the overall thermal conductivity of the
PCM. This method has been applied to flat plate concepts of latent heat storage concepts [53,
54, 55], which have thus far been tested in lab-scale environments, as well as tube-and-shell
storage concepts. In the tube-and-shell storage concepts, the PCM can be on the inside of the
tubes and the HTF outside, as analyzed by Zondag et al. [36]. With this concept, the entire
storage system is a pressure vessel as in macroencapsulated systems. If the PCM is on the
shell side, only the tube register is a pressure vessel, but increased attention needs to be paid
to the enhancement of thermal conductivity to attain necessary process-steam heat transfer
levels. As this is the concept focused on within this dissertation, it is discussed in more detail

in the next section.

1.2.3. Finned-tube latent heat storage concepts
One of the concepts being developed for high temperature latent heat storages is an

extended finned tube in a shell-and-tube assembly. This concept can be used at high pressures
for steam applications. Several authors have reviewed the current state of research on finned-
tube latent heat storage concepts, including Dhaidan et al. [56], Ibrahim et al. [57], Lin et

al. [58], Li et al. [59] and Eslami et al. [60]. These reviews show that although there is
extensive research on optimizing and understanding fin design and optimal arrangement,
including experimental, analytical and numerical work, experience in scale-up and with real

processes remains extremely limited. The design of the extended fins allowing for
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independent thermal expansion of the tubes and fins with a physically possible assembly has
not thus far been optimized.

In order to have a large amount of storage material between heat transfer tubes, a large
tube spacing is needed. This in turn requires long fins or structures, in order to enhance the
heat transfer throughout the PCM. The overall aim of the fin is to transmit heat from the HTF
and the tube to the PCM. Hubner [61] analyzed the effect of a gap between the fin material
and the tube material, showing that it is critical to minimize gaps. Pizzolato et al. [62] have
shown that a gap is only critical for higher power levels. A common finned-tube concept is
extended fins, as discussed in the review papers mentioned above. A further method, as
discussed and tested by Garcia et al. [63], is the use of standard finned tubes with metal
inserts in the PCM between the finned tubes. This is a promising concept for reducing costs in
feasible large-scale units. This method overcomes the aspect of attachment of the fins to the
tubes.

Laing et al. [64] compare the effects on heat transfer due to the use of four different
materials as the fin structure: graphite, carbon steel, stainless steel and aluminum, concluding
that, for operating temperatures above 250 °C, aluminum is the optimal material for heat
transfer structures.

Aluminum has a higher coefficient of thermal expansion (for example, 23.4x10%/K for
Aluminum 6060 (3.3206) [65]) than steel (for example, 10x10%/K for 16Mo3 [66]). For a
feasible thermal cycling, this differential needs to be considered in the design. One method for
attachment is tested by Urschitz et al. [67], using a hinge clamp on the outside of the fin
geometry to hold the fin segments to the tube, centered between several segments. In Paper
11, two attachment methods for aluminum fins on steel tubes were analyzed, determining that
a method of clipping the fins to the tubes [68] is feasible from a manufacturing point of view
as well as operationally stable. A second method of clamping the fins to the tubes was found
to be unsatisfactory as a standalone solution. Pairing this with the clipping method [69] could
lead to reduced costs.

Hubner et al. [70] focused on a techno-economic analysis, designing a fin and storage
concept that is a combined optimization of the thermodynamic ideal and is technically
feasible and attractive at large scale builds. This design was tested at a lab-scale with the
design application being direct steam generating concentrating solar power plants, as
discussed in [61]. The aim in this application is a high-power application for long periods of

time, resulting in a large fin design, with a large storage volume between the fins.
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Laing et al. [71] developed a latent heat storage using plate-like aluminum fins for direct
steam generating concentrating solar power plants, combining the operation of the latent heat
storage system with a sensible heat system based on concrete. This storage design was tested
to have a heat transfer rate of 480 kW and a capacity of 700 kwh [72], producing about
0.3 kg/s (or 1.1 t/h) saturated steam in recirculation mode. This storage unit had 152 tubes,
each 6 m long, and contained about 14 t of sodium nitrate as the PCM.

Vuillerme [73] similarly combined sensible heat storages with a latent heat storage, using
the finned-tubes with inserts [63]. This allowed for a storage capacity of 852 kWh with 8.6 m3
(about 19.4 t [26]) of sodium nitrate as the PCM, using 61 tubes, each 4.5 m long. With a
sensible storage unit located as a preheater and superheater (from a discharging perspective),
this system produces superheated steam directly from a concentrating solar power test site; the

latent heat storage system alone produces saturated steam.

1.3. Research objectives and method

This thesis focuses on the development and analysis of a thermal energy storage system
for a cogeneration plant providing process steam with critical parameters for industrial
customers. The idea behind the storage integration is to reduce the use of minimal load
operation of the auxiliary boilers, as discussed in section 1.1. In order to act as a standby, the
storage system needs to assume full steam load within two minutes. The steam production
needs to meet the minimal parameters for the critical customer: 8 t/h, 25 bar, at least 300 °C.
The saturation temperature of steam at 25 bar is 226 °C. Steam production needs to be upheld
for at least fifteen minutes, during which time the auxiliary boiler can be ramped up from heat
maintenance to full load operation. With a feedwater temperature of 103 °C, this results in a
required heat transfer rate of 5.72 MW, and a capacity of at least 1.43 MWhy.

A two-tank thermal energy storage system was analyzed for integration in this
cogeneration plant [74]. It was determined that the trace heating requirements and volume of
necessary molten salt or thermal oil were not acceptable for the plant operation.

As discussed in section 1.2.3, current development of latent heat thermal energy storages
has analyzed very many concepts, tested many, but has resulted in an upscaling to above
200 kWh capacity for only finned-tube designs. These have produced either saturated steam at
maximum mass flow rates of just over 1 t/h, with a maximum capacity under 1000 kWh.

Within this thesis, research for the development, build, integration and testing of a high-
power large-scale latent heat storage system was conducted to produce superheated steam for
an industrial customer with fixed steam quality parameters at a large scale, thereby raising the

technology readiness level from 4 to 5. The main novel aspects are:
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— designing for specific retrofit process requirements,

— producing superheated steam in once-through operation,
— providing megawatt-scale thermal power and capacity and
— integrating in an operating system.

A method for systematically determining the requirements for integration into systems
was developed (Paper 1), systemizing the determination and analysis of process requirements
for a retrofit integration. For a storage of this size, a realistic, scalable and feasible method for
increasing the heat transfer surface is necessary. Concepts for the attachment of fins to tubes
were compared, varied and experimentally tested (Paper I1). In order to design an upscaled
storage system for a specific set of parameters, a method for designing and analyzing fin
structures to thermodynamically design a black-box storage unit was developed (Paper I11).
As the storage unit is integrated into an operating system, the overall system integration was
developed, including both physical aspects as well as process engineering aspects. Physical
aspects such as the foundation, thermal insulation, connection to the existing system, and
detailed aspects in the storage unit design from transportability and weight considerations to
physical filling capability with the pelleted salt during commissioning and accessibility for
permitting bodies were analyzed (Paper 1V). The process engineering of the system
integration in an operating system was developed to allow for charging and discharging with
the available components while maximizing benefits to the plant. Simulations for both
charging and discharging of the process integration of the storage system and the detailed
design of the storage unit are discussed in Paper V. This integration, requiring not just a
design and optimization of the storage technology itself but of the whole system, is a novel
point of view for the development of latent heat storage systems. It is not necessarily critical
that the storage itself meet all of the system requirements, but that the overall integration
makes this feasible. Following the integration of the storage system, it was commissioned.
The results of the commissioning are discussed in Paper VI.

12
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A list of publications that form the core of this thesis and to which it is related are shown
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2.2. Paper l: Determination of process and storage requirements

This article, entitled “Process integration of thermal energy storage systems — Evaluation
methodology and case studies”, was published in Applied Energy, vol. 230, pp. 750-760,
copyright Elsevier, 2018. It was co-authored by Duncan Gibb, Joaquim Romani, Luisa F.
Cabeza and Antje Seitz and this author is the second author.

The requirements for thermal energy storage systems vary greatly depending on the
chosen application, just as the systems themselves have different capabilities depending on
their technical principles. This paper addresses this issue by developing a systematic
methodology that approaches the challenge of characterizing and evaluating thermal energy
storage systems in different applications in three concrete steps. The methodology is applied
to two case studies of high-temperature storage: concentrating solar power and cogeneration
plants. Also introduced are the concepts of retrofit and greenfield applications, which are used
to clarify differences between integrated storage systems. The paper shows how such a
systematic approach can be used to consistently analyze processes for storage integration,
facilitate comparison between thermal energy storage systems integrated into processes across
applications and finally grasp how the benefits of the integrated storage system are perceived
by different interests. This will assist other researchers making the leap from the lab to the
industrial environment.

The author is responsible for the development of the process analysis guidelines described
in section 3.1 as well as the case study detailed in section 4.1.2, the cogeneration power plant
case study. Following CRediT, the author is responsible for the conceptualization, funding
acquisition, investigation, methodology, project administration, visualization and writing of
these sections. These process analysis guidelines were also published by the IEA ECES
Annex 30 [76], through which the collaboration took place.

In addition, the author collaborated in the IEA ECES Annex 30 work, in which the
definitions of the described key performance indicators were set, the differences between
retrofit and greenfield integrations discussed, and the system boundaries defined for various
system levels. Following CRediT, the author is co-responsible for the conceptualization,

funding acquisition, investigation, methodology, and review and editing of these sections.
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1. Introduction

For the first time in history, in the 2015 Paris Climate Accord, over
130 countries agreed that current levels of CO, emissions are leading to
potentially catastrophic global warming events [1]. Three years later, a
global stabilization of emissions has nevertheless resulted in a still-
rising concentration of atmospheric CO,, outlining the increasing ur-
gency for a reduction of future emissions. Displacement of fossil-fuel
technologies and an overall reduction in energy consumption through
energy efficiency methods are key solutions to this crisis. Nevertheless,
the increasing shares of renewable energy and available options for
boosting energy efficiency pose important energy management pro-
blems that must be addressed through a variety of measures [2]. One of
these possibilities is the efficient management of heat. Due to the
abundance of waste heat and heat demand in industrial processes [3,4],
a critical need for increased flexibility in all types of power plants [2],
the demand for low-temperature heating and cooling solutions in
buildings [5], as well as the emergence of new technologies for en-
abling the coupling of energy-intensive sectors, the storage of thermal
energy is more relevant than ever [4,6]. Integration of these systems
into processes is thus an important step towards reducing CO, emis-
sions and advancing the integration of variable renewable energy [7].

Thermal energy storage (TES) systems are diverse technologies that
are suitable for deployment in a wide variety of applications. There is,
however, no ‘one-size-fits-all’ version of a TES system. Each storage
concept has its own advantages and disadvantages that make it more or
less appropriate for a specific application. A challenge is in identifying
these factors and subsequently matching the most beneficial storage
system(s) with an appropriate process. Processes are similarly variable
and complex, usually with a series of interdependent steps and often
with significant variations in the sectors themselves. The type of energy
available or required can be inconsistent. A process can provide heat,
cold, or electricity as a source, or can require any of these as a sink.
Most importantly, there is no standard process, even within specific
sectors or industries. These aspects make the integration of a TES unit
quite complex. It is therefore important to characterize both the process
and available TES systems independently, before joining them in an
application.

Furthermore, integration of a TES system into a process can be ca-
tegorized into one of two types: retrofit and greenfield. Retrofit appli-
cations examine an existing process where the storage system must be
designed to fit the needs of an already dimensioned and built process.
The challenge is in designing a storage system that fulfils the process
requirements. In a greenfield analysis, the storage parameters are de-
signed from the very beginning in parallel with the rest of the process.
While no two greenfield projects are the same, it is noteworthy that the
fundamental principles of the integration remain consistent and as
such, a ground-up engineering of the system is not required and best
practices can be employed.

Within this paper, processes are considered to be an organized
collection of operations that engage in the transmission (e.g. district
heating), use (e.g. steelmaking) or transformation (e.g. steam produc-
tion in a power plant) of energy. An important point is that the
boundaries of a process can be inexplicit, thus process definition is a
major step addressed in this work. Two processes are detailed here:
steam production in a cogeneration power plant and electricity pro-
duction in a concentrating solar power plant.

As introduced in Fig. 1, the TES system and the process are inter-
linked with each other. Shown on the right, the process has require-
ments that must be fulfilled by the TES system. These are conditions
that must be met in order for the integration to be considered at all.
Shown on the left, the TES has system parameters that indicate the
specifications for which the storage is appropriate. These dictate the
technical and economic boundaries of the storage and the basic con-
nection between process and TES system that should be further char-
acterized.
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Fig. 1. Linking of process and TES system by process requirements and system
parameters.
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Following this characterization step, the benefit delivered by sto-
rage integration should be identified and the TES system and process
evaluated for the specific application. This can be done by determining
the key performance indicators (KPI) of the integrated technology.

Developed in Annex 30 of the IEA technology collaboration pro-
gramme Energy Conservation through Energy Storage (ECES) [8], the
methodology presented in this paper is a first step towards a systematic
evaluation procedure for TES systems integrated in different applica-
tions. Through such novel technology assessment methods, the poten-
tial of an integrated TES system can be properly evaluated and the
deployment of these systems can be advanced.

2. Existing methodologies for process integration of thermal
energy storage systems

A complete methodology for the evaluation of TES systems in-
tegrated in processes is not known. Nevertheless, there exists literature
regarding process analysis, TES system characterization and KPI across
a wide selection of fields in the energy sector.

Regarding process analysis, Wallerland et al. [9] reported on the
development of a methodology for the integration of heat pumps into
processes. This technical methodology focused on a computational
mathematical approach, however, they did not take on a holistic view
of the process itself nor recommend generalized measures for process
analysis. On a larger scale, Zhang et al. looked at a waste heat recovery
network that dealt with the identification of waste heat source and sink
plants. This methodology then set up a waste heat transportation
system and engaged in optimization procedures [10]. Furthermore,
certain optimization strategies have been investigated that include
process design and techniques for storage integration. Olsen et al. [11]
developed software tools for optimization of heat recovery based on
process integration techniques while Fazlollahi et al. [12] created a
heat storage optimization model that demonstrates the utility of in-
tegrating thermal storage.

Concerning the methodology to describe the TES system itself, the
focus of this paper is laid on the boundary of the storage system. Even
within literature regarding a specific application, there is little con-
sensus on where the system boundary should be placed. In some studies
on indirect TES systems integrated into concentrating solar power (CSP)
plants, the boundary is considered to contain the storage module and
selected components of the power block [13,14]. In others, no power
block components are considered in the economic evaluation of the
storage system [15-17]. Furthermore, Kapila et al. [18] found that
many earlier studies with technology assessments on large-scale energy
storage relied primarily on vendor data or a top-down approach that
did not take a consistent definition of system boundary into account.
This inconsistency and ambiguity underscores the need for a precise
definition for the TES system boundary. Though not covered in this
paper, it is important to note that research work has also been con-
ducted in economic considerations regarding thermal energy storage
integration. Rathgeber et al. [19] developed a methodology for de-
termining an acceptable storage price for integrated TES systems and
Welsch et al. [20] performed an LCA assessment for district heating
systems with borehole TES that outlines additional possibilities for
economic assessment.

The necessity of a clear and methodical approach for identification
of key performance indicators has been investigated by Giacone and
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Manco, who found that the complexity and variety of definitions for
several energetic properties makes a structured KPI framework neces-
sary [21]. Lindberg et al. also admit that the KPI themselves are too
complex to define uniformly across industrial processes, yet offer sug-
gestions on how to proceed with the KPI identification process [22].
The need for a comprehensive and flexible framework is clear.

Key performance indicators have been previously addressed in only
one study involving TES systems. Cabeza et al. looked at prior efforts to
benchmark KPI for TES systems, specifically focusing on work in CSP
plants and the building sector [23]. In this case, specific metrics for
performance evaluation were defined, quantified, and presented as fu-
ture benchmarks. This type of approach has also been used in several
other academic studies that present a version of KPI identification fo-
cusing on numerical targets [24-27]. One example is the study by
Portillo et al. that developed a parametric model for evaluating per-
formance of TES in CSP plants in which the model gave numerical
values for TES integration that can help optimize technical choices
[27]. In these cases, the KPI represent values of parameters that would
already demonstrate the success of a particular technology, instead of
providing a framework for KPI identification, as suggested by Giacone
and Manco [21]. The latter is an approach more appropriate to tech-
nology integration and performance assessment.

There are many examples of identification processes for specific KPI
in which the studies explicitly identify the KPI for their particular fields
[28-37]. These chosen indicators address a similarly broad selection of
decision-making criteria, encompassing sustainability for manu-
facturing, production reliability, energy efficiency, delivery of in-
dustrial services, general energy management, and flexibility in
building energy systems. In some cases, the indicators were weighted
and an overall value was assigned [28], while other studies defined a
hierarchy or grouped the indicators that supported the explicit selection
of KPI [30,33,34,38]. In three publications, the final selection was va-
lidated in one or more case studies [30,31,33]. Wang et al. compared
performance indicators between a hot water storage tank and a molten
salt storage tank that laid the basis for comparison, but still explicitly
defined its own indicators [39].

It is clear that the inherent variety of processes in which TES can be
integrated requires flexibility in KPI identification. Therefore, it is ne-
cessary to create a basic methodology that will assist in determining the
most relevant indicators for integrated TES systems in order to properly
perform a technology evaluation for the diverse list of applications.

This approach can be seen foremost in May et al. [40], in which KPI
for energy efficiency are defined as reference parameters that must be
taken into consideration. In Cassettari et al. [41], a decision tool rooted
in KPI was developed for sustainability in industrial manufacturing and
applied to a case in a tannery. This study was an in-depth analysis into
the industrial manufacturing process to derive a method in which both
CO, emissions and production costs were minimized. Toor et al. [42]
developed a method for ranking KPI in construction projects through
the use of a survey. In that study, the authors remarked on dis-
crepancies between stakeholder KPI that were largely caused by dif-
fering viewpoints on what constitutes project success. A study by Ma-
tino et al. [28] also developed a decision support tool with the aim of
identifying process-related KPI that were ultimately normalized, scored
and aggregated into a unique, global indicator. The study most relevant
to the work presented in this paper is that of Li et al. [43], which fo-
cused on KPI in building performance. Here, the authors identified
stakeholders and KPI, used a bi-index method to select the KPI that
underlie stakeholder performance and finally validated the method
using a case study. These works from literature highlight the im-
portance of the stakeholder perspective, as well as support the idea that
KPI are always application-dependent and a comprehensive framework
for their identification in a case-by-case basis is required.

In order to advance the use of TES systems, it is necessary to better
characterize the benefit that the technology brings to the processes. Due
to the variability and diversity of processes and storage integration

752

Applied Energy 230 (2018) 750-760

strategies, KPI for TES systems should not be uniformly defined without
paying detailed consideration to the application. However, there are
sufficient similarities between technologies and processes to pursue the
development of a comprehensive and flexible framework for analyzing
and evaluating an integrated TES system. This framework is useful for
evaluating the potential of an integrated TES system in a specific ap-
plication. Furthermore, it is widely recognized that studies on stake-
holder analysis for technology integration and assessment are limited
[43]. As such, the stakeholder perspective forms a fundamental element
of the analysis methodology.

3. Developed methodology for process integration of thermal
energy storage systems

Evaluating processes with integrated TES systems requires a de-
tailed characterization of three features: the process, the storage
system, and the benefits of storage integration within an application.
The methodology is structured around these ideas. Expanding on the
theoretical background from Fig. 1, the suitability of the TES system is
dictated through the process requirements and subsequently the TES
performance in an application, as shown in Fig. 2. It is important be-
cause the application recontextualizes the TES system integration; now,
its performance is established via the application.

In the following subsections, the stages of the analysis methodology
are described in detail before being applied to two case studies in
Section 4.

Application

(e
[ roee

Fig. 2. Interaction between the process analysis and the TES system parameters
for a successful integration.

Technical and
economic parameters
of TES system

Process analysis

3.1. Process analysis guidelines

The goal of the process analysis step is to address all information
relevant to the integration of a TES system in order to provide a com-
prehensive overview of the critical process information. The complexity
of the relation between the process and the TES system can thusly be
simplified. As such, a set of guidelines has been developed to provide a
clear and comprehensive overview of both technical and non-technical
issues regarding the integration of a TES system into a process. The
main step in this procedure is the structured collection and analysis of
process information. Following that, a storage concept can be evaluated
and roughly planned, while the aspects of detailed engineering become
relevant after this first step. Fig. 3 shows a flowchart of the process
analysis guidelines while the following paragraphs describe the goals of
and issues addressed in each step.

In the first step, the overall goal of integration is determined and the
functionality of the TES system within the process broadly outlined.
Secondly, an important step in process analysis for the possible in-
tegration of a TES system is to determine and delineate which process is
being analyzed, and where the boundaries of that process are. This
addresses what factors can and need to be analyzed. For example, in the
context of a power plant it has to be distinguished whether the process
consists of the whole power plant or just one functional unit within the
overall plant.

With the process defined, the thermal sink(s) and source(s) available
within and at the boundaries of the process should be determined. This
can be done via discussions with specialists, analysis of piping and in-
strumentation diagrams, process database analysis, estimation via
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Overarching factors

Determination of

process requirements
from previous steps

Fig. 3. Flowchart of process analysis guidelines.

extrapolation of fuel usage or measurement, among other information
sources. There is a wide range of thermal sinks and sources normally
under consideration, with sinks such as a steam turbine, a heat pump,
process heat (direct integration), water or steam main, or an organic
Rankine cycle. Sources investigated within Annex 30 include waste
heat, direct combustion, heat provided directly for charging (e.g. from
heat recovery steam generator), solar radiation e.g. in concentrating
solar power, cooling water, and many others. Sources that are not di-
rectly within the existing process, such as electricity, as well as sinks
such as a neighbouring process, should also be considered.

The sink(s) and source(s) must be quantified in order to evaluate the
potential applicability for TES integration. Here there are two major
groups of parameters: thermodynamics and spatial properties.
Thermodynamic parameters can initially be analyzed independently of
the physical environment. The three most important aspects of the
thermodynamic properties that must be expanded upon are heat
transfer medium, temperature levels and transient profiles. The heat
transfer medium of the sink or source influences the heat transfer rate,
types of containment and materials used and applicable storage con-
cepts. The temperature levels and transient profiles of the sink and/or
source are key for the development of a TES concept, especially re-
garding power level and capacity. Furthermore, mass flow rates and
pressure levels have an important role in determining power, capacity,
phase of heat transfer fluid, and heat transfer characteristics. A section
on spatial properties addresses problems or opportunities regarding
available or usable space, obstacles and distances between process
parts, and already-existing infrastructure.

Once the source(s) and sink(s) have been quantified, non-technical
issues regarding the process including the recurrence of the process,
company targets, and any environmental aspects need to be addressed.
Finally, the last step of the process analysis is a summary and initial
estimation of the integration possibilities for TES systems in the ana-
lyzed process. Ultimately these steps result in an identification of the
process requirements for a TES system to be integrated that can be
applied to both retrofit and greenfield integrations. This results in a
differing viewpoint while applying the process analysis guidelines that
will be further considered in the discussion.

3.2. Thermal energy storage system: system boundary

One of the most important aspects of evaluating TES integration is
the placement of the system boundary. It has previously been shown
that boundary placement can influence calculated parameters sig-
nificantly [44], so consistency between analyzed cases is crucial for
comparability. Despite this, there is an disagreement as to what con-
stitutes the system boundary and perspectives vary significantly as to
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where the limit of the thermal energy storage system should be set.
Thus, it is highly important that there be a robust and applicable de-
finition for proper comparison of integrated systems to be undertaken.

Before doing so, it is necessary to clarify the lower analysis levels of
a TES system — component and module. Components are the smallest
parts of the TES, which in combination form the overall system. A
module is a set of components that fulfils a distinct and specific task
within the TES system.

The definition is proposed as follows:

The TES system boundary is the point of contact between the fluid
streams and the thermal sink and thermal source. The system con-
tains all the components and modules exclusively used by it and
those necessary to deliver heat to the sink and to retrieve heat from
the source.

Included in this definition are all components required for linking
the storage system to the process, i.e. components for connecting to the
source or sink of thermal energy. As such, a system refers to all the
materials, components and modules that allow the TES device to per-
form its purpose of absorbing, storing, and delivering heat.

An example of the system boundary applied to a concentrating solar
power plant can be seen in Fig. 4, in which a two-tank molten salt TES
system is integrated. The entire process is the CSP plant, the objective of
which is to produce electricity using solar irradiation as the primary
energy source. Therefore, it only has one thermal source (the solar
field) and one thermal sink (the power block). The TES system is con-
nected in parallel to the thermal source and sink. This means that the
process can operate by providing thermal energy directly from the
thermal source to the thermal sink to produce electricity. In this ex-
ample, the boundary comprises the units 4, 5, 6 and 7, because they are
the necessary components to connect the TES system to the process.
Here the heat exchanger (4) is included because it is required for
transferring energy from the source to the storage unit and from the
storage unit to the sink. This is an example of indirect storage; the heat
exchanger is considered as part of the TES system. In Section 4, an
example of direct storage is used where the heat exchanger is external
to the TES system.

In addition to the boundary, a TES system is characterized by a
selection of parameters. These include technical properties such as
storage capacity, nominal thermal power, temperature levels, and re-
sponse time, as well as economic parameters including capital ex-
penditures and operating expenditures. While discussing these in detail
is beyond the scope of this paper, it is important to note that they are
highly relevant in the KPI identification step discussed in the following
subsection.
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Fig. 4. Definition of the system boundary as applied to an example of indirect storage in concentrating solar power.

3.3. Key performance indicators in an application

The next step in the analysis methodology is the examination of the
benefits that a TES system brings to an application. Determination of
KPI revolves around the concept of performance. An isolated TES
system cannot be evaluated in terms of its performance, as it is still a
process unit with a purpose that is unclear - there are not yet any re-
quirements to fulfil. Once it is integrated in an application, its perfor-
mance in terms of meeting the process requirements can be assessed.
Additionally, aspects external to the TES system (e.g. effect on CO,
emissions) that also characterize the integration are considered. The
KPI are then determined by taking different stakeholder perspectives on
the integration to determine the most relevant TES system parameters
and external factors. This is shown graphically in Fig. 5 and explained
in the following subsections.

Application

System
Parameter

Performance
Indicator

) Describe
Characterize a :
performance Essential
thermal energy .
of storage in parameters
storage system

a process

3.3.1. Performance indicators

To judge performance, the TES system must be evaluated with a
process in an application for which there are specific requirements. In
this case, the performance indicators denote the identified TES system
parameters that are relevant to the process requirements. For example,
a particular process may require a response time or a minimum power
to be delivered from the TES system.

Nevertheless, the complete impact that a TES system may have on
an application does not necessarily emerge from only the technical and
economic parameters. As such, the definition also considers external
factors that arise from outside the TES system, for which an under-
standing of the broader effects of the storage integration are necessary.
This consideration could range from qualitative, process-specific factors
such as process flexibility, to factors relevant to the local or regional
energy system, such as dispatchability or grid flexibility. Further

Stakeholder
Perspective
Key
Performance
Indicator

[Extemal Factors ]

Fig. 5. The KPI funnel showing the transition from system parameter to KPI.
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prospects for the category of external factors include a reduction in
greenhouse gas emissions and increased renewable energy utilization,
both of which are generally favorable from a policy maker perspective.
External factors are the overarching impacts of TES integration to the
process and the overall energy system that are not directly connected to
storage system parameters.

3.3.2. Stakeholder perspective and key performance indicators

Performance of a technology can be defined by its ability to satisfy a
specific need [45], however, the performance indicators are prioritized
differently depending on the viewpoints of parties interested in the
integration of the TES system. The final step in determining the key
performance indicators is thus an analysis from various stakeholder
perspectives. By introducing the concept of a stakeholder, it becomes
possible to determine the most relevant performance indicators. The
stakeholders selection process identifies the interests with the most
potential to influence the integration or operation of the integrated TES
system. They are the parties with the most invested in the integration.
With these KPI identified, a stakeholder-based assessment can establish
the benefits a specific TES system brings to an application.

The transition from system parameter to performance indicator to
key performance indicator tightens the perspective from step to step, as
shown in Fig. 5. At each step of the evaluation, a unique assessment of
the TES system occurs. It follows that a KPI for technology assessment
of TES is an internal (i.e. TES system-related parameter) or external
(e.g. process benefits) property that demonstrates its ability to meet
external needs as defined by stakeholders. With such a framework for
KPI identification created, it is possible to assess the integration of TES
systems from a selection of perspectives to form a comprehensive and
dynamic view on the integration of the technology.

4. Application of developed methodology to case studies

Two case studies were evaluated using the methodology presented
in this paper. These were selected to highlight the diversity of appli-
cations of high-temperature TES technologies and to facilitate distinc-
tion between the integration examples that will be further elaborated in
the discussion.

A prominent application of high-temperature TES systems is in
concentrating solar power plants. Most often installed in a two-tank
molten salt storage configuration, this system allows the plant to pro-
vide dispatchable power that complies with an intermediate load pro-
file [46]. These integrated systems are commercially available and well-
known. They are to be considered “greenfield” cases according to the
logic explained in the introduction.

In contrast, a first-of-its-kind example of an integrated TES system
was selected as a second case study. A high-temperature latent heat
storage unit has been developed for the integration in a cogeneration
plant in Saarland, Germany [47]. The TES system produces steam for an
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industrial customer in case a turbine trips. It will be integrated into an
existing process and therefore reflects the “retrofit” situation.

The following sections begin by describing the purposes of TES in-
tegration in each application, followed by the implementation of the
method from Section 3. Ultimately, a process analysis is performed, the
system boundary is determined, and KPI are derived and prioritized
based on the perspectives of three relevant stakeholders.

4.1. Case descriptions

4.1.1. Concentrating solar power case study

The specific CSP case analyzed is the solar tower power plant in
Crescent Dunes, Nevada, USA. This is an example of direct thermal
energy storage, where the solar salt comprises both sensible storage
medium and heat transfer fluid, as shown in Fig. 6. The storage medium
has a temperature range of 288 °C to 566 °C and the plant has a storage
duration of 10 h. With a turbine power of 110 MW,, this corresponds to
approximately 3.3 GWhy, storage capacity [48].

To proceed with the analysis, it is important to understand the role
TES plays in CSP plants. Of primary importance is an increase in the
plant capacity factor, which is the ratio of the plant nominal power to
its rated power [51]. This occurs largely due to two effects. For one, the
turbine is able to operate when the solar receiver has no direct in-
solation, i.e. during the night. The second effect is buffering by the
storage system during cloudy periods or other weather-related dis-
turbances. During these times, the storage provides enough thermal
power to stop the turbine from entering transient mode or in the worst
case, shutting down completely [49]. Use of the storage also minimizes
a need for back-up capacity or start-up buffering, both of which are
often provided by natural gas combustion turbines [52,53].

TES also improves the overall energy efficiency of the plant by
lowering turbine start-up losses and by reducing curtailment during
times of high generation [49]. Furthermore, the now-dispatchable
electricity allows the plant to align its generation with peaks in power
demand, creating a direct economic benefit as well as ancillary eco-
nomic incentives through arbitrage, culminating in a decrease in the
levelized cost of electricity (LCOE) of the plant [52]. Dispatchable
power also provides flexible generation for the power system, which is a
critical aspect for the integration of variable renewable energy [2].
Another grid-relevant effect is the potential for the power plant to act as
a frequency regulator by balancing generation and supply with inertia
provided by the turbine [54].

Further impacting the LCOE is a reduction of the solar multiple,
thereby lowering the required solar field size or allowing for an in-
creased solar field size (i.e. higher capacity factor) without considerable
cost escalation [52]. Capacity factor and LCOE are closely related.
However, it is important to highlight the direct impacts on both, so that
the integration benefits may be fully characterized.

These main motivators are summarized in Table 1.

Steam
generator

Condenser

Fig. 6. Schematic of the CSP plant with direct molten salt storage in Nevada, USA (adapted from [49;50]).
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Table 1
Outcomes of TES integration into CSP plants.

Outcome of TES integration Description

Increased plant capacity factor - Night-time generation

- Buffering during weather events

- Less curtailment during periods of high
generation

- Lowering turbine start-up losses

- Economic incentives

- Improved grid flexibility

- Maximized generation at peak demand

- Reduction in solar multiple (i.e. smaller
solar field)

- Start-up buffering & minimizing back-up
capacity

- Frequency regulator for power grid

Improvements in energy
efficiency

Dispatchable power

Reduced LCOE

Ancillary benefits

4.1.2. Cogeneration power plant case study

A TES unit is currently in development and build for the integration
in a cogeneration plant in Saarland, Germany [55]. The plant supplies
steam to several customers, with a minimal load being a constant
supply of superheated steam at 6 MWy, and 300 °C. Under normal op-
erating conditions, the steam is generated by delivering the exhaust air
from a mine-gas-fired turbine to a heat recovery steam generator
(HRSG). The steam produced by this HRSG is then temperature-con-
trolled and sent to the customers through the steam main. If the turbine
trips due to fluctuations in the mine-gas network and supply, an addi-
tional boiler serves as back-up and ensures the steam meets the required
specifications until the turbine can be brought back to full load. In order
to ensure continuous steam quality, a back-up solution must ramp up to
full load within the two minutes that the HRSG is still producing a rest-
steam amount. Therefore, a back-up boiler runs on ‘warm load’,
meaning that it is constantly burning fossil fuels so that it can be
transitioned to full load within two minutes [55].

The latent heat TES system is designed to be integrated in parallel to
both the HRSG and the existing back-up boiler. The critical advantage
following integration is that the back-up boiler is run on ‘cold load’,
meaning that it burns fewer fossil fuels to satisfy a prolonged transition
time of 15min [55]. The TES system provides the steam for the in-
dustrial customer while the boiler undergoes the transition to full load.
The process diagrams before and after TES integration are shown in
Fig. 7.

The TES system is directly enhancing the functionality of a cur-
rently-operational process unit and must meet precise specifications for
the industrial steam client. There are therefore specific TES system
properties that are critical to storage operation, especially related to the
discharging procedure. On the one hand, the storage must meet the two
minute ramp-up time for producing the full load of steam. On the other,
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it must discharge for 15 min while the back-up boiler transitions from
warm to full load [47]. Finally, it must produce steam that meets the
required steam parameters from the industrial client. In other words,
the steam must be delivered at the required temperature of at least
300 °C, pressure of minimum 21 bar at a flow rate of 8t/h, which
corresponds to a thermal power of 6 MW. These three factors form the
main process requirements that characterize the integration.

4.2. Process analysis

As described in Section 3.1, the process analysis is a structured
guideline for identifying critical information that directly concerns the
integration procedure and suitability of the storage. For the purposes of
this paper, an abridged version of the process analysis results, shown in
Table 2, illuminate the contrast between the different processes.

4.3. System boundary

Figs. 8 and 9 show the system boundaries of the CSP and cogen-
eration case studies, respectively, based on the definition from Section
3.2. As according the definition, in Fig. 8 only the storage tanks are
considered within the boundary. The steam generator (heat exchanger)
is not included because it is not a component used exclusively by the
TES system and belongs primarily to the power block. This direct sto-
rage configuration can be distinguished from Fig. 4, in which the heat
exchanger was included due to its necessary role in transferring energy
between the source, storage unit and sink. In Fig. 9, the TES system
boundary is similarly restricted to the storage tank and surrounding
piping because the HRSG and other process components were present
before the retrofit integration. These components are not used ex-
clusively by the TES and as such, are not within the system boundary.

4.4. Key performance indicators

The performance indicators and key performance indicators were
determined for both cases following the method described in Section
3.3.

4.4.1. Concentrating solar power case study

The performance indicators are derived from Table 2 by associating
the TES advantages with system parameters or external factors. The
most important system parameters are selected based on required sto-
rage performance in a CSP application; the external factors that TES
integration delivers to the solar power plant and its electric system are
added to this list. The list of these performance indicators and an ex-
planation of their importance is shown in Table 3.

Allocation of the KPI depends on a stakeholder perspective. In this
case, three relevant stakeholders were identified (CSP plant operator,

Water
injection

Steam main to
customer

—

=

Back-up
boiler

PCM
storage

Gas turbine

Stack

Feedwater
tank

T lod

Stack

(b)

Fig. 7. Process diagrams of cogeneration plant (a) prior to and (b) following TES integration (adapted from [55]).
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Table 2
Abridged results of process analysis of the two evaluated cases.

Applied Energy 230 (2018) 750-760

Process variable

Concentrating solar power (“greenfield process”)

Cogeneration power plant (“retrofit process”)

Integration goal
utilization and improve efficiency
Process definition

Solar insolation
Power block (steam generator)
Molten salt

Thermal source(s)

Thermal sink(s)

Medium of thermal source(s) and
sink(s)

Cycle length

Acceptable TRL for TES

24h
8-9

Increase capacity factor, reduce LCOE, reduce back-up

Solar tower power plant with molten salt as heat transfer fluid

Decrease fossil fuel use by reducing combustion in back-up boiler

Cogeneration plant consisting of a gas turbine, steam generator, two
back-up boilers and steam main

HRSG outlet steam

Steam customer

Steam

15h
5-6

Solar receiver

Heliostats

TES System

Cold salt tank

Steam
generator

Fig. 8. System boundary for the concentrating solar power case study (diagram adapted from [49;50]).
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Fig. 9. System boundary for the cogeneration power plant case study.

electric utility, and policy maker) and the performance indicators were
considered from their perspectives. The results are shown in Table 4.

4.4.2. Cogeneration power plant case study

The main process requirements outline the storage integration in
terms of its TES system parameters, thus forming the basis for a deri-
vation of performance indicators. In addition, there are external factors
that arise due to the storage integration. These results for the cogen-
eration case study are shown in Table 5.

Through the implementation of three stakeholder perspectives
(process operator, industrial customer, and policy maker), the
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importance of the performance indicators can be prioritized into KPI, as
shown in Table 6.

5. Discussion

The results provide key insights on the methodological steps of
process analysis, TES system boundary determination and KPI selection.
Focus of the discussion is on how the methodology differentiates be-
tween greenfield and retrofit applications, how the boundary of the
storage system varies depending on the application, and how KPI
change significantly for different stakeholders.
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Table 3
Performance indicators and their justification for TES integration in CSP plants.

Applied Energy 230 (2018) 750-760

Performance indicator

Justification of importance (Crescent Dunes requirements)

TES system-related factors
Storage capacity of TES system
Power delivered by TES system
Response time of TES system
Lifetime of TES system

Increased plant capacity factor, (3.3 GWhy,)

External factors
Dispatchable power
Reduced LCOE
reduction in solar field.
CO, mitigation
buffering and start-up.
Increased use of renewable energy
Improved grid stability and flexibility

Boosted energy efficiency Start-up buffering and reduced curtailment

Required to meet turbine design power, (110 MW)
Response to weather events or other disruptions, (< 1 min)
Critical to economic viability of the plant, (> 20 years)

Reduced dependence on intermittent nature of solar thermal resources
Optimization of economic potential through generation at peak demand, increased capacity factor, avoided back-up capacity and

Further displacement of fossil-fuel generation, especially relevant due to flexible dispatch. Reduced natural gas combustion during

Expanded generation from solar thermal resources
Potential to serve as frequency regulator by reducing imbalances between generation

Table 4
KPI for stakeholders in CSP application.

CSP plant operator Electric utility Policy maker

Storage capacity Dispatchable power ~ CO, mitigation

Power Response time Increased use of renewable
energy
Lifetime Grid stability

Reduced LCOE
Boosted energy
efficiency

Table 5
Performance indicators for TES integration in a cogeneration plant.

Performance indicator Justification of importance

TES system-related factors

Response time of TES system

Steam quality (temperature,
pressure)

Discharge time

Lifetime of TES system

Must ramp to 6 MWy, within two minutes
Generated steam must meet process
requirements

Must provide 6 MWy, for 15 min

Critical to economic viability of the
integration and permitting procedure

External factors
Reduced fossil fuel use Fewer fossil fuels burned during ‘warm load’
of backup boiler

TES delivers process services that improve
reliability

Delivered by TES in several ways beyond the
scope of this paper

Reduced combustion of fossil fuels

Reliability
Increased process flexibility

CO,, mitigation

Table 6
KPI for stakeholders in cogeneration case study.

Process operator Industrial customer Policy maker

Reduced fossil fuel use
CO, mitigation

Response time

Discharge time

Lifetime

Reliability

Increased process flexibility

Steam quality
Reliability

5.1. Greenfield vs. retrofit applications

The process analysis guidelines highlight an important difference
between greenfield and retrofit applications. In the CSP example, with
the case being a greenfield installation, it can be seen that the emphasis
is laid on the integration benefits. The fundamental question is de-
termining what the storage delivers to the application itself, with the
process analysis guidelines used to identify the integration goal as a first
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step. This is necessary because the process will be designed from the
ground up and it is important to know precisely what function the
storage will serve. An adjustment of this function could have profound
implications on the design of the process itself, e.g. on temperature
levels, mass flows, etc.

In the cogeneration example, the power plant itself already exists
with the storage being integrated as a supplementary process unit; it is
thus a retrofit integration. For these processes, a specific engineering
design is required that fully grasps the potentially novel aspects of the
integration. Here, the emphasis is placed on the process requirements,
i.e. what does the process require from the storage? There is little
flexibility in these cases and for retrofit, the integration goal may only
be quantitatively understood once the process analysis has been com-
pleted. This shows the key difference in how the process analysis
guidelines are applied.

Such variations can be seen in the results, wherein the discussion in
CSP revolves around the services the TES provides to the power plant.
Dispatchable power, reduced LCOE and improved energy efficiency are
the desired benefits of this storage. In the cogeneration example, the
stakeholders place a higher emphasis on technical performance and
reliability. Here, the focus is on maintaining steam quality and re-
sponding effectively to any disruptions. The key point is that these in-
tegrated systems are currently considered differently, yet through the
use of this technology assessment methodology, they can be compared
more tangibly with one another.

5.2. Boundary of the thermal energy storage system

There are key elements in the two cases that underscore the im-
portance of a consistent system boundary definition. To begin, it can be
seen that both system boundaries contain all the components necessary
to retrieve heat from the source and deliver it to the sink, as well as
those used only for the purpose of storing heat. This means that in the
case of direct two-tank molten salt storage within a solar tower CSP
plant, the steam generator is not included as is shown in the definition
itself in Fig. 4. In a case of indirect TES, when the heat transfer medium
is not identical with the heat storage medium, the heat exchanger used
to transfer thermal energy from the solar field HTF (e.g. thermal oil) to
the storage medium (e.g. molten salt) would be included as part of the
storage system and taken into consideration in the technical and eco-
nomic evaluation.

It is also significant that the placement of the system boundary
differs for concentrating solar power with indirect storage as in e.g.
Thaker et al. [8], which considers the heat exchanger within the power
block to be part of the TES system. This diverges from the definition in
this paper and indeed the results as without storage, the heat exchanger
would already be a necessary component.

The boundary of the TES system in the cogeneration case is a typical



D. Gibb et al.

example of a retrofit process. In this instance, the system is integrated
into a process with previously existing components that are not used
exclusively by the storage, as required from the definition. As such, the
TES system boundary remains clearly distinguishable from the HRSG,
water injection line and back-up boiler that had already been present in
the process.

5.3. Performance indicators and stakeholder perspective

There are some key performance distinctions between the two cases
that ultimately define the selection of KPI In CSP, the storage capacity
defines the ability for the power plant to continue producing electricity
overnight, for example. In the cogeneration case, the technical suit-
ability is ultimately laid out by the power of the TES system that pro-
vides the necessary steam parameters, with pure storage capacity taking
secondary importance. Storage reliability is also more pronounced in
the cogeneration case, as the TES system constitutes a process unit that
is essential to the process. These differences are crucial in the storage
design phase and the distinction can be described simply through the
use of the KPI results.

Key similarities between the cases are also present. Foremost is the
importance of the storage response time, that is distinctive in both the
greenfield and retrofit cases. This shows that when a storage is required,
it is crucial that it deliver punctually, otherwise the integration is un-
successful. The storage lifetime is also relevant in both cases, which
emphasizes that process components are long-term investments and is
related to long-term reliability, which in both cases constitutes an im-
portant KPI.

Regarding the stakeholders, it can be seen particularly in the co-
generation example that certain stakeholders are interested purely in a
specific product from the process. As such, the industrial steam client is
focused on reliably obtaining the steam with the proper quality. The
integration of the TES storage system is not relevant for this stake-
holder, as long as the steam is delivered. In cases such as these, the TES
technology must compete with any alternative solutions.

6. Conclusions

Thermal energy storage systems integrated in processes have been
lacking a clear and concise evaluation method that will help exploit
their full potential. Until now, no detailed process analysis method has
been proposed and there has been significant ambiguity regarding
where the thermal energy storage system boundary is placed.
Furthermore, previous uses of key performance indicators have either
been target-focused, entirely non-technical, or over-specified.

The novelty of this paper is in the methodology, which takes a first
step in addressing issues related to further deployment of thermal en-
ergy storage technologies in promising applications. The inclusion of
both technical and economic storage parameters and external factors of
integration present an opportunity to comprehensively and differen-
tially evaluate the application. Through implementation of the metho-
dology to two case studies in high-temperature storage, it has been
shown how different applications prioritize different requirements from
storage systems. The proposed methodology can also be applied to cases
in low- and medium-temperature thermal storage. Moreover, the
greenfield and retrofit approaches can be compared through the use of
this systematic methodology and the benefits of a thermal energy sto-
rage system to an application can be highlighted and discussed more
tangibly. In the end, this methodology is highly applicable to real ap-
plications and can be used from the very beginnings of process design to
the final evaluation of tangible benefits of the storage integration.

Following this work, it is recommended to further expand the
methodology by addressing more explicit economic concerns in the
process analysis guidelines, e.g. local subsidies, tax benefits, renewable
heat incentives. Also suggested is incorporating a ranking function that
allows for a weighing of the different key performance indicators based
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on the stakeholder. This will increase the precision and nuance of the
key performance indicator identification. Furthermore, providing the
users of the methodology with a suggested list of key performance in-
dicators could help avoid any oversight or bias. Additional stakeholder
involvement should be pursued as some thermal energy storage benefits
are well-understood, yet others are less evident when first considering
an integrated system. Engagement with the research community, in-
dustry, and policy makers is a critical step in addressing this gap.
Finally, for validation and continued development, the application of
the methodology by independent parties to differing cases will be
needed, in order to better understand the strengths, weaknesses as well
as development potential of these tools.
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Publications — Paper lI: Finned-tube attachment methods

2.3. Paper ll: Finned-tube attachment methods

This article, entitled “Assembly and attachment methods for extended aluminum fins onto
steel tubes for high temperature latent heat storage units,” was published in Applied Thermal
Engineering, vol. 144, pp. 96-105, copyright Elsevier, 2018. It was co-authored by Stefan
Hubner, Markus Braun, Manfred Schonberger, Claudia Martin, Michael Fif3, Bernd
Hachmann and Markus Eck and this author is the first author.

One of the concepts being developed for high temperature latent heat storages is an
extended finned-tube in a shell-and-tube assembly. This concept can be used at high pressures
for steam applications and can be built at a large scale. The design of the extended fins
allowing for independent thermal expansion of the steel tubes and the aluminum fins with a
physically possible assembly has not thus far been optimized. Due to the large fin surfaces
necessary for transferring and storing large amounts of thermal energy, conventional finned-
tube assemblies have to-date not been applicable for thermal energy storage systems.

Designs using spring steel clips on axial fins have been proven [72], using conservatively
high numbers of clips. In this paper, this “clip” and a “crimp” mounting method are
compared. Experiments were conducted to analyze the mechanical strength of the assembly;
these are described and the results discussed. The results can be used for reducing costs and
optimizing design of upscaled high temperature latent heat storages.

The author is responsible for the conceptualization, data curation, investigation,
methodology, project administration, visualization and writing, as well as partially for the
funding acquisition. Analysis of the two different attachment methods (“crimp” developed by
Manfred Schonberger, “clip” developed at DLR), analysis of the experimental tests conducted
in the mechanical removal testing and oversight hereof (carried out by Claudia Martin and
Markus Braun), analysis of the experimental tests conducted in the cycling and movement
measurement tests and oversight hereof (carried out by Michael FiR) as well as data curation
in collaboration with Stefan Hubner and Michael Fif on the tests under operating conditions
was also carried out by the author. Stefan Hulbner assisted in the writing of the article and was
the main reviewer of the article, as well as responsible for the conceptualization and formal
analysis of the testing under operating conditions. The fins analyzed here were designed in
collaboration with Bernd Hachmann. One fin was designed in collaboration with Stefan
Hubner, the other two with the author. Markus Eck supervised the work and reviewed the

article.
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HIGHLIGHTS

Clipping, crimping and heat shrinking of longitudinal fins onto tubes tested.
Testing with thermal cycling in air and in salt conducted.

Heat shrinking not stable under thermal cycling.

Clipping maintains good thermal contact but is weaker than crimping.

Crimping is a very strong bond but does not maintain contact over the fin length.

ARTICLE INFO ABSTRACT

Keywords: High temperature latent heat storages are being developed for both concentrating solar thermal power appli-
Extended fin cations as well as integration in industrial processes. One of the concepts being developed is an extended finned-
PCM tube in a shell-and-tube assembly. This concept can be used at high pressures for steam applications and be built

Latent heat
Assembly method
Clip

Crimp

at a large scale. The design of the extended fins allowing for independent thermal expansion of the steel tubes
and the aluminum fins with a physically possible assembly has not thus far been optimized. Due to the large fin
surfaces necessary for storing large amounts of heat, conventional finned-tube assemblies have to date not been
applicable for thermal energy storage systems.

Designs using spring steel clips on axial fins have been proven, using conservatively high numbers of clips. In
this paper, various fin and tube diameters with spring steel clips as well as other mounting methods are com-
pared. Experiments were conducted to analyze the mechanical strength of the assembly; these are described and
the results discussed. In addition, two assembly methods were tested using the same fin geometry and testing
environment, allowing for a thermodynamic comparison of the assemblies. The tests have shown that while the
steel clips allow for the best heat transfer, the crimping method has a higher bond strength. These results can be
used for reducing costs and optimizing design of high temperature latent heat storages.

1. Introduction latent heat storage concepts have been developed such as micro/macro
particle [8], metal foam [9], encapsulated phase change materials
High temperature (> 100 °C) latent heat storages are in develop- (PCM) [10] and moving PCM based systems [11,12]. The concept that

ment for concentrating solar power as well as industrial applications has been researched at the greatest depth is a shell-and-finned-tube
[1-7]. Due to the varying integration requirements of the different design. Finned-tube designs offer significant advantages with regard to
systems, as well as research development of new technologies, several heat transfer enhancement at low amounts of additional material and

Abbreviations: C, cycled; CS, carbon steel; EF, extended fin; F, fin; HTF, heat transfer fluid; PCM, phase change material; R, reference; S, sheath; SS, stainless steel
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are therefore the focus of this paper. These concepts have been re-
searched by, among many others, Garcia et al. [13,14], Walter et al.
[15], and Laing et al. [16].

One of the reasons for the variety of concepts in development is the
relatively low thermal conductivity of PCMs. Nitrate salts can be used in
the temperature range between 130 °C and 350 °C and have a thermal
conductivity below 1 W/mK [17]. In finned-tubes in a shell-and-tube
concept, the fins are designed to increase heat transfer to the storage
medium on the shell side by extending the surface area for heat transfer
using a highly conductive material. The shell-and-tube concept can be
used at high pressures for steam applications. Large-scale shell-and-tube
heat exchangers are built for power plants and industrial processes. An
adaptation of these shell-and-tube heat exchangers for thermal energy
storages is in testing or has been tested at a large scale by Garcia et al.
[14] and Laing et al. [16].

Due to a pressurized heat transfer fluid (HTF), steel is the preferred
tube material in finned-tube storage concepts. The fin material and
design, on the other hand, are selected for very good thermal conduc-
tion and low storage material displacement. Various fin materials have
been researched, including aluminum, graphite and steel, as discussed
by Steinmann et al. in [10,18]. Aluminum has been shown to be a very
good choice for temperatures up to 350 °C, due to its high thermal
conductivity, malleability, availability and corrosion properties [19].
Aluminum has a higher coefficient of thermal expansion in comparison
to steel, which can result in elevated stresses, dismantling of the fin-
tube bond or a disconnection between the fin and tube materials, if the
mounting type is not designed correctly. Therefore, this needs to be
considered in the bi-metal finned-tube configuration for the thermal
cycling operation of a thermal energy storage unit.

As the aim of the fins is to conduct heat between the HTF and the
PCM, it is generally considered necessary to have a good thermal
contact between the fins and the HTF containment (i.e. tubing). Recent
theoretical research by Pizzolato et al. [20] has shown, however, that
this may not be the case for storages with longer discharge times and
lower power levels. This contact necessity needs to be further re-
searched for various application requirements.

All of the above discussed factors result in the need for an extended
fin (EF) with a bi-metal mounting method that withstands differing
thermal expansion in thermal cycling. As discussed in Section 3, there
are thus far no commercially available methods for assembling steel
tubes with long/high aluminum fins, which are necessary for large
energy capacities in latent heat thermal energy storage systems. The fin
manufacturing and assembly also needs to be technically and eco-
nomically feasible for a storage unit or system to be realized for large
numbers of finned-tubes.

Thus far in the development of high temperature latent heat
storages, the focus has been on concept development, geometry opti-
mization, proof-of-concept testing and analysis of application integra-
tion. The analysis of specifics such as the feasibility and the economics
of mounting fins onto tubes has not been the published research and
development focus. With the build of larger scale storage units, this
factor becomes more critical. These aspects were therefore analyzed
and compared with large-scale realizable storages in mind, with a focus
on longitudinal fin concepts. In this paper, three mounting methods are
experimentally analyzed for their applicability in large scale high
temperature latent heat storage units.

2. Description of extended finned-tube assemblies

In order to better discuss the differences in mounting methods, first
the requirements and aspects of the fins and tubes in the EF tube as-
semblies are discussed. In EF tube assemblies for high temperature
applications, steel tubing is used due to its strength at both higher
temperatures and under pressure. Fins are used to increase the heat
transfer surface area, thereby transferring the thermal energy more
directly from the pressurized HTF into a greater portion of the PCM,
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which is contained at or near atmospheric pressures. Since fin and
tubing material displace PCM, a minimal volume should be introduced
into the system in order to maximize the PCM volume and thereby
storage capacity per volume of storage unit. The requirements of the
tube and fin are detailed here, including brief information about three
fin designs that were tested with the clipping mounting method.

2.1. Steel tubing

In an EF shell-and-tube latent heat storage unit, the tubing has to
fulfill various requirements. It needs to withstand the pressure re-
quirements of the HTF and temperature gradients between this fluid
and the PCM during both charging and discharging. In order to as-
semble the pressure vessel, the material must be welded together and
have acceptable corrosion properties with both the HTF (water/steam)
and the PCM, in these cases nitrate salts. In addition, the tubing must
transmit heat between the HTF and the PCM. For these requirements,
the materials 16Mo3 or P265GH were used in the discussed work, de-
pending on the temperatures and pressures operated. There are various
manufacturing methods for seamless cold rolled steel tubes [21], re-
sulting in outside diameters varying within either + 1% or = 0.5mm,
standardized in DIN EN 10216-2 (for tubes with < 210.1 mm outer
diameter). This variation in outside diameter can lead to variations in
the physical contact between fins and tubes.

2.2. Fin designs and considerations

The fin material in EF tube assemblies needs to have a high thermal
conductivity, have good corrosion characteristics with the other mate-
rials and be both malleable or be able to be manufactured in a required
and desired geometry as well as be affixed to the tube.

In this analysis, mounting methods for extruded aluminum axial fins
are analyzed. The alloy EN AW 6060-T6 is used for the extrusion. The
T6 heat treatment results in a considerably higher strength, which al-
lows for less sensitive handling during the assembly process. Later,
during operation above the precipitation hardening temperature (ca.
120°C) [22], the strength drops again.

Three extruded aluminum fin designs have been developed and
analyzed for differing applications within work done by the authors.
Due to the application differences, the storage units have differing tube
materials, wall thicknesses, tube diameters and tube pitches. The fin
labeled ‘A’ is discussed in more detail by Seitz et al. [1] as well as in
[23-26]. The fin labeled ‘B’ is discussed in more detail by Johnson et al.
in [27] and [7] and the fin labeled ‘C’ is discussed in more depth by
Laing et al. [13]. In this article, the focus is not on the geometry or
design of the fins, as this has been discussed elsewhere.

The A-fins have been mounted both with clipping and with
crimping. The B- and C-fins have been mounted using the clipping
method.

3. Mounting methods of aluminum extended fins

Aluminum EF need to be attached to the steel tube to allow for both
the differential thermal expansions of the metals as well as maintaining
good thermal contact during thermal cycling. The mounting method
needs to withstand corrosion between the steel, aluminum, nitrate salts
and the mounting material itself. The method needs to be practical in
terms of assembly methods and economically feasible for larger scale
deployment. In this paper, the authors differentiate in terminology
between the mounting method — how the fins are attached to the tube -
and the assembly method — how this mounting method can be as-
sembled to produce the mounted finned-tube.

3.1. State of the art

Finned-tubes are a common design feature in heat exchangers, and
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as such have been widely developed and are commercially available
from many companies. Methods for wrapping, extruding or shrinking
the fins in various dimensions are available, among many others from
[28-30]. Wrapping is a common method, resulting in a helical fin that
can be welded, soldered or only affixed at the ends to the tubes. The fin
material can also be wrapped into a pre-cut groove. The resulting fin
can be serrated to allow for increased fin height at larger diameters, or
can be crunched for increased turbulence on the fin side of the heat
exchanger. In extruded fins, the fin material is mechanically rolled and
pulled out of the tube material. This results in a uniform contact be-
tween fins and base, as it is one material. This base can be the tube itself
or a second material attached to the tube. The fin height is, however,
limited to a couple of centimeters. Fins can also be shrunk onto a tube
by heating the fins and cooling the tube and then assembling the two.
This method was analyzed for large fin heights in this work.

These existing methods are applicable for small fin spacings
(< 5mm) and small fin heights (< 20 mm), and only some of which
can be used at temperatures up to 350 °C. The fin assembly methods
have been developed for round fin cross-sections, which, in the case of a
latent heat storage unit, lead to low packing densities of finned-tubes in
the storage material and therefore would lead to large volumes of
poorly used PCM. Due to these limitations in existing fin designs, EF
with a higher fin height of 100 mm and more have been developed for
latent heat storages.

Some of the analysis that has been done has been only theoretical in
nature, analyzing which fin geometries would ideally be applicable
under a variety of parameters. The methods applied in these works are,
to some degree, purely mathematical and do not attempt to analyze the
feasibility of the designs [31-33]. Fin designs analyzed theoretically as
well as experimentally have been developed by, among others, Garcia
et al. [13,14], Walter et al. [15], Laing et al. [16], as mentioned in the
discussion of storage concepts. The focusses in these published works
were on the analysis of the fins themselves or the storage components as
a whole, and not on analyzing or optimizing the mounting method.
Mounting methods have been tested by Urschitz et al. for longitudinal
fin structures in [34], using hose clamps or so-called expansion-ears to
hold the fins onto the tube. Both results were promising, with the
bending ear likely being most applicable for large-scale design. How-
ever, further development work is necessary in terms of design and
manufacturability. Other published analyses of bi-metal EF mounting
methods are not known to the authors.

Three different mounting methods were developed and are analyzed
here — heat shrinking the materials together, using plumber’s crimps
[35], and clipping of the fins to the tubes [36] — as shown in Fig. 1 (a),
(b), and (c) respectively.

3.1.1. Heat shrinking
Heat shrinking was analyzed as a mounting method based on the
thermal expansion of the fin material at higher temperatures prior to

Crimp

Aluminum sheath

Steel tubing

@)
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assembly onto a colder steel tube. This method has the benefits that it is
well studied and known and that it introduces no new materials into the
corrosion system.

The samples, shown in Fig. 1 (a) use a tube of 21.3 mm in diameter
and an aluminum sheath with an outer diameter of 27.5 mm.

3.1.2. Crimping

In the crimping mounting method analyzed thus far, a so-called
plumber’s crimp was used to mount the fins onto the tube [35]. In this
method, a part of the fins are removed from the fin bases, so that the
crimp can be slid over both the tube and the fin bases. Samples used in
one of the testing methods used an aluminum sheath instead of re-
worked fins. One of these crimp sheath samples is shown in Fig. 1 (b).

This novel mounting method has been analyzed for its strength after
thermal cycling (Section 4.1) and in a large lab-scale latent heat storage
unit (Section 4.3). In this unit, a crimp was affixed around the tube and
the inner fin layer using a Viega® press gun 5 with a constant pressure
of 32 kN at the top of the fin length. At the bottom of the fin length, an
overlapping crimp was mounted on an additional sheath, such that the
fins were affixed radially but could move axially. The goal of this as-
sembly technique was to allow for an axial expansion of the fin material
during cycling, while maintaining a radial contact between fin and
tube.

The development of an assembly method for this mounting style on
a larger scale has not yet been conducted. As plumber’s crimps are
commercially available and standardized, these do not cost very much,
and the strength of the crimping tool can be set as necessary. Three
crimp sample types were analyzed, as shown in Table 1.

3.1.3. Clipping

The third mounting method analyzed uses spring-steel clips to hold
the aluminum fins onto the steel tubing, as shown in Fig. 1 (c) [36]. The
clips hold the fin, which is separated into segments, to the outer tube
wall. Attachment nubs for the clips are designed into the fin geometry.
The tube, fin, and clip parameters are shown in Table 2. Fig. 2 shows
these parameters on the A-fin using a clipped fin/tube assembly for
clarification of the terms.

The spring-steel type used in the clips, type 1.4310, maintains its
shape and strength through the operable temperature ranges of alu-
minum. Therefore, this mounting method should allow for the differing
thermal expansion of the aluminum and steel parts, while maintaining
sufficient contact between fin and tube to have good heat transfer by
conduction. Under pressure, at higher temperatures and during thermal
expansion, the soft aluminum is pressed onto the steel tube, improving
the contact.

Longitudinal EF using clips (with the C-fin design) have been tested
in a lab-scale storage module operated up to 330 °C for approximately
200 cycles using sodium nitrate as the PCM [13], proving their feasi-
bility.

Steel tubing

Aluminum
fins

Clips

Fig. 1. Samples of mounting methods (a) heat shrinking, (b) crimping, and (c) clipping (with trimmed A-fins). The pictures show the mounting of either an aluminum

sheath or the aluminum fins to steel tubing.
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Table 1
Crimp sample parameters.

Parameter | Unit  Carbon Steel Stainless Steel Carbon Steel

/Sample — crimp with crimp with Sheath  crimp with Fin
Sheath (CS-S) (SS-S) (CS-F)

Crimp material Carbon steel Stainless steel Carbon steel

Sheath diameter mm  27.5 27.5 34.9

Tube diameter mm 213 21.3 26.9

* The A-fin was used here with a base thickness of 4 mm as detailed in Fig. 2
and Table 2.

As the spring steel clips are costly to produce and at current rates of
production cannot be standardized to reduce costs, minimizing the
number of clips used per length of tubing is desirable. In addition, a
better understanding of the strength of the connection in comparison to
other methods can be gained by further testing.

4. Testing methods and experimental setup

In order to analyze the connection between fins and tubes, various
factors need to be assessed. On the one hand, the connection needs to be
mechanically stable, also after thermal cycling. On another hand, the
connection needs to allow for a good thermal contact during storage
operation. Several tests were constructed to analyze these factors.

The mechanical stabilities of the three mounting methods were as-
sessed on a small scale after thermal cycling in a salt bath through
physical removal of the mounting method.

The stability of the clipping method was analyzed in vertically
mounted finned-tubes that were thermally cycled and analyzed for
movement of the fins.

The two most promising mounting methods from the mechanical
removal tests — clipping and crimping — were tested in a lab-scale sto-
rage unit, so that a direct comparison of charging and discharging
characteristics as well as analysis of the bond pre- and post-operation
was possible.

This testing spectrum allows for a more complete analysis of the
various manufacturing factors than an analytical approach does. Each
of these methods is described here, with the results and discussion
following in sections 5 and 6.

4.1. Description of cycling and mechanical removal tests

One of the tests conducted is designed to assess the thermal cyclical
stability of the strength of the different mounting methods. For this,
samples were mounted in an apparatus and then pressure was applied
to the ‘fin’ material in a pulling motion until either the maximum load
of the pneumatic cylinder was reached or the ‘fin’ base was
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tube diameter

\//ube wall thickness

e

flat:flat diameter

Fig. 2. Drawing of the A-fin assembled with clips to a steel tube showing the fin
diameter, the fin base thickness and the tube diameter and wall thickness.

mechanically removed, thereby measuring how much force was needed
to remove the fin material. The ‘fins’ in this test were either a sheath or
a reduced fin geometry. Samples were either first thermally cycled in
salt and then mounted in the apparatus and reheated to the operating
temperature or only heated to the operating temperature and then
tested, without prior cycling. These non-cycled samples tests are the
reference samples.

The samples were cycled in alumina crucibles containing sodium
nitrate in thermal ovens. The samples of the heat shrinking and
crimping methods were mounted using aluminum sheaths, as shown as
an example in Fig. 1 (a) and (b) with an Al 6060 aluminum sheath as
the ‘fin base’. The samples of the clipping mechanism were assembled
using fins. In these, the fin arms were removed, leaving the tube piece,
clips and fin base as depicted in Fig. 1 (c) for the sample of the A-fin
clip. This was done so that the samples fit in the crucibles; as the fin
arms were not necessary, this was deemed acceptable.

The cycling was conducted between 250 °C and 350 °C, with a 2K/
min heating or cooling rate and a 2h holding plateau. For each of the
cycled samples, 100 cycles were conducted. Due to the length of the
cycling, availability of samples and length of the project, two samples of
each type were tested.

Samples are mounted into the pulling device as shown in Fig. 3.
More detail is given in Fig. 4 in (a) a schematic and (b) a close-up
picture.

A pulling mechanism is put over the sample, so that it can pull, via a
pneumatic cylinder, on the aluminum ‘fin base’ to the right. A rod is slid
through the steel tube and affixed with a washer and bolt of the same
outer diameter as the tube, and held steady on the left. The sample is
mounted in a tubular oven, in order to operate at defined temperatures
(350 °C). The pneumatic cylinder pulls on the ‘fin base’ while distance

Table 2
Fin, tube and clip parameters for the analyzed clip assemblies.
Parameter |/Fin — Unit A-fin B-fin C-fin
Tube Material 16Mo3 16Mo3
Diameter mm
Wall thickness mm
Fin Hex-Diameter (flat:flat) mm
Base thickness mm
Clip Design (at same scale)
Length mm

No./Circumference
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Fig. 3. Mechanical removal testing: Pulling device with tube held on the left
while the pneumatic cylinder pulls the sheath the aluminum ‘fin base’ to the
right shown, shown with the tubular oven open.

and load are measured. For initial tests, a smaller pneumatic cylinder
with a maximum load of 1700 N was used. This was exchanged for a
larger one with a maximal load of 2700 N in later experiments.

4.2. Description of cycling and movement measurement tests

In the gravity tests with vertically mounted finned-tubes, a test was
constructed to determine the movement of fins on a tube during
thermal cycling while subjected to gravity. To this end, tests were
conducted using specimens with clipped-on fins, thermally cycled to
assess movement. In this rig, tests are conducted using hot air on the
HTF side of the finned-tube. On the PCM side of the finned-tube, air is
heated but not circulated. The test infrastructure consists of an air
heater mounted to a lower flange and an upper flange from which
samples are hung, as shown schematically in Fig. 5. Surrounding the
samples are removable heat tracing insulation units, and the entry and
exit (top and bottom) of the testing area is closed off from the sur-
roundings using insulation mats, in order to reduce the influence of
natural convection.

The testing tube has up to 4 m of EF mounted onto it and is verti-
cally suspended in the rig. Using adapters, various tube diameters and a
fin diameter up to 130 mm can be tested. Thermocouples are used in the
control of the heat tracing insulation. For added clarity, photos of the C-
fin in the test rig are shown in Fig. 6.

The temperatures were cycled to mimic the temperature ranges of
various PCMs, with heating and cooling cycle lengths set to 6 h each
due to the low thermal conductivity of air. Testing of both the B- and
the C-fins has been conducted. The A-fin is too large in outer diameter,
so that these cannot currently be tested.

The heights of the fins were measured either using a laser distance
measurement or a notched cable at the beginning and end of each cycle
at room temperature. This simple comparison of the position allows for
the determination of permanent movement, and therefore of the

Pulling Fixation screw
mechanism, through steel tube,
to the right to the left
{— Steel tube Al s I
“fin base’
(a)
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Q)
. Temperature
Heat IraFmg measurement
insulation with Pt-100
§ ® Mass flow
«~| controller
-

Fig. 5. Movement measurement testing: Schematic of the test rig for analyzing
movement of the fins on a tube, showing the tube entering and exiting the
heated insulated test section. The air in the tube is heated prior to entering the
test section in the air heater at the bottom, and the temperature is measured at
the entrance and exit of the test section. Mass flow is controlled prior to the
heating of the air flow.

stability of the bond.

4.3. Description of testing under operating conditions

A storage unit was built to verify modeling of the A-fin geometry
and to test several design features, as reported in [23-26]. A schematic
of the storage unit and a picture of the assembled unit are shown re-
spectively in Fig. 7 (a) and (b). Two mounting methods — crimping and
clipping — were tested in this environment. This gives more insight into
thermal cycling in salt of longer fin pieces and their mounting methods
than can be determined from lab-scale oven tests. Data from thermo-
couples mounted in the PCM are used to compare similar test para-
meters for the thermodynamic properties of the fin-tube connection in a
PCM environment.

The storage unit is built with an upper header from which the tube
register hangs. This is surrounded by an insulated container with 3.3
tons of sodium nitrate as the PCM. The 18 finned tubes with a 0.8 m
finned-tube length in this test rig are flanged between the two headers.
These flanges make it possible to change tubes in the assembly. Thermal
cycling was conducted up to 350°C, with temperatures measured
during cycling and optical analysis of the mounting method conducted
before and after testing. A full set of tests were conducted with the
clipping mounting method.

For the crimping mounting method, two central tubes were swit-
ched to this type of mounting method and comparative tests measured.
Switching only two tubes allowed for a comparison between tubes in

Fixation
screw

Pulling
mechanism

Steel
tubing

Aluminum
‘fin base’

Open tubular
oven

(b)

Fig. 4. Mechanical removal testing: Pulling device with tube held on the left while the pneumatic cylinder pulls the sheath the aluminum ‘fin base’ to the right shown

as (a) schematic and (b) picture.
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Heat
tracing
insulation

Heat
tracing
insulation

1

@ (b)
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Fig. 6. Movement measurement testing: Pictures of the C-fin mounted in the gravity test rig, showing (a) the heat-trace insulation partially removed and (b) the top of

the rig, with the fin at the top of the heat-trace insulation, shown without the insulation as a barrier.

(@) (b)

101

Fig. 7. Operating condition testing: Laboratory
scale storage unit for testing the optimized fin de-
sign and comparing the clipped and crimped fin-
tube assemblies shown in (a) the design cut-out,
without fins on the (red) tubes for clarity and (b)
as-built in the testing environment. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 8. Mechanical removal testing: Load displacement diagram of reference
(R) and cycled (C) samples of the carbon steel (CS) and stainless steel (SS) fin
(F) and sheath (S) based samples.

the same test, to ensure that other parameters remained the same.
5. Results

Results from the three testing methods — cycling and mechanical
removal tests, cycling and movement measurement tests and testing
under operating conditions — are described with the test plans in the
following sections.

5.1. Results of cycling and mechanical removal tests

Mechanical removal tests were conducted with all three assembly
methods. As the heat shrinking samples disassembled with gravity
while removing them from the cycling crucible, all further work with
this method was abandoned.

The load displacement diagrams comparing reference (uncycled)
and cycled samples of three different crimp samples detailed in Table 1
are shown in Fig. 8. Data from one of the samples is shown. Results
from the sample pairs were comparable.

Both crimp samples using a carbon steel crimp (CS-F in red/skinny
and CS-S in green/mid-thickness) show no relevant change in the load
displacement between a reference (R) and a cycled (C) sample. Due to
the similar coefficient of thermal expansion of the carbon steel tube and
the carbon steel crimp, the thermal cycling and elevated temperatures
do not affect the mounting. In all four sample types, the aluminum
sheaths could not be removed from the tubes. Also, a difference in
general slope is observed, with the CS-F sample having a steeper slope.
This shows that the sample is mounted even more firmly.

The SS-S sample (grey), on the other hand, has a significant loss of
strength between the reference (R, solid) and cycled (C, dash) sample.
The stainless steel crimp material has a slightly higher coefficient of
thermal expansion in comparison to the tube material. This difference
results in a loosening of the mounting at elevated temperatures and the
removal of the aluminum sheath with a force of approximately 1500
kN. Thus, stainless steel crimps are not suitable in combination with
carbon steel tubes.

In the clip samples shown in Fig. 9, the differences between re-
ference (solid) and cycled (dash) samples is clear for all three types. The
A-fin (blue) and C-fin (red) mountings are firm as reference samples;
after cycling, both of the A-fin and C-fin mounting can be pulled along
the tube, though the A-fin mounting requires a higher load. The B-fin
(grey, thick) can be dismounted even in the reference state. After
sampling, the B-fin (grey, dash) is moved constantly with increasing
load.

5.2. Results of cycling and movement measurement tests

Shown in Table 3 is a summary of the tests and results with the C-
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Fig. 9. Mechanical removal testing: Load displacement diagram of reference
(R) and cycled (C) samples of the clip mountings.

Table 3
Movement measurement testing: Test plan and results for the cycling and
gravity tests. Each temperature range was cycled 100 times.

Fin Fin length(s) Clips [%] Lower and upper plateau Movement
[m] temperatures [°C]
Cfin 2*2m 50 100-220 none
175-275
285-325
4%0.95m 47 175-275 none
40 285-325
27 Constant at 340
9.5 ca.2 months
Bfin 2*1.8m 20 100-220 4 mm
175-275 no further
285-325 movement
26 100-220 none
285-325 none

and B-fins, mounted in the cycling and movement measurement test rig
via clipping with different numbers of clips. The temperature was cy-
cled between an upper and a lower temperature.

Two C-fin mountings were tested; one with two segments, each 2m
long, with 50% clips per length and the other with four fin segments,
each 0.95m long and with different numbers of clips. After each tem-
perature range, the unit was cooled to room temperature and move-
ment was checked. Thereafter, the next higher temperature range was
cycled. None of the segments showed any enduring movement. All tests
were conducted on the same inner tube. Dismantling of the fins from
the tubes showed material deposits on the tube and grooves on the fins
(see Fig. 10), showing evidence for a thermal weld between the alu-
minum and the steel during cycling and likely a very good thermal
contact.

Two B-fin samples with 20% and 26% clips were tested, which were
mounted in two 1.8 m sections per tube. In the 20% tests, with the
lowest number of clips per length, there was 4 mm movement of the fins
at the lowest cycling temperature range of 100-220 °C. There was no
further movement during the higher temperature ranges. With 26%
clips, there was no movement in any of the temperature ranges.

5.3. Results from testing under operating conditions

Various cycles were measured with both the clipping and the
crimping mounting of the A-fins in the storage unit. First results were
reported by Johnson et al. in [24]. The aspect of interest in this paper is
the direct comparison of the thermodynamics of the two mounting
methods as well as analysis of the fins and tubes after dismantling.

The analysis of a discharging cycle shows a large time difference
between clipped and crimped finned-tubes in reaching a reference
temperature. This reference temperature is set to 300 °C to make sure
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Deposits on
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cycling and
dismantling

(b)

Fig. 10. Movement measurement testing: Material exchange and marking of fins after thermal cycling and dismantling of the fin-tube assembly in fins mounted with
clipping to tube with (a) grooves in the fin on the mounting surface between fin and tube and (b) deposits on the steel tube.
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Fig. 11. Operating condition testing: PCM temperature over time for two measurement positions during discharging with HTF temperature 20 K below PCM melting

temperature for both clipped and crimped A-fin geometries.
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Fig. 12. Operating condition testing: PCM temperature over time for two measurement positions during charging with HTF temperature 20 K above PCM melting

temperature for both clipped and crimped A-fin geometries.
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that all PCM is solidified. Fig. 11 presents the results of a cycle with an
HTF temperature that is 20 K below the melting temperature (306 °C)
for two thermocouple measurement positions (pos20 and pos30) in the
fin geometry of the central tube’s middle measurement level. The
measurements at other positions are discussed in [24]; these positions
were chosen for analysis for their representative positions. The blue
lines refer to pos20 for both the clipped and crimped mounting and the
red lines refer to pos30 of the same. The crimping method results in a
several hour slower discharge with +27% and +21% for the two po-
sitions under the same conditions. This shows that the heat transfer is
much better in the clipped mountings than in the crimped ones.

A similar behavior is observed when analyzing a charging cycle with
an HTF temperature that is 20 K above the PCM’s melting temperature.
The reference temperature for measuring the time difference is set to
306.3 °C for two reasons. First, in contrast to the solidification process,
a clear end of the phase change process is visible. Secondly, the natural
convection balances the temperature distribution with the PCM,
meaning that the temperature increase in positions that melted early is
slowed down. Once all of the PCM is melted, the temperature increases
uniformly in all positions. This effect is not observed in the solidifica-
tion process because of the heat transfer limitation due to heat con-
duction only. This limitation during solidification has been shown in
[24] and can be observed by comparing the much faster melting time in
Fig. 12 to the slower solidification time shown in Fig. 11 for comparable
test conditions.

Fig. 12 also compares the clipping and crimping mounting method
using the A-fin geometry, based on the temperature for the pos20 and
pos30 in the central tube’s medium measurement level. Again, this tube
is chosen for its representative results. The figure shows a significantly
slower melting time and, thus heat transfer for the crimping mounting
method differing by +41% for pos20 and +30% for pos30.

After the experiments were concluded, the tubes were dismantled.
In the clipped fins and tubes, there was a constant layer of rust along
the entire fin length, as shown in Fig. 13(a). This shows that there were
large surface areas with contact between the fins and tubes, confirming
the results of the cycling and movement measurement tests discussed
above.

Dismantling of the crimping showed no rust on the fins (Fig. 13(b)).
In addition, a gap had developed between the tubes and the fins, shown
by the fin deformation in Fig. 13(c). The fins were mounted with a fixed
bearing crimping at the top and a sliding bearing crimping at the
bottom, to allow for thermal expansion. A radial expansion in the
middle of the fins was expected, as the fins were held radially only at
the top and bottom. However, the size of the gap, also at the bottom of
the tube, suggests that the sliding bearing did not slide as much as
would have been necessary for an acceptable level of thermal contact.
With a gap between the fin and the tube, there is no good thermal
contact. This explains the much slower cycle times seen in Figs. 11 and
12.

Rust layer

\ r—
R Steel tubing

(b)
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6. Discussion

The mechanical removal of the mounting method only gives insight
into one bond, and not the strength created by the friction of an entire
fin length pressed to an entire tube length. Therefore, the results for the
clipping method in the mechanical removal tests are conservative. In
addition, testing of a larger number of samples would strengthen the
results shown here.

The movement measurement tests were conducted with air as both
the HTF and the surrounding ‘storage material’. In a storage unit, there
is PCM salt around the tubes and aluminum fins. Salt has a negative
change in volume from the liquid to the solid state, see [17], so that any
salt that creeps between the fins and tubes does not expand during
solidification as water/ice does, but shrink. Therefore, a ratcheting of
the space between fin and tube would not occur. The results show that a
possible issue of concern — the softness of aluminum at higher tem-
peratures — is actually of little concern. Even the B-finned-tube with
only 20% and the C-fin with 9.5% clips per tube showed no movement
at higher temperatures. This is likely due to the weld-type bond formed
between the aluminum and steel at higher temperatures with the
movement of the materials in thermal expansion.

Testing under operating conditions showed that the crimping
method has significantly slower discharge times than the clipping
method. This time difference is caused by a gap between the HTF tube
and the fins, limiting the heat transfer at this interface. Both charge and
discharge cycles show similar time differences, meaning that the main
heat transfer limitation is caused by this gap, but not by the dominant
heat transfer between PCM and fin, i.e. heat conduction during dis-
charge and natural convection during charging. However, for a detailed
understanding of the creation of the gap and the quantitative heat
transfer performance, further research with a different experimental
setup is necessary.

Apart from the mentioned assembly methods, first trials were con-
ducted by soldering the fins to the steel tubes. The trials at ambient
temperatures showed promising results with regard to the bond
strength, but further development and testing concerning the assembly
method and thermal cycling is required.

7. Conclusions

Although these tests were conducted with a variety of tubes and fins
as described above, the combination of all of these tests gives good
insight into the methods of creating a durable mounting method in
finned-tube assemblies in high temperature latent heat storages. Only
the clipping method showed promising results with regard to the bond
strength and the heat transfer performance. The crimping method of-
fered the highest bond strength, but could not achieve a similar heat
transfer performance as achieved for the clipped tubes. Finally, the heat
shrinking method proved not to be feasible due to the missing bond
strength at high temperatures.

However, to better understand why the gap for the crimping method

-

©

Fig. 13. Operating conditions testing: Dismantled components after testing under operating conditions. Inner side of a fin from a (a) clipped assembly and (b)

crimped assembly. (c¢) Crimped assembly showing gap between fins and tube.
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occurred, a more detailed analysis of a single finned-tube and the fin-
tube connection is recommended. First gravity cycling tests for the
preferred clipping mounting method show that even with a low number
of clips per tube, the fin can be held through thermal cycling. Another
possibility is to combine the crimping and clipping methods for en-
suring both a high bond strength as well as sufficient thermal contact.
These results can be used for reducing costs and optimizing design of
high temperature latent heat storages.
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2.4. Paper lll: Thermal storage design

This article, entitled “Design of High Temperature Thermal Energy Storage for High
Power Levels,” was first presented at Greenstock in Beijing, China, May 2015, and later
published in Sustainable Cities and Society, vol. 35, pp. 758-763, copyright Elsevier, 2017
and was co-authored by Julian VVogel, Matthias Hempel, Bernd Hachmann and Andreas
Dengel. This author is the first author.

The storage system was designed and analyzed with the development of an iterative
multi-step method allowing for upscaling in both power and capacity as well as design for
specific system requirements. The method spans from the design of the fin, based on both
empirical and geometrical information, to the heat transfer analysis of a storage system. The
analysis is comprised of several steps: a heat transfer analysis of the cross-section of one tube
without modeling the heat transfer fluid, a transfer from the cross-section to a simplified one-
dimensional radial model and a two-dimensional axial and radial analysis coupling the axial
flow of the heat transfer fluid and the radial heat transfer into the storage. The developed
analysis method and the resulting storage system are presented and the comparison of
different fin designs shows the suitability of each fin for different applications. The upscaling
in thermal power leads to the development of a very dense fin structure and tight tube-
spacing. The upscaling in capacity leads to the development of a design model with
capabilities for analysis of thermal losses and possible non-ideal flow through the headers.
With the development of a design method from system parameters to fin design, tube length
and tube number, storage units and systems can be thermally designed.

The author is responsible for the conceptualization, data curation, formal analysis,
funding acquisition, the overall methodology, project administration, supervision, as well as
the writing of the original draft of the paper. Julian VVogel primarily developed the specific
methodology for two-dimensional numerical analysis of temperature and phase change of a
cross-section, including formal analysis, visualization, writing of parts of the methods and
review and editing of the paper. Matthias Hempel primarily developed the methodology for
reduction to a one-dimensional simplified model, including formal analysis, some of the
visualization and review and editing of the paper. Bernd Hachmann assisted in the design of
the fin analyzed in the formal analysis. Andreas Dengel provided system data resources for
the development of the storage design.
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Publications — Paper IV: Physical storage integration

2.5. Paper IV: Physical storage integration

This article, entitled “Design and Integration of High Temperature Latent Heat Thermal
Energy Storage for High Power Levels,” was first presented at ASME IMECE in Pittsburgh,
USA, November 2018 and later published in the Proceedings of the ASME IMECE,
IMECE2018-86281, copyright ASME, 2018. It was co-authored by Bernd Hachmann,
Andreas Dengel, Michael FiR3, Matthias Hempel and Dan Bauer and this author is the first
author.

This paper discusses the detailed design of the storage and system, including the
simulations of the system integration. The discussion of the engineering design of the headers
and the method for finned-tube attachment show the details required in upscaling capacity.
This upscaling in an operating plant also led to the development of a retention-type
foundation. The full system integration allowing for both charging and discharging a real
system is discussed, showing the integration as a whole as necessary for meeting system
demands.

The author is responsible for the conceptualization, data curation, funding acquisition,
investigation, methodology, project administration, supervision, visualization, and writing of
the original draft of this article. The assembly methodology for the finned tubes was
developed by Bernd Hachmann. The header design was developed by the author, Michael Fi3
and the company contracted to build the storage unit. Andreas Dengel oversaw and
coordinated the system design in collaboration with the author. Matthias Hempel conducted
the simulations according to parameters given by the author. Dan Bauer provided resources,

supervision and review of the article.
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ODLNH -RKQVRQ %HUQG +DFKPDQQ
*HUPDQ $HURVSDFH &HQWHU ): %U|NHOPDQQ *PE+ &R .*
BWXWWJIDUW *HUPDQ\ (QVH +|LQJHQ *HUPDQ\
$QGUHDV - OLFKDH ODWWKLDV 'DQ %D
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6DDUEUFNHQ *HUPBPWXWWJDUW *HUPBOWXWWJIDUW *HUPBWXWWJIDUW *HUPD

$%675$&7
$ ODWHQW KHDW WKHUPDO HQHUJ\ VWARRDYI&?,XDLW LV EHLQJ
LQWHJUDWHG LQWR D KHDW DQG SRZHKHFRWMRUDUBWXEQW SOD/QWH PLQFRPSU
6DDUODQG *HUPDQ\ 7KLV VWRUDJH XQKMUNDOWHB HULD OV WRW DY IXQLW  SLS
LQWHUPHGLDWH EDFNXS WR D KHDW U HRRYHLR O/ WHMPH Ph QIHQ/® W/R W UDRYDZ0 JIDV X
WXUELQH DQG LV WKHUHIRUH VLW XDWHDWQ DSPA) BADHOD ARR HWQKIN W QR Y SDOX
EHWZHHQ WKH IHHGZDWHU SXPSV DQGVWHKHHPWHDR AFV) DVKB Q/ WEWPRUPHGLD
UHTXLUHG LV VXSHUKHDWHG ZLWK DVWRPPQDIPQWHKBWRDO +SRZHW QI IJDV W.
0: 7KH VWRUDJH XQLW QHHGV WR SURWKG W H/GVHOQ PS DRI COOM @ MRVW KLV XQL
PLQXWHV UHVXOWLQJ LQ D PLQLPXPV FXRZRLWEY BLIXUB:K 7KH VWHDP UHT
,QWHJUDWLRQ RI WKLV VWRUDJH XQLWXEHORHDWHG DVRP HHHBEZDQFN UD @R G K
GHFUHDVH IRVVLO IXHO XVH E\ UHGXFRQJ WKH K N WR UD FIR QOH @QWIL\R QIHT X L U H
EDFNXS ERLOHU ZKLOH PDLQWDLQLQOHBMNMW VWHHDPXWNSSDW WR PHWRHPXP 10F
FXVWRPHU SDUDPHWHUV UHVXOW LQ D PLQLPXP VW
7KH GHWDLOHG GHVLJQ DQG D SDUWLDQ WXHOBGX BUMKM VW RUHIPI HD XFQRLOW H Q \
KDV WR GDWH EHHQ VXFFHVVIXOO\ FRQW¥F ®XE6HGLPDWO DHROG DWR WKWWPLW FDQ
GHVLJQ DQG EXLOG +RW DQG FROG FRPWKVOQLRZIRQ P LRI XWHN LWRWOHIHDV WX
XQLW LQFOXGLQJ ILOOLQJ RI WKH V@HRRHMWD XQVWHEROOQWREPMRIFHIDV WX
IROORZLQJ WKH FRPSOHWLRQ RI WKRSMWRWDRB XQLW :LWK WKH
LQWHJUDWLRQ RI WKLV VWRUDJH XQLW | RWWK QV K¥H DQXWHU @ D@/Q REGH RIHG K A HVEK IH
WKLV SRZHU SODQW $GGLWLRQDOO\ MRQYYSQRGERBWDORED RN XX ERU B HDWHNGK H (
VWHDP DW D KLJK SRZHU OHYHO LQ D LOM WQHHRING K H D VP L\OXRWHD/I HWHRQ LUM IDFIG X C
FRPSDULVRQ ZLWK VLPXODWLRQ WRROSYURGYXFWHRIR VWISHDH L DKLR QS KR ¥ HRAW H C
LQFOXGHV WKH GHVLJQ EXLOG FRPPDWVIZA@®IDPQBWKWHEWRPRQGRIIRMKH/ WHDF
VWRUDJH XQLW 7KH SDSHU GLVFXVVHWWAKRP IGHW D WK IHG ORH\GL JOH B K FWKLHR Q R
VWRUDJH DQG V\WWHP LQFOXGLQJ W KH RXG@WODRY HRMW JR IVIVKHQ YVVRVHPS S UR| |
LQWHJUDWLRQ JRU WKLV UDPS XS WLPH WKH VWRU
PLQLPXP VWHDP ORDG 7KHUHDIWHU
ERLOHU SURGXFHV VWHDP XQWLO WKF
WULSSLQJ KDV EHHQ DOOHYLDWHG
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2QFH WKH JDV WXUELQH DQG +56* FOH RSHDDWLIQRZRJIDIQQ ) MW KK H 7KH |
VWRUDJH XQLW LV FKDUJHG XVLQJ VWEDWHU RRVWKRMVOBEY BKURXIK FHQWUD
E\SDVV DQG D FRQWURO YDOYH WKH VILMDPY WD @G QBIUW K WX\ R UXDS) W R\ V WEHPU [
GXULQJ FKDUJLQJ DOVR PHHWV WKH UMRMNUHYHPWH WD GRIl RV KHV HEIGX VWK LDQ VH
FXVWRPHU KHDW WUDQVIHU IOXLG DQG WKH VWHHOZ
7KH VWRUDJH XQLW XVHV H[WHQGH GP DLVQHHLD &/ X ¥ VWIXG KD WXENHD QGQV QHH
VKHOO ODWHQW KHDW VWRUDJH FR Q FHRSNG XZREW/IKY MR G L XK W) LG/R) DQRMW D D HHIGH
SKDVH FKDQJH PDWHULDO 3&0 VWR SUMN WKKIH \H QHKUHIP EWWHKLDQ OVHG LQ Wt
FRPELQDWLRQ RI VHQVLEOH DQG ODWHQW KHDW 7KH GHWDLOHG

VLPXODWLRQV DQG WKHUPRG\QDPLF GHVLJQ DUH GHVFULEHG LQ DQG
WKH LQWHJUDWLRQ RI WKH VWRUDJH XQLW LQWR WKH V\VWHP LQ
:DW 6WHDP
LOQMHFWIMRR) FXVWRPHU
} X
@] M @)
© |
L 1 N
] 6_ vl B %DFN XS
DV WXUELQN |— ERLOHU )LJXUH 'UDZLQJ RI ILQ GHVLJQ VKRZLQJ FF
1 WZR ILQ VHIPHQWY DQG DVVHPEO\ FOLSV
6WORN 7KH ILQV DUH FOLSSHG RQWR WKH W.
) EWDFNUHGZDWHUL QGHSHQGHQW WKHUPDO H[SDQVLRQ RI
+56 A WDSN ILQV ZKLOH HQVXULQJ D FRQWLQXRX
| @ EHWZHHQ WKH WZR PDWHULDOV 6SULQ.
JLIXUH /D\RXW RI WKH FRIJHQHUDWLRQ swg\&%\ﬁm {J b PDLQWDLQLQJ VWL
ODWHQW KHDW WKHUPDO HQHUJ\ VWRUDJH 3] SDUPOOHO WR
WKH +56* DQG WKH EDFNXS ERLOHU WKH VSH LILHG KLJK SRZHU OHY

L VWUXFWXUH DQG VPDOO WXI
JROORZLQJ WKH EDVLF GHVLJQ RI VW DQ_%

VIVWHP WKH GHWDLOHG GHVLJQ R ng@lgDvF W\JDQBF%QEWK\ %ﬁl&%q\ﬁ\//éfvvx F‘
FRQGXFWHG 7KH VWRUDJH XQLW DQG pAVVWHPoR Gy WiRs DIRAR W:k'?%
ERWK WKH FKDUJLQJ DQG GLVFKDUJLGY RBHWHKRIHZIW LQFOXGLQ

VZLWFKLQJ RI RSHUDWLRQ PRGHV ZKLOM, QBQVL\)/MQ,V\(,WHsy\R\mgé@\JpHFKD
KLJK TXDOLW\ VWHDP WR WKH LQGXVWY FXOW MR RLRO v 2D )@\)/VRE§LIJ-||_L|JQ/\%[|._%JR

FRQGLWLRQV ZHUH VLPXODWHG DQG WKH G H¥LEQY RloW&H W\ WKHP QG J |§||¢ V'S

VWRUDJH SODQQHG WR PHHW WKHVH TR HEP bQWNYD WPZH,@@QVS@/ PDW
SHUPLWWLQJ UHTXLUHPHQWYV IRU RSHUQWRRQ WY B U%QPRWUH QRZ MRL

IRU WKH FHQWUDO WXEH WR EH VOLG E

6725%*( 6<67(0 (6,1 $1' %8,/ DVVHPEO\ PHFKDOQLVP LV WKH UHOD[H

7KH VWRUDJH XQLW GHVLJQ LQFOXGH%EH HIWMHOEHS G WOLEHR 7K+
DQG DSSUR]J WRQV Rl VROVXWKHL WWRWBIHD b3, \HDVLEOH DQG DFFXUDWH

POWHULDO POVY ZLWK © PLOUPLIHG YRAXGHD| Ml (KUDSHIHY o B K dowd SURC
PRGH VZLWFKLQJ EHWZHHQ VWDQGE\ DIQ‘%W H EXLOG
WKH VWRUDJH LV DW WKH WLPH RI ZUL QJ DOPRVW IXOO\ FRPSOHWHG

ZLWK MXVW WKH PRXQWLQJ SLQV IRU WKH WKHUPDO LQVXODWLRQ WR EH
FODULILHG DQG ZHOGHG $IWHU WKLV WKH SUHVVXUH WHVWLQJ DQG
GHOLYHU\ FDQ RFFXU

([SHULHQFHV ZLWK WKH ILQ DVVHPEO\ WKH WLJKW WXEH VSDFLQJ
DQG WKH GHQVH ILQ VWUXFWXUH FDQ EH UHSRUWHG 7KH V\VWHP IRU WKH
LQWHIJUDWLRQ KDV EHHQ GHVLIJQHG DQG WKH IRXQGDWLRQ IRU WKH VWRUDJH
EXLOW

$66(0%/< 0(7+2' )25 ),11(' 78%(6

7KH ILQQHG WXEH GHVLJQ LV FRPSU)LL\m@Hm&({ V\/\,V)qu_i W%M@&V\é'ﬁmomv
ZKLFK WZR D[LDO ILQ VHJPHQWV DUH uhQlys S¢ BREK YSUEQJ VWHHO
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7KH ILQ VHJPHQWV DUH VKRZQ LQ )LJXUH D DQG WKH
PRXQWHG ILQQHG WXEH LQ E (DFK ILQ VHJPHQW LV P ORQJ DQG
WKH WXEHV DUH P DOORZLQJ IRU ZHOGLQJ LQWR WKH KHDGHUV

C E
J)LIXUH 'HWDLO RI WKH D ORZHU KHDGHU
QDUURZLQJ RI WKH LQGLYLGXDO WXEHV EHO
PLQLPL]H WKH YROXPH LQ WKH KHDGHU )RX
FRQQHFW GRZQZDUGV WR RQH VHPL KHDGHU
C E VODQWHG PDLQ KHDGHU E 7KH XSSHU KHD

JLIXUH )LQQHG WXEH DVVHPEO\ VKRZLQJWQH%E!Eéngl\#Jg@H\gKH WXEH EXQGOH DWWDF
ILQ VHIPHQWYV DQG E PRXQWHG ILQQHG WXER

)LIXUH  VKRZV D FORVH xS Ri D PRIQWINERL BAEE HRG S50 R0 RSHU

DVVHPEO\ RQO\ XVHG IRU VWHDP DQG GRHV QRW
JUDGLHQWYV WKDW WKH ORZHU KHDGH
GHVLIJQHG VR WKDW WKH VWRUDJH XQ
PDWHULDO 7R WKLV H[WHQW WKH VHPL
RQH DQRWKHU DOORZLQJ IRU VOLWYV
PDWHULDO FDQ EH ILOOHG LQWR WKH Xt

6725%$*( 81,7 %8,/
7KH VWRUDJH XQLW LV EHLQJ EXLOW
EXLOW URZ IRU URZ LQ D KRUL]JRQWDO
WXEH SODWH ZHOGHG DV D EDVH )LJX
WXEHV ZDV DOLJQHG DQG ZHOGHG WR D

JLIXUH $VVHPEOHG ILQQHG WXEH LQ )LJXUH D DQG WKLV DVVHPEO\ W
SODWH DQG ZHOGHG WKHUH )LJIXUH
+($'(5 '(6,*1 DVVHPEOHG ILQQHG WXEHV DQG )LJIXU

7KH VWRUDJH XQLW LV GHVLJQHG KWBGEHN G/IKW KIVHIHEG PR R1 WKHUP]
IHHGZDWHU WKDW HYDSRUDWHV W ISVFRKOUHW® WXV LURU BRBDOUKHD WHG KH (
VWHDP WKDW IRU PRVW RI WKH FKDUJBQUMNLHPWMHWHEB WG RIQO DAY HR\QW H D P
SKDVH 7KHUHIRUH WKH XSSHU KHDGHU BWRGBYHJI®BGW REX VOVGH ZR DR EH IRO(
WKH ORZHU KHDGHU IRU HLWKHU ZDWHW RIQVWRDW ILOOLQJ DQG FRPPLVVLRC

7KH ORZHU KHDGHU KDV WR KDYH D $BDQQRZ LRW BX@X® YROXPH WR
DOORZ IRU WKH UHTXLUHG IDVW VZLWFK WLPH Rl WZR PLQXWHV 'XULQJ
WKHVH WZR PLQXWHV IHHGZDWHU IORZV LQWR WKLV YROXPH DQG SXVKHYV
VWHDP XS WKURXJK WKH VWRUDJH XQLW ZKLOH KHDWLQJ DQG
HYDSRUDWLQJ DQG WKHUHE\ H[SDQGLQJ

,Q RUGHU WR PHHW WKHVH UHTXLUHPHQWVY WKH ORZHU KHDGHU LV
GHVLJQHG DV VKRZQ LQ )LIJXUH D ZLWK WDSHUHG WXEHV ZHOGHG WR
HDFK Rl WKH WXEHV FRPLQJ RXW RI WKH WXEH SODWH DW WKH ERWWRP HQG
RI WKH VWRUDJH 7KH WDSHULQJ LV IRU YROXPH UHGXFWLRQ 7KHVH
WDSHUHG WXEHV IORZ LQWR D VHPL KHDGHU ZKLFK LV RSWLPL]HG IRU
ZHOGDELOLW\ DQG LQWHUQDO YROXPH 7KH VLQJOH PDLQ KHDGHU EHORZ
WKLV LV ORFDWHG LQ WKH PLGGOH RI WKH VWRUDJH XQLW ,W LV VODQWHG \
WKDW DQ\ FRQGHQVDWH WKDW IRUPV GXULQJ WKH EHJLQQLQJ Rl FKDUJLQJ
DQG LQ VWDQGE\ RSHUDWLRQ IORZV RXW RI WKH XQLW
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JLIXUH 6WRUDJH XQLW EXLOG VKRZLQJ IL)UVW URZV_ZHOGHG LOWR
WKH WXEH SODWH DVVHPEO\ DQG 0\LQJ RQWKH Y Lc3bkBYHPRQWDJH RI WKH VWRUDJH
WKH zDOO RI'WKH FRIJHQHUDWLRQ SODQW L

7KH IRXQGDWLRQ QHHGV WR FDUU\ \
XQLW ILOOHG ZLWK VRGLXP QLWUDWH
LQVXODWLRQ DQG DQ\ H[WUD ORDGV VX
WKH VWRUDJH ZDWHU ZHLJKW RI KHDW
XQLW DQG SLSLQJ DQG VQRZ DV WKLV X
DQ\ EXLOGLQJV ,Q DGGLWLRQ WKH IRX
WR FRQWDLQ WKH VRGLXP QLWUDWH LI
XQLW DQG EH GHVLJQHG IRU WKH SL:
LQFOXGLQJ IHHGZDWHU FRPLQJ LQWR W
GXULQJ GLVFKDUJLQJ DQG FRQGHQVDW]|
WKH ERWWRP Rl WKH VWRUDJH XQLW G
SODQ RI WKLV IRXQGDWLRQ DUH VKRZQ

c E UHVSHFWLYHO\
JLIXUH B6WRUDJH XQLW EXLOG VKRZLQJ D SUHSDUHG WXEH URZV

ZLWK XSSHU KHDGHUV DQG E GHWDLO RI WKH DVVHPEOHG ILQQHG
WXEHV

JLIXUH 6WRUDJH XQLW EXLOG VKRZLQJ FRPSOHWH DVVHPEO\ RI
WKH ORZHU KHDGHU FRQVWUXFWLRQ

JLIXUH JRXQGDWLRQ IRU WKH VWRUDJH X
6<67(0 '(6,*1 VWRUDJH HUHFWLRQ

7KH VIVWHP FRPSRQHQWV FRQWUROV BOQEy R WRWLHRRY WKWUHWKHHTXLUHF
LQWHJUDWLRQ RI WKH VWRUDJH XQLWphQW R DREFHBWLRHOFR IR @ H W L R ¢

SODQW KDYH EHHQ GHVLJQHG DQG SDUWLPOWY M KkOWY EHWZHHQ f& DQG
$V VKRZQ LQ )LIXUH WKH VWRUDgRAWEOOQRE LRWHHIAWHY b QQHDN 7KH
SDUDOOHO WR WKH +56* DQG WKH FXUUH QW BKP9E BOERHU B RXQOHYW 7K
7KH VWRUDJH XQLW ZLOO EH LQWHJUDMRKG WWKB BBRR BRO@R AR MKHWK
SODQW LQ 6DDUODQG *HUPDQ\ DV VKRL@ VQUWKH SAHWRARQMPRIXJIK® DURXG
JLIXUH ZKLFK LW FDQ IORZ LQWR WKH FRQGHQV
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Publications — Paper V: Process integration

2.6. Paper V: Process integration

This article, entitled “High temperature latent heat thermal energy storage integration in a
co-gen plant, was first presented at the 9" International Renewable Energy Storage
Conference (IRES 2015) in Dusseldorf, Germany, March 2015 and later published in Energy
Procedia, vol. 73 (June), pp. 281-288, 2015. It was co-authored by Julian Vogel, Matthias
Hempel, Andreas Dengel, Markus Seitz and Bernd Hachmann and this author is the first
author.

The design of the fins, storage unit design and planned integration in the cogeneration
plant are presented. This paper shows an overview of the development of the storage unit and
system, detailing the overall process.

The author is responsible for the conceptualization, data curation, funding acquisition,
investigation, methodology, project administration, supervision, visualization, and writing of
the original draft of this article. Julian Vogel and Matthias Hempel are both responsible for
the formal analysis, investigation and review of the article, and Julian VVogel is also
responsible for visualization of the results and writing of the numerical methods section.
Andreas Dengel is responsible for the resources for the system integration and investigation.
Markus Seitz is responsible for the conceptualization and investigation. Bernd Hachmann

assisted in the design of the fin analyzed in the formal analysis.
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WK ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ 6WRUDJ}

+LJK WHPSHUDWXUH ODWHQW KHDW WKH
FR JHQ SODQW

0 -RKAVRQIRIBO+HPSHOHGJIBNO6HLMW ] +DFRKPDQQ

*HUPDQ $HURVSDFH &HQWHU '/5 3IDIIHQZDOGULQJ 6 WX WV
FSWHDJ 1HZ (QHUJLHV 6W -RKDQQHUVWUD %H 6DDUEU-FN
f : %U|NHOPDQQ *PE+ &R .* 2HVWHUZHJ (QVH +|LQJHQ

$EVWUDFW

'LWKLQ WKH IUDPHZRUN RI WKH SURMHFW 7(6,1 IXQGHG E\ WKH *HUF
KLJK WHPSHUDWXUH ODWHQW KHDW WKHUPDO HQHUJ\ VWRUDJH XQLW
HG DQG WHVWHG LQ DQ RSHUDWLQJ FRIJHQHUDWLRQ SODQW LQ 6DDUO
GXVWULDO SURFHVV FXVWRPHUV IURP D JDV WXUELQH ZLWK D KHDW L
RSHUDWHG DW PLQLPDO ORDG IURP ZKLFK LW FDQ EH KHDWHG WR X
HQHUJ\ VWRUDJH LQWR WKH SODQW WKH VHFRQGDU\ ERLOHU ZLOO El
D IDLOXUH RI WKH JDV WXUELQH WKH VWRUDJH ZLOO SURGXFH VWHD
ZDUP WR D KRW RSHUDWLQJ ORDG 7KLV VWDQGE\ ORDG UHGXFWLRQ L

7KH VWHDP GHPDQG IURP WKH WKHUPDO VWRUDJH LV IRU W K DW C
7KLV UHVXOWYV LQ D KLJK SRDQEG ®HPHOHRIVDBER XYW RWDJH FDSDFLW\ R
OHYHO WKH VWHDP LV VXSHUKHDWHG DERXW DW OHDVW . 7KH FR
OHYHO KDV OHG WR D VPDOOHU WXEH GLVWDQFH WKDQ LQ SUHYLRXV "
UDJH DV ZHOO DV WKH ILQ GHVLJQ FRPELQHG ZLWK QLWUDWH VDOWYV
WRROV 'HWDLOHG GHVLJQ SODQQLQJ SHUPLWWLQJ DQG EXLOG RI Wk
7KH GHVLJQ Rl WKHVH ILQV VWRUDJH XQLW GHVLJQ DQG SODQQHG LQ

© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of EUROSOLAR - The European Association for Renewable Energy VRFLDV
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,QWURGXFWLRQ

7KH FRIJHQHUDWLRQ SODQW LQ 6DDUODQG FRQVLVWV RI D JDV WXUE
WZR EDFN XS ERLOHUV 7KH JDV WXUELQH EXUQV PLQH JDV IURP WKH
QDWXUH RI PLQH JDV WKH PHWKDQH FRQWHD@GLW HFK I LVDOSS Q V VRIPW \B
LQ D KHDWJADXHUBWRMW LQ WKH JDV WXUELQH WULSSLQJ DQG WKH VX¢
7KH FXVWRPHU UHTXLUHV D YHU\ FRQVWDQW VWHDP TXDOLW\ IRU WK}
1HZ (QHUJLHV KDV D EDFN XS ERLOHU UXQQLQJ RQ PLQLPDO ORDG $W
IXHOV 7KH VWHDP FUHDWHG E\ WKLV ILULQJ LV GLVSRVHG RI ,Q WKH
WUDQVLWLRQHG WR IXOO ORDG ZLWKLQ WZR PLQXWHV GXULQJ ZKLF
LQWHJUDWLRQ RI D WKHUPDO HQHUJ\ VWRUDJH XQLW WKH EDFN XS EF
FRPSDULVRQ WR PLQLPDO ORDG PXFK OHVV IRVVLO IXHO KDV WR EH E
WHPSHUDWXUH )URP ZDUP ORDG LW WDNHYV PLQXWHV WR WUDQVL)
HQHUJ\ VWRUDJH ZLOO VXSSO\ WKH QHFHVVDU\ VWHDP WR WKH VWHD
ERLOHU ZLOO UHGXFH WKH XVH RI IRVVLO IXHOV

OHWKRGRORJ\
30DQQHG LQWHJUDWLRQ LQWR WKH FRJHQHUDWLRQ SODQW

7KH VWHDP GHPDQG IRU WKH FXVWRPHU LV IRU W K DW DERXW ED
LV SBRGXLQ WKH +56* XVLQJ IHHGZDWHU ZLWK DQ LQOHW WHPSHUDWXL
DOORZ WKH VWDQGE\ ERLOHU WR EH UXQ DW ZDUP ORDG LW KDV WR !

0: IRU D PLQLPXP RI PLQXWHY 7KH PLQLPDOO\ UHTXLUHG VWRUDJH

6LQFH HYDSRUDWLRQ LV UHTXLUHG IRU GLVFKDUJLQJ D ODWHQW KH
LQWHJUDWLRQ ,Q D ODWHQW KHDW WKHUPDO HQHUJ\ VWRUDJH XQLW
WR VROLG DQG EDFN DJDLQ IRU GLVFKDUJLQJ DQG FKDUJLQJ UHVSHF
VWRUHV WKH ODWHQW HQHUJ\ (DFK PDWHULDO KDV LWV LQKHUHQW PLC
WXUH 7KH KLJKHU WKH VSHFLILF FDSDFLW\ RI WKH PDWHULDO WKH PR
ULDO KDV D KLJK WKHUPDO FRQGXFWLYLW\ LQ RUGHU WR FKDUJH DQG
'XH WR WKLV ORZ WKHUPDO FRQGXFWLYLW\ YDULRXV GHVLJQV DQG VV
PHWKRG WHVWHG LQ YDULRXV VWRUDJH XQLWYV DW '/5 LV WKH XVH RI |
WXEHV > @ ([WHQGHG ILQV DOORZ IRU KHDW WR EH WUDQVIHUUHG IUF
WXEH ZKLOH DOORZLQJ WKH KHDW WUDQVIHU PHGLXP WR EH SUHVVXU
ILQ VWRUDJHV LV VLPLODU WR WXEH DQG VKHOO KHDW H[FKDQJHUV V
IORZ FDQ EH UHOLHG XSRQ 7KH D[LDOO\ RULHQWHG ILQV DQDO\IHG DC
GXFWLRQV LQ WKH DVVHPEO\ DQG DOVR KDYH WKHUPRG\QDPLF EHQHIL
UDQJH EHWZHHQ f& DQG f& XQGHUJR D YROXPH FKDQJH GXULQJ .
D[LDO ILQV GXULQJ FKDUJLQJ WKLV OLTXLG 3&0 SURYLGHV LWV RZQ Fk
WKH YROXPH FKDQJH LQ WKH 3&0 LV QR ORQJHU FULWLFDO

$V VKRZQ LQ WKH LQWHJUDWLRQ VFKHPDWLF LQ )LJ WKH VWRUDJH
FKDUJHG ZLWK IHHGZDWHU 'XULQJ GLVFKDUJLQJ IHHGZDWHU EOXH OL(
LOWR WKH ERWWRP RI WKH VWRUDJH HYDSRUDWHVY WR VWHDP DQG L\
OHDYLQJ WKH VWRUDJH DV VXSHUKHDWHG VWHDP +HDW LV WUDQVIHU
OHDGLQJ WR D VROLGLILFDWLRQ RI WKH VWRUDJH PDWHULDO
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:DWHU 6WHDP PDLQ
LOQMHFWIWRR FXVWRPHU

A
!
|

~ [

*DV WXUEIE.Q% —

6W N

L %DFN XS
ERLOHU

; i 6WDFNpwGzowHU
+56% | L WDQN

odb”

)LJ 6FKHPDWLF RI WKH SODQQHG LQWHIJUDWLRQ RI WKH ODWHQW KHDW WKHL

7KH VWRUDJH XQLW ZLOO EH FKDUJHG XVLQJ VWHDP IURP WKH +56*
DW WKH OHIW SULRU WR D ZDWHU LQMHFWLRQ WKDW FRQGLWLRQV W
SHUDWXUH RI f& DQG D SUHVVXUH RI EDU 7KH FRQGHQVDWLRQ W
XVH WKH IORZ OHDYLQJ WKH VWRUDJH XQLW GXULQJ FKDUJLQJ WKH
VR WKDW VWHDP H[LWV WKH VWRUDJH 7KLV VWHDP FDQ EH GHOLYHUH
UDWXUH f& LV KHOG 3DUW RI WKH VWHDP ZLOO E\SDVV WKH VWRUL
XQLW 'XULQJ FKDUJLQJ WKH DPRXQW E\SDVVLQJ WKH VWRUDJH XQLW
ERWK IORZV :LWK WKLV LQFRUSRUDWLRQ LQ WKH V\VWHP WKH ODWH
KHDW EXW EH FKDUJHG XVLQJ VHQVLEOH KHDW

7KH VWRUDJH PDWHULDO KDV WR EH SURSHUO\ VHOHFWHG WR ILW \

EDU WKH HYDSRUDWLRQ WHPSHUDWXUH RI ZDWHU LV DERXW f&
UDJH PDWHULDO VRGLMNMPPWQYVWMWHDMWMKHD/ANVEHDP UHTXLUHPHQW IRU ERWK
LQJ WHPSHUDWXUH RI f& W DOVR KDV D UHODWLYHO\ ODUJH ODWF

ULQFLSDO VWRUDJH GHVLJQ FRQVLGHUDWLRQYV
7KH FRPELQDWLRQ RI WKH VXSHUKHDWLQJ DQG WKH UHTXLUHG SRZFE

YLRXV VWRUDJH XQLWYV DV ZHOO DV D QHZ D[LDO ILQ GHVLJQ ZLWK D
WKH VWRUDJH PDWHULDO $ 3&0 VWRUDJH EXLOW DQG WHVWHG LQ &I

SRZHU OHYHO RI1 FD N:>@ DQG VWHDG\ VWDWH RI N: >@ 7KLV \
UDGLDO ILQ VSDFLQJ RI PP $ ODE VFDOH VWRUDJH PRGXOH WHVWLI
OHQJIJWK RI P DQG WXEHV KDV D FDSDFLW\ RI N:K >@ 7KHVH WXEI

,Q RUGHU WR SURYLGH 0: Rl SRZHU IRU WKH UHTXLUHG PLQXWHYV
DV WKH ILQ JHRPHWU\ UHYLVHG $IWHU FRQVXOWLQJ PDQXIDFWXUHUV
FKRVHQ DV D PLQLPXP GLVWDQFH IRU ZKLFK HIILFLHQW ZHOGLQJ LV S
GLDPHWHU ZDV FKRVHQ 7KLV DOORZV IRU D KLJKHU VWRUDJH FDSDFL
LQFUHDVHV IORZ YHORFLW\ LQ WKH WXEHV DQG WKHUHIRUH OHDGV W
WKH ILQV LQ WKH VWRUDJH WHVWHG LQ &DURQHUDV> @ WKH ODE VFD
DUH VKRZQ LQ 7DEOH

9DULRXV LWHUDWLRQV RI WKH ILQ GHVLJQ ZHUH VLPXODWHG DQG DC
LQJ D ILQ WKDW KDV D PLQLPXP DPRXQW RI DOXPLQXP WKDW LV GLVW
WULDQJXODUO\ DOLJQHG WXEHV DQG DVVHVVLQJ LI WKLV GHVLJQ FDQ
H[WUXGDEOH DUH D FRPELQDWLRQ Rl WKH ZLGWK DQG OHQJWK RI WKH
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EHWZHHQ WKH ILQV (QFORVHG DUHDV LQ WKH ILQ FDQQRW EH H[WUXG
VLJQ FDQ EH WZHDNHG E\ DGMXVWLQJ WKH VSHHG DW ZKLFK D ILQ LV H
RSWLPXPV KDYH WR EH UHOLHG XSRQ LQ RSWLPL]LQJ D ILQ GHVLJQ 7K
PDQQ FUHDWLQJ ILQ GHVLJQV WKDW FDQ EH SURGXFHG DQG '/5 DVVHVV
VWUXFWXUHV

$ ILQDO SDUDPHWHU WKDW ZDV DQDO\]HG DQG DGDSWHG LQ WKH GHYV
VHW DW WKH VWDQGDUG OHQJWK RI P 7KHUHIRUH HDFK WXEH KDV D |
D VHW WKHUPDO FDSDFLW\ JLYHQ WKH RSHUDWLRQ SDUDPHWHUV IRU W

7DEOH &RPSDULVRQ RI )LQ *HRPHWU\ LQ 9DULRXV 6WRUDJHV
&DUEFIL /D FCL'WR  7(6,1 |
)LQ W\SH UDGLDO D[LDO D[LDO
7XEH VSDFLQJ LQ PP
)LQ IUDFWLRQ RI WRWDO YROXPH LQ
3&0 IUDFWLRQ Rl WRWDO YROXPH LQ
6WHHO WXEH IUDFWLRQ RI WRWDO YROXPH LQ

6LPXODWLRQ PHWKRGRORJ\

7KH EDVLF VWRUDJH DQG ILQ GHVLJQ FRPELQHG ZLWK QLWUDWH VDC
VLPXODWLRQ WRROV ,Q RUGHU WR VLPXODWH WKH VWRUDJH V\VWHP E
RI DOO RQO\ D VXEV\WWHP Rl WKH WXEH UHJLVWHU LV VLPXODWHG 7Kt}
PRXQWHG RQ LW DQG WKH VXUURXQGLQJ 3&0 VHFWLRQ 7KLV VLPSOLIL
DOO WKH WXEH ILQ 3&0 VXEV\VWHPV 7KH UHVXOW LV WKHQ VFDOHG Wi
PHG WKDW WKH IORZ LQ WKH WXEHV DV ZHOO DV WKH KHDW WUDQVIHU
XQLIRUP SUHVVXUH GLVWULEXWLRQ EHWZHHQ WKH WXEHV DQG D XQLIF
WKH KHDGHU ZLOO OHDG WR D VOLJKWO\ XQHYHQ SUHVVXUH GLVWULEX
ZDOOV ZLOO OHDG WR DQ XQHYHQ WHPSHUDWXUH GLVWULEXWLRQ 6LQ
PLQLPL]JHG WKH\ DUH QHJOHFWHG 1DWXUDO FRQYHFWLRQ LQ WKH OL
GHVLJQ VWDJH GXH WR WKH FRPSOH[LW\ RI D GHWDLOHG VLPXODWLRQ
UDWKHU VPDOO HIIHFW GXH WR WKH VPDOO JDSV Rl WKH FXUUHQW ILQ

7KH VXEV\VWHP RI RQH WXEH ILQ DQG 3&0 LV D FRPSOH[ SUREOHP F
PRGHO 'LIIHUHQW PRGHOV IRU WKH WZR SKDVH IORZ RI ZDWHU LQVLGH
PHWU\ DQG WKH KHDW FRQGXFWLRQ ZLWK SKDVH FKDQJH LQ WKH 3&0 |
VLPXODWLRQ LV GLYLGHG LQWR WKUHH VWHSV ,Q WKH ILUVW VWHS W}
WXEH ILQ DQG 3&0 LV VLPXODWHG WR REWDLQ WKH KHDW WUDQVIHU Fk
D VSHFLILF 3&0 7KH UHVXOWLQJ ILHOGV Rl WHPSHUDWXUH DQG OLTXLG

,Q D VHFRQG VWHS IURP WKH UHVXOWLQJ FKDUDFWHULVWLF FXUYH |
VLPSOLILHG PRGHO IRU WKH 3&0 DQG ILQ FRPSRXQG LV GHULYHG 7KH
DQG ILQV DQG WKDW EHKDYHV LQ D VLPLODU IDVKLRQ GXH WR HIIHFW
ODWHQW KHDW DUH DYHUDJHG DQG WKH KHDW FRQGXFWLYLW\ LV FDOF;
WXEH VI\VWHP ZLWKRXW ILQV LQ VXFK D ZD\ WKDW WKH UHVXOWLQJ PH
KHDW FRQGXFWLRQ SUREOHP LQ WKH WXEH ILQ DQG 3&0 LV WKHQ FDO
WKDW XVHV WKH HIITHFWLYH PDWHULDO 7KH UHVXOWV DUH WKHQ FRPSI
DQDO\WLFDO VROXWLRQ RQO\ LQFRUSRUDWHY ODWHQW KHDW DQG QH.
DGMXVWHG LWHUDWLYHO\ XQWLO ERWK PRGHOV KDYH WKH VDPH PHOWL
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D PROWHQ E PROWHQ F PROWHQ
yLJ 7HPSHUDWXUH 7 DQG OLTXLG SKDVH IUDFWLRQI IURP WKH GHWDLOHG PR

,Q D WKLUG VWHS WKH HIIHFWLYH PRGHO PDWHULDO SURSHUWLHV I
FOXGLQJ D VLPSOLILHG RQH GLPHQVLRQDO TXDVL VWDWLRQDU\ WZR S
VLRQDO D[LVV\PPHWULF WUDQVLHQW QK& BWO0 FRIQ\GKX S\WDRE@ E®DWQKH W®E
F\FOH RI FKDUJLQJ DQG GLVFKDUJLQJ WKH VWRUDJH FDQ EH VLPXOD
SRVVLEOH RQO\ GXH WR WKHVH VLPSOLILFDWLRQV IURP WKH GHWDLOF
HVSHFLDOO\ WKH DVVXPSWLRQ IRU HIIHFWLYH PDWHULDO SURSHUWL
FRQVLGHUHG WR EH DFFHSWDEOH IRU WKH EDVLF GHVLJQ VWDJH 7K
YDOLGDWHG ZLWK UHVXOWV IURP WKH H[SHULPHQWDO VWRUDJH XQLW

S5HVXOWY DQG GLVFXVVLRQ
7KH LWHUDWLYH GHYHORSPHQW RI WKH ILQ GHVLJQ UHVXOWHG LQ W

VWRUDJH XQLW KDV EHHQ SODQQHG 7KH VWRUDJH XQLW KDYV WXEF
IRU WKH VWRUDJH PDWHULDO H[FOXGLQJ KHDGHUV DQG LQVXODWLRQ

)LJ 'LJLWDO DVVHPEO\ ZLWK UHVXOWLQJ ILQ GHVLJQ 6WHHO WXEH VKRZQ L
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7KH VLPXODWLRQ UHVXOWY RI GLVFKDUJLQJ GHSLFWHG LQ )LJ VKR?Z

f& LQ D GDVKHG EODFN OLQH DQG WKH RXWOHW WHPSHUDWXUH RI W
7KH RXWOHW WHPSHUDWXUH GHFUHDVHYV RYHU WLPH VR WKDW WKH VW
SHUDWXUH UHDFKHV f&

7KH VLPXODWHG WHPSHUDWXUH GLVWULEXWLRQ IRU WKH WRS PLGG
RYHU WLPH DUH DOVR VKRZQ LQ )LJ 7KH VLPXODWLRQ UHVXOWY DUH
LV ZzK\ D IODW SODWHDX IRU WKH SKDVH FKDQJH WHPSHUDWXUH LV QR\
DUH VLIJQLILFDQWO\ KLJKHU WKDQ WKH PHOWLQJ WHPSHUDWXUH RI ]
UR[LPDWHO\ Rl WKH 3&0 LV VWLOO OLTXLG DW WKLV SRLQW +RZHYF
PXFK EHORZ WKH VROLGLILFDWLRQ WHPSHUDWXUH RI f& WR DSSURT
UDWXUH RI f& DQG WKH KLJK HITHPWVLRKH BIOOWW KRIRKHR W KR QG ¥ WALIR
PHGLXP

7KLV GHVLJQ SRLQW GLVFKDUJH WLPH LV VLIQLILFDQWO\ PRUH WKDQ
LQ WKH GHVLJQ SURFHVY DQG DV WKH VWRUDJH XQLW LV SURYLGLQJ \
RYHUGHVLJQ WKH VWRUDJH WR HQVXUH WKDW WKH VWHDP TXDOLW\ FD
WLPH ORQJHU WKDQ WKH PLQLPXP SURYLGHVY WKH RSHUDWLQJ FRIJHQHL
DUH IRU H[DPSOH WKDW WKHUH LV D JRRG GLVWULEXWLRQ RI WKH K
FKDUJLQJ DQG FKDUJLQJ 7KH ORZHU KHDGHU GXH WR WKH VHQVLEOH
VWHDP GXUL%J FKDUJLQJ ,W LV WKHUHIRUH LPSRVVLEOH WR GHVLJQ IR
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)LJ 6LPXODWLRQ UHVXOWY RI WKH LQOHW DQG RXWOHW WHPSHUDWXUHV RI WKH KHDW
VWRUDJH XQLW GXULQJ GLVFKDUJLQJ RYHU WLPH

7KH VLPXODWLRQ UHVXOWY RI WHPSHUDWXUHY GXULQJ FKDUJLQJ DU
GHQVDWH ZLOO OHDYH WKH VWRUDJH XQLW DQG ZLOO EH GLVSRVHG RI
VKRZQ DV D SODWHDX IRU DSSUR[LPDWHO\ RQH KRXU DIWHU FRQGHQVD
WKH E\SDVV DQG VWRUDJH RXWOHW VWHDP DOORZV IRU D QHDUO\ FRQ)
DOO RI WKH IORZ JRHV WKURXJK WKH VWRUDJH WKH RXWOHW WHPSHU
EHIJLQ WR FOLPE $W WKLV SRLQW ZDWHU LOQMHFWLRQ ZLOO UHGXFH W

7KH PDVV IORZ UDWHV Rl WKH VWRUDJH VA\VWHP GXULQJ FKDUJLQJ RY
IORZ UDWH LQWR WKH E\SDVV DQG WKURXJK WKH VWRUDJH LV FRQWUI
LQFUHDVHY RYHU WLPH XQWLO WKH HQWLUH IORZ UDWH JRHV WKURXJK
DGMXVWPHQW RI WKH E\SDVV IORZ UDWH RYHU WLPH IRU WKH SK\VL
WHPSHUDWXUH PHDVXUHPHQWY GXULQJ FRPPLVVLRQLQJ 7KH VHQVLE
GLVFKDUJLQJ GXUDWLRQ E\ D IDFWRU RI DERXW $V WKH VWHDP FDQ
WKLY ORQJ FKDUJLQJ WLPH LV LQVLIJQLILFDQW
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7KLY SDSHU GHVFULEHVY WKH VLPXODWLRQ DQG GHVLJQ PHWKRGROF
XQLW IRU D VSHFLILF DSSOLFDWLRQ DQG LWV UHTXLUHPHQWYV $OVR
XQLW IRU D UXQQLQJ SURGXFWLRQ XQLW DUH GLVFXVVHG 7KH PHWK
7KLV PHWKRGRORJ\ ZLOO EH RSWLPL]J]HG IRU IXWXUH GHVLJQ SURFH\
RSHUDWLQJ UHTXLUHPHQWY IRU WKH VWRUDJH XQLW KDYH EHHQ PH\
KDYLQJ EHHQ DFKLHYHG WKH GHWDLOHG GHVLJQ DQG EXLOG FDQ RFF
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7KH VWRUDJH XQLW GHVLJQ LV FXUUHQWO\ LQ WKH GHWDLOHG HQ
GLPHQVLRQHG WKH ZHOGV HQJLQHHUHG DQG WKH IODQJH DQG YDOYF
SURFHVV IRU WKH VWRUDJH XQLW LV FXUUHQWO\ LQ SURFHVV VR WKD
PD\ QHHG DGMXVWPHQWYVY DIWHU WKLV SURFHVV 2QFH WKH GHWDLOH
HTXLSPHQW FDQ EH SODQQHG 7KLV ZLOO DOORZ IRU D YHULILFDWLRQ
XQLW

$FNQRZOHGJHPHQWYV
7KH DXWKRUV WKDQN WKH *HUPDQ )HGHUDO OLQLVWU\ IRU (FRQRPLF :

WKLV ZRUN LQ WKH 7(6,1 SURMHFW &RQWUDFW 1R (63

SHIHUHQFHV

> @ .HQLVDULQ 00 +LJK WHPSHUDWXUH SKDVH FKDQJH PDWHULDOV IREL WKHUPDO HQ}
GRL M UVHU

> @ OHKOLQJ &DEH]D /) +HDW DQG FROG VWRUDJH ZLWK 3&0 +HLGHOEHUJ 6SULQJHL

> @ 6WHLQPDQQ : ' /DLQJ ' 7DPPH 5 'HYHORSPHQW RI 3&0 6WRUDJH IRU 3URFHVV +HI

GRL

> @ /IDLQJ ' %DXHU 7 %UHLGHQEDFK 1 +DFKPDQQ % -RKQVRQ 0 'HYHORSPHQW RI +L.
$SSO (QHUJ\ GRL KWWS G[ GRL RUJ M DSHQHUJ\

> @ /IDLQJ ' (FN O +HPSHO 0 -RKQVRQ 0 6WHLQPDQQ : OH\HU 0 HW DO +LJK 7HPSHI

3RZHU 30DQWY 7HVWHG LQ 9DULRXY 2SHUDWLQJ ORGHV RI :DWHU 6WHDP )J)ORZ 6RC(

> @ -RKQVRQ 0 %UHLGHQEDFK 1 /DLQJ' +DFKPDQQ % ([SHULPHQWDO DQG QXPHULFE
%DOWLPRUH 0' 86$ s



Publications — Paper VI: Experimental results

2.7. Paper VI: Experimental results

This article, entitled “Superheated steam production from a large-scale latent heat storage
system within a cogeneration plant,” was published in Communications Engineering in 2023.
It was co-authored by Michael Fiss and this author is the first author.

The data from commissioning and filling of the storage system, followed by operation of
the storage system is presented and analyzed here. This paper provides an analysis of the
operation results, showing the initial operation and feasibility of production of superheated
steam at the megawatt scale.

The author is responsible for the conceptualization, data analysis, funding acquisition,
methodology, project administration, validation, visualization and writing of this paper.

Michael Fiss assisted in the formal analysis and discussion of methodology.
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Discussion and relation to scientific context

3. Discussion and relation to scientific context

The core of this thesis is the further development of the high-temperature latent heat
storage technology to determine how a PCM storage can supply superheated steam at specific
parameters in an operating system, thereby raising the technology readiness level from 4 to 5.
Within that work, the first megawatt-scale unit was integrated in an operating industrial
process, producing superheated steam in once-through operation, showing feasibility. The
work encompasses the determination of design parameters, scale-up from ca. 700 kWh and
480 kW to 1500 kwh and 6000 kW thermal capacity and power, integration and permitting in
an operating process and initial operation.

In other sectors, such as electrochemical batteries, some processes are very standardized
and the focus is on AA or AAA batteries and how many of these, but even within this very
well-developed field, the range of button or coin batteries is immense. As high temperature
thermal energy storages are by all arguments at a lower technology readiness level, the
integration of a thermal energy storage system first begins with the determination of relevant
parameters, and from there progresses to the design, adaptation, integration, etc. The
development of guidelines for the determination of relevant parameters, published in Paper I,
will assist other researchers making the leap from the lab to the industrial environment.

The design method developed within this work, coordinated and managed by the author
but created in parts by Matthias Hempel and Julian VVogel, allows for the design of a storage
unit based on a number of tubes with a tube length. The tubes can have differing parameters,
to simulate non-ideal flow patterns through the headers as well as thermal losses. The
modeling of the full black-box unit is conducted in the Dymola© environment, so that
dynamic input data can be used. The model is limited, in that experience with the pre-existing
fin-design is needed as a starting block for adaptation for a new application.

In Paper 111, a brief comparison of three fin designs is conducted. The fins from this

thesis, discussed in Papers Il and 1V, are compared with the plate-like fin from [64], [72] and
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an initial axial fin design, also discussed in [72]. Vogel and Johnson [77] deepen that
comparison and include a fourth fin, discussed in [61]. The high-density fin used in this high-
power storage unit is shown to have a significantly higher rate of heat transfer than the other
three fins studied. Three of these are axially mounted extruded aluminum fins; one is the
plate-like fin used in the storage studied in [64, 72]. Currently, more work has been done on
axial fins, as they allow for more natural convection in the liquefied salt. However, the plate-
like fins are advantageous in their use of material, as a thicker core around the tube is not
mechanically necessary. Table 1 shows a summary of the fin design parameters discussed
here, and Figure 3 compares the development of the liquid phase fraction for each of these
designs, where Organic denotes the fin that is developed within this thesis, Plate studied in
[64, 72], Snowflake in [72], and Eco in [61] and Paper I1. These fins were simulated with a
height of 100 mm, and two additional heights for the Eco fin.

Table 1: Fin design definition parameters [77].

Parameter Organic Plate Snowflake Eco
Type Axial Radial Axial Axial
Tube spacing Dt/mm 70 100 160 230
Height H/mm 100 100 100 | 50, 100, 200
Inner tube diameter di/mm 12.6 15.8 16.7 22.3
Fin fraction ffin/% 17.9 8.2 14.3 9.0

—e— Axial-70 "Organic”  --¢-- Axial-230 "Eco” H50

=m— Radial-100 "Plate” 4— Axial-230 "Eco” H100

—— Axial-160 "Snowflake™ --¢-- Axial-230 "Eco™ H200

1
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Figure 3: Liquid phase fraction plotted for each of the six parameters over time.

With the comparable parameters used in these simulations, the development of the liquid
phase fraction is analogous to the rate of heat transfer. These simulations are for charging and
therefore melting of the PCM. The critical portion of the charging-discharging cycle in the
work discussed in this thesis and in other applications known to the author is the discharging
and therefore solidification portion. However, the comparison is helpful for understanding the
relationship between the various parameters fin fraction and tube spacing. Simply comparing

the fin fraction and the development of the liquid phase fraction, it is clear that Organic, with
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a fin fraction of 17.9% has the highest rate of heat transfer during charging, but Plate, with
8.2% has the lowest fin fraction and the second fastest increase in liquid phase fraction. The
Plate fin has a tube spacing of 100 mm. Significantly larger tube spacings and therefore fin
radii are considered mechanically challenging for a plate-like fin, as the aluminum at higher
temperatures is not as hard, and the influence of gravity, likely combined with PCM
movement due to natural convection, would result in an instable structure in high-temperature
thermal cycling. This discussion, as well as the fin optimization work conducted by

Hibner [61] and Pizzolato et al. [62], show that the design and optimization of functional,
feasible and efficient heat transfer structures remains a challenging topic. Recent work by
Pizzolato et al. [78] has shown that through the development of modern manufacturing
methods — specifically 3-D printing — the theoretically optimized fin structures can now also
be produced. Production at a large scale combined with attachment to steel tubes that can
withstand higher pressures than aluminum still needs to be analyzed.

Within this thesis, a storage unit was developed for a short duration discharging
(>15 minutes). As the storage unit needs to produce a minimum temperature (>300 °C), and
as latent heat storage units without active PCM removal from the heat transfer surface
inherently cannot produce constant heat transfer rates, this resulted in a systematic over-
design. The heat transfer at the beginning of discharging is higher than necessary, resulting in
a too-high temperature for the steam customer at the outlet, as shown in Figure 4 (red line
slowly sinking to the minimum temperature), from Paper I11. This temperature is then
reduced through a system integration using water injection to reduce the initially too-high
temperature, reducing use of water injection over the course of the discharging of the unit.
This essentially means that the heat transfer surface at the beginning is too high, and the
storage is too large. From the full discharging and system integration perspective, however, it
is designed correctly.

This sizing could be optimized in future developments, allowing for a smaller overall
system. One method for this is the cascading of storage units. This was analyzed by Michels
etal. [79] in 2007, showing that the idea is not new, and was considered promising then. The
concatenation of physically separated storage units requires headers and pipework at the inlet
and outlet of each unit. As discussed by Hubner et al. [70], the headers result in a significant
cost fraction of a storage unit, due to the number of welds necessary. A further development
of the concatenation has been discussed by Mahdi et al. [80]. Here, metal foams of differing
densities were stacked over the height of a storage unit, thereby altering the heat transfer

enhancement over the height. Through this variation, an optimization of the size is possible.
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With the topology-optimized and 3-D printable designs researched by Pizzolato et al. [78],
this may also be possible in the future with a smooth transition over height.
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Figure 4: Simulation results during discharging of the inlet and outlet temperatures of the HTF and the temperature
distribution over the height of the storage unit, with the schematic at the right showing the approximate positions in relation
to the storage unit. Paper 111

In Paper VI, the results from commissioning and operation of the storage unit are
discussed. Here, we see the results from a discharging cycle conducted at the end of the third
filling of the storage unit. At this point, it was 95% filled, containing over 30 t of sodium
nitrate. This discharging occurred at close to nominal conditions, showing that the necessary
high heat transfer rate close to 6 MWh, is possible. It discharged at nearly nominal conditions
for more than 20 minutes, showing that the dimensioning is somewhat overdesigned for the
application (>15 minutes), but not quite matching the design discharge of 28 minutes (shown
in Figure 4). In this paper, only the discharging is discussed, as discharging has very critical
parameters.

Charging is planned to occur very slowly — over 13 hours —, using a bypass to slowly
increase the mass flow in the storage unit, thereby emitting superheated steam from the
storage, usable in the steam mains, for a significant portion of the charging. This is discussed
in Paper 111 and Paper V. This method of charging is an example of the necessity of
developing storage systems for real integration. In lab settings, storage systems are often
cycled between a fully “charged” and “discharged” state, meaning a fully molten or solidified
state. In a real integration, these parameters may be significantly shifted, as the discharged
and charged states are determined by the system parameters. These aspects — parameters for

performance indicators in an application — are discussed in Paper I.
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In this case, the storage is considered “charged” when as much of the PCM nears 350 °C
and is at least over 340 °C in temperature — well over the melting temperature of around
305 °C. It is considered “discharged” when the exit temperature reaches 300 °C. At this point,
less than 75% of the PCM is solidified, as shown in Paper I11 and discussed in Paper V.

Paper VI discusses the nominal discharging during the iterative filling process. As is
clear in the paper, it only discusses one discharging. This is because the lower header was not
designed correctly by the contracted company, and cracks developed. Due to corrosion issues
occurring due to the unexpectedly long time the storage unit was kept at ambient
temperatures; the header has not yet been rebuilt. Because of this, the charging regimen and
discharging at various parameter variations have not yet been evaluated. This will be a part of
future development work.

As discussed in Paper V1, the design goal of the storage unit is to produce superheated
steam for at least 15 minutes. During discharging, steam of sufficient quality (>300 °C,
>21 bar) was produced for 43 minutes. For 20 minutes, close to nominal conditions were
attained with an average mass flow rate of 7.6 t/h. During this time, an average heat transfer
rate of 5.46 MW was discharged, resulting in an energy discharge of 1.9 MWh. The design
goal was 5.72 MW, and 1.43 MWh; the flow rate used in this discharge was below the
nominal flow rate of 8 t/h.

The core of this thesis is the development and integration of a megawatt-scale high-
temperature latent heat thermal energy storage in an operating industrial process, bringing the
technology from readiness level 4 to 5 [2]. The work and results are shown in parts of six
papers, due to the nature of the work. Looking at the publishing dates of the papers, it
becomes noticeable that the work took a long time. Due to the scale of the project, delays and
unforeseen problems that have nothing to do with research occurred — permitting delays,
company bankruptcies, etc. These do not need to be discussed here, but suffice it to say that
this scale of project is difficult to carry out in the research environment. At the same time,
experience with real environments and large-scale units is critical to the technology
development. The market for such storage technologies will only develop with their
availability, as an integrated energy storage unit is a puzzle piece designed to meet system
parameters. Policy changes and pushes towards decarbonization make the technology more
attractive, but without critical developments overcoming hurdles in upscaling, the benefits of
research development are not integrable in industrial processes. It is of critical importance that
policy makers understand the value of thermal energy storages for meeting decarbonization

goals, and adapt policies to motivate market deployment.
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4. Summary

In this thesis, the development and integration of a megawatt-scale high-temperature

latent heat thermal energy storage in an operating industrial process was conducted, starting

from the idea of an integration in an industrial process and the work conducted in the lab with

axially mounted fins [72] and previous experience with a radially finned evaporator. The

investigation at hand spans research results along the development path from the methods for

determining appropriate integration parameters to the development of design methods for

large-scale integrations up to the integration and initial results of a high-temperature and -

power superheated-steam-producing latent heat thermal energy storage unit.

Retrofitting a thermal energy storage system into an operating system is a six step
processes, beginning with the determination of integration goals, defining the process and
boundaries of the process to be analyzed, identification of energy sinks and sources within
that process followed by the quantification of these, determination of overarching factors,
all resulting in a set of process requirements for the storage. The method becomes
somewhat more iterative for a greenfield application, as some parameters in the process,
sink and source can be adjusted, allowing for more flexibility in design. In addition, with
changing markets and prices, the overarching factors may in the future lead to the
possibilities for hitherto uninteresting sinks or sources, such as the current development of
power-to-heat as a source.

Both the clipping and crimping methods allow for a good axial attachment of the fins to
the tubes, both allowing for a good differential expansion. The crimping method,
however, did not acceptably hold the fins on the tubes radially on the one-meter tubes
tested here. A combination of these methods would likely result in a cost reduction, but
needs to be further developed. Cycling testing showed that, once a minimal temperature of
220 °C was attained and the hardening of the aluminum was relaxed, even very low

numbers of clips, as low as 9.5%, can maintain the fins on the tubes. In the storage tested,
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which was built in parallel to this testing due to time constraints, 50% of the tube length
had clips; a reduction in future storage units is possible.

A method for the thermal design of latent heat storage units was developed, and is
comprised of several steps: a 2-dimensional heat transfer analysis of the cross-section of
one tube without modeling the heat transfer fluid using Ansys Fluent, a transfer from the
cross-section to a simplified one-dimensional radial model using Dymola and effective
material properties, followed by a two-dimensional axial and radial analysis coupling the
axial flow of the heat transfer fluid and the radial heat transfer into the storage, also using
Dymola. This method allows for a dynamic application of the input parameters, and
through coupling of smaller storage units, can also simulate uneven flow rates through the
headers or thermal losses at exterior tubes.

Using the parameter determination and design method, a storage unit using sodium nitrate
was thermally designed and a fin design iteratively determined. The fin design derives
from a combination of empirical knowledge on the manufacturing side and
thermodynamic simulations and experience on the design side. With this fin, having a

70 mm side-to-side hexagonal form for a good packing density in and with
manufacturability of the storage, and a basic length of 5.6 m for transportability on
standard roads and trucks, a storage unit consisting of 852 finned-tubes was designed.
This allows for at least the minimal 15 minutes of steam production with a temperature of
at least 300 °C and at a pressure of 25 bar. The system integration allows for discharging
using feedwater from preexisting feedwater pumps and container, with a water injection
allowing for temperature control after the storage outlet. According to the design,
discharging should last about 28 minutes.

At the end of discharging, the exit temperature is 300 °C. Approximately 27% of the
storage material remains liquid throughout the charging and discharging cycles, providing
energy for the sensible superheating of the steam. The storage material at the bottom of
the storage unit, on the other hand, is discharged to approximately 132 °C.

The storage is charged using steam directly from the heat recovery steam generator and a
three-way-valve-controlled bypass method. With this method, the exit flow from the
storage system is condensate that is rejected from the system for less than two minutes.
Once steam exits the system allowing for a temperature of 300 °C after mixing with the
main flow, the flow rate is steadily increased until the full flow goes through the storage
unit and the storage material is heated to above 340 °C at all thermocouples, after about

800 minutes. This allows for an integration in a setting that cannot make use of
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condensate, providing a sensible charging over a period of about 13.3 hours but emitting
usable superheated steam for the majority of this time period.

The storage unit has approximate dimensions of 1.67x2.38x6.72 meters without thermal
insulation and contains about 32 tons of sodium nitrate. The upper header design allows
for maximum possible spacing between headers by stacking sub-header levels. This aspect
allows for the initial filling of the storage unit with the sodium nitrate inventory.
Semi-automatic assembly of fins and tubes can be further automated in future systems,
allowing for time and cost reductions. This semi-automation shows this possibility, and as
such allowed for a consistent quality of attachment between the more than 4.7 km of fins
and tubes within this storage unit.

The system integration includes a storage unit foundation with a catchment basin below
the storage unit large enough for the full inventory of sodium nitrate in the case of a
leakage.

During commissioning, the storage unit discharged at a mass flow rate of 7.6 t/h, at least
25 bar and 300 °C for more than 20 minutes. This production of superheated steam for an
operating system was at a heat transfer rate of 5.46 MW and discharged 1.9 MWh from
the storage unit.

The author is convinced that the data from this system is extremely important for the

research community due to the scale of the storage unit as well as the real operating

characteristics. The goal of integrating thermal energy storages into industrial processes has

been brought a significant step closer by having a first high-temperature latent heat storage

unit in an operating process. Future work includes the full analysis and testing of the storage

system, development of modular and cost-effective designs as a product for a manufacturer,

development of power-to-heat integration for a higher degree of decarbonization, analysis of

the benefits of changing the heat exchanger surface over the height of the storage and the

development of a dual-tube heat exchanger system, allowing for independent charging and

discharging parameters.
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