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Foreword

Dear Participants,

On behalf of the Organizing Committee, we would like to extend our heartfelt gratitude to
all of you who attended the Enerstock 2024 conference in Lyon, France. Your contributions
made this event a resounding success, enriching the experience for everyone involved.

The presentations delivered during the conference were of an exceptionally high scientific
level, showcasing latest research and innovative solutions across a wide range of topics in
energy storage. From advancements in thermal energy storage to new perspectives on
electrical storage and power-to-gas technologies, the breadth and quality of the knowledge
shared were truly inspiring.

We are particularly grateful for the fruitful discussions that emerged from these sessions.
The active exchange of ideas and the collaborative spirit among participants fostered a
dynamic environment, which is crucial for driving the field forward.

A special thank you goes to the Scientific Committee, whose expertise and guidance were
crucial in shaping the program. We are also thankful to the reviewers, who worked
diligently to ensure the high standards of the conference, and to the session chairpersons for
their leadership in steering the discussions.

Your engagement and dedication are what made Enerstock 2024 an outstanding event. We
look forward to continuing this dialogue and working together to advance our shared goals.

Thank you once again for your invaluable participation, and we hope to see you at future
events!

Warm regards,

Prof. Kévyn JOHANNES, Chairman of the Organizing Committee
Prof. Frédéric KUZNIK, Chairman of the Scientific Committee
Enerstock 2024 Conference

Lyon, France, 11 July 2024
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Introduction

The OPTIGBES projects aims are to optimize design
and operation of closed-loop ground source energy
systems through detailed monitoring of the systems
temperatures, heating and cooling demands on the
user and source side coupled with detailed monitoring
of the borehole heat exchanger temperature response
with Distributed Temperature Sensing (DTS). A
unique feature of the project is that the DTS is not
only installed in the borehole heat exchangers, but
also in additional observation wells at different
(small) distances from the boreholes.

Goals of the project are to: 1) assess the heat flow and
temperature response of the ground 2) validate and
improve current state-of-art design methods; 3) obtain
a better understanding of the energy profile data (and
variations therein) used for the design; 4) assess the
use of design methods based on collective borehole
heat exchangers for fields of individual systems and 5)
analyse and optimize the operation of the ground
source heat pump systems in-situ.

Methodology

The Hoogezand pilot project is an apartment building
of 45 apartments, each apartment has an individual
heat pump and is connected to an individual borehole
heat exchanger (BHE). The BHE (See Table 1 for info
on construction parameters) field was drilled in
parking areas next to the building. Three borehole
heat exchanges were selected for detailed monitoring
(See Figure 2Y). Around these BHE additional
boreholes were drilled (to different depths, depending
on distance to the BHE) as observation points.

! Note: one borehole could not achieve the intended end-
depth, therefore a second borehole was drilled (35a and b,
see Figure 2)

Figure 1:The Hoogezand pilot site apartment building, borehole
heat exchanger field area in the foreground. (Location of
Hoogezand within Netherlands indicated on map).

To monitor the temperature evolution in time and
space, a distributed temperature sensing (DTS) system
based on fibre-optic (FO) temperature monitoring was
installed in the selected boreholes. In these BHE both
up- and downgoing pipes are monitored. The FO-
cables are taped to the outside of the exchanger tubes.
For the observation boreholes the fibre optic cables
were lowered in, after which the boreholes were

backfilled with grout

The sites subsurface was characterized in detail by
performing a Type Il thermal response test (Witte et al
2002, van Gelder et al 1999), geophysical logging of
the boreholes and deviation measurements to measure
the deviation from the vertical for the monitored BHE.




June 5-7, 2024

S t 0 C k Lyon, France

[ Legend
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Figure 2. Borehole heat exchanger and observation points field

topology.
Borehole depth (m) 130
Borehole diameter (m) 0.168
Backfilling thermal conductivity (W/mK) 2.0
U-pipe outer diameter (m) 0.032
U-pipe inner diameter (m) 0.026
Pipe hart-to-hart distance (m) 0.07

Table 1. Borehole heat exchanger construction parameters.
The heat pump, provided by the project partner
Nathan Projects, is the Alpha-Innotec WZSV 62H3
(Table 2).

Parameter Min max
Heating capacity (kW) BOW35 1.25 5.95
COP BOW35 (EN 14511) 4.86
Heating capacity (kW) BOW55 1.0 5.17
COP BOWS55 (EN 14511) 3.13
Passive cooling (kW) 5.8
Flow rate heat source (I/hr) 1450
Flow rate user (I/hr) 1050

Table 2. Heat pump (Alpha Innotec HP WZSV 62H3) data.

Data collection and analysis apartment data

In the three apartments selected calibrated energy
meters (Kamstrup Multical 403) were installed in the
source side, user side and domestic hot water circuit.
Also, two electrical kwWh meters were installed in the
heat pump (one for the pumps and auxiliary power,
one for the compressor). Data is collected in a purpose
built low-cost (BeagleBone™) computer that collects
data from the meters and from the installed heat pump
using the Modbus protocol. Data is stored on a local
SD card and automatically uploaded to a data-server
daily.

Data processing is implemented in Python using
Pandas. The daily datafiles are filtered for missing
observations and other potential errors and, depending

ENERSTOCK 2024
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on the parameter of interest, sums (energy) or
averages (temperature) are calculated for selected time
intervals (hourly/daily or monthly).

Data collection and analysis DTS data

DTS-measured temperature in all boreholes was
calibrated, to obtain the true temperature profile in
each channel. Using PT100 temperature transducers
which are placed, together with the FO cables, in
constant-temperature warm and ambient-temperature
cold baths at the surface, the calibration process
corrects for optical loss with distance in the FO
cables. Each DTS channel covers multiple boreholes,
location in the three dimensional space is obtained
from the distance on the FO. The up- and down-going
FO cable directions of the observation wells were
averaged. The clocks of the DTS and apartment data
were synchronized. Unfortunately, there is a mismatch
between the boreholes with DTS and the apartments
with energy-meter monitoring. A broader monitoring
dataset of the heat pump management system was
therefore studied. Only one apartment could be
matched to a FO-monitored BHE (nr 29) by
comparing the DTS data with the apartment
monitoring data for several heating and cooling
requests. For this match, various graphical
representations are made to study the relationship
between heat pump - DTS response, and the
apartment sided fluid temperatures in the tubing.

3D Feflow modelling is performed on two different
timescales: 1. Short term responses in fluid
temperatures and borehole wall temperatures using
isolated requests for the matched BHE29 to evaluate
the lowest BHE-fluid temperatures to be expected
during a design peak heating demand. 2. Long term
temperature responses at the observation points when
accounting for all monitored BHE.

Results

Site characterisation

Based on stratigraphic data from the national
database, the estimated soil thermal conductivity of
the profile up to a depth of 140 meters was 2,27
W/mK. The TRT results on the three boreholes show
a significantly higher soil thermal conductivity
ranging between 2.83 and 3.43 W/mK and a borehole
thermal resistance between 0.08 and 0.12 K/(W/m).
The high thermal conductivity may indicate that the
sandy deposits have been over-compacted due to
glacial cover during the Saale glacial cycle.

Apartment monitoring and design evaluation



After an initial testing phase data collection started
15/7/2021. For the purpose of this paper the data
period considered is two years, from 1/1/2022 to
31/12/2023.

Figure 3 shows the design heating, domestic hot water
and cooling loads as well as the measured values for
the three apartments. In this extended abstract only
summary data are presented.

Design load calculations are usually based on
calculation of heat-loss (thermal capacity required) for
a specific (conservative) climate year combined with
empirically derived full-load hours of the heat pump.
Original design loads were 3780 kWh space heating,
1030 kWh domestic hot water production and 1310
kWh space cooling. Measured total energy for the
three apartments for 2022 and 2023 are presented in
figure 3.

Overall yearly seasonal efficiencies for total heating
(space heating and domestic hot water) range between
4.7 and 4.9. Cooling is supplied as passive cooling
with an SPF of 15 or higher.
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Figure 3. Measured space heating (SH), domestic hot water
(DHW) and cooling(SC) energy for three apartments 2022 and
2023. All energy values in kwWh.

Space heating energy show a very high variation
between the three apartments. Difference between
lowest and highest value is 2815 kWh in 2022 and
3646 kWh in 2023. The apartment with the highest
load is located on the top floor, whereas Apartment 1
and 2 are located more centrally. Not only does this
affect insulation but also the neighbouring apartments
are already heated and limit the heat demand.
Domestic hot water demand is more equally

distributed.

DTS monitoring, modelling

Figure 4 provides an example of the DTS response in
BHE?29 for a cooling demand. The borehole warming
is apparent from the measurements. Temperatures
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remain low relative to the fluid temperatures inside
the tube of the BHE (highest temperatures correspond
to where the FO-cable is taped to the tube). DTS
temperatures do not approach the apartment’s outlet
temperatures during the request, and they remain
closer to the background temperature. There seems to
be a large gradient over the tube wall, which decreases
longer into the loading event. Figure 5 shows the
long-term (2.5 year) temperature development
averaged over 20-130 m depth for observation wells
(@) and monitored BHE (b). A clear net ground
cooling trend can be seen at the observation points
between the BHE. For the BHE themselves this trend
not (yet) as distinct within this period.

L2 Downgolng BL2 Upgaing T(°C)

(a) ‘g

downflow tube
upfiow tube

Depth (m)
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Figure 4. Example of the DTS-response to cooling demand on
BHE?29. (a) T-depth-time plots for the downflow and upflow legs
of the BHE. (b) T-depth response at 2022 07-12 19:05. x-symbols
indicate where the FO-cable is taped to the tube. The apartment-

side fluid temperatures to and from the BHE are shown. The

‘background’ DTS temperatures prior the cooling demand are

shown for reference.

Figure 6 shows an example of modelled temperature
response around the monitored BHE using Feflow.
Figure 7 shows a comparison across the entire
monitoring period of the temperatures for the deeper
observation wells, between the DTS data and the
modelled temperatures from that Feflow scenario.
This scenario only regards the influence of the
monitored boreholes on the observation wells. From
Figure 7 it is clear that the measured DTS
temperatures are much lower than what the prediction
if the Feflow scenario with only the 4 monitored BHE.



enerstock iy s

Conclusions

This paper shows the first results of a detailed
monitoring system installed in and between several
borehole heat exchangers. In spite of a number of
problems with the monitoring system, specifically the
fact that the monitoring boreholes were not correctly
connected to the apartments that are monitored,
several conclusions can be drawn:

e There is a large variation in heating, cooling and
DHW demand between the different apartments.
Partly this can be explained by the relative
location of the apartment in the building (number
of outside walls and number of neighbouring
apartments).
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Figure54. Long-term development of temperatures as measured
with DTS for (a) deep observation wells. (b) monitored BHE.
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e There is a net cooling trend visible in the
temperature development of the deep observation
wells. This is indicative of net overall heat
extraction and may partly be explained by thermal
interactions due to other (not monitored)
boreholes.

e Unmonitored boreholes further away from the
observation wells also contribute to temperature
decrease at observation wells.

e A portion of the other BHE in the rest of the field
may contribute significantly to the temperature

decreases measured at the observation wells
Figure 6. 2D slice across Feflow model containing all monitored
BHE and observation wells. .
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Figure 7. Difference in long-term temperature development
between results from Feflow and the collected DTS measurements.
Further analysis will be carried out to evaluate the
implications for design of borehole heat exchanger
systems based on the measured energy demand and
recorded borehole fluid flow and return temperatures.

Temperature development in the ground, including
thermal effects on the surrounding monitoring
boreholes, will be carried out by numerical modelling
where the matched apartment data is used for
validation. Inverse modelling of the other borehole
heat exchangers (matching load to temperature
response) will be used to subsequently study the
temperature effect on the surrounding boreholes. In
spite of the shortcomings of the monitoring system
this will allow evaluation of thermal interactions
between neighbouring borehole heat exchanger
systems.
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Abstract

This work presents a critical review on the commercially available high temperature thermal energy
storage technologies. The demand for renewable energy is growing as the focus on decarbonisation of
industry increases. However, renewables do not provide a constant supply of energy. Thermal Energy
Storage (TES) is therefore needed to smooth out peaks in renewable energy production and to balance day
and night and seasonal fluctuations. TES is a growing market, expected to reach 8 billion by 2030. The
market currently offers several options for high-temperature energy storage, most of which use low-cost
storage media such as stones, rocks, metals or bricks. This paper evaluates and compares different methods
for high-temperature TES using Key Performance Indicators (KPlIs).

Keywords: High temperature, commercial, industrial, TES, sensible.

Introduction

In striving for an energy future that is both sustainable
and resilient, the role of effective energy storage
methods has become increasingly evident over recent
years. Thermal Energy Storage (TES) in particular, as
it provides a flexible approach to overcoming the
associated challenges with the fluctuating supply of
renewable energy sources and the growing need for
power systems.

Over the past decade, one of the main focuses has been
the implementation of TES systems in industrial
processes to reduce dependence on fossil fuels e.g.
natural gas, oil, etc. Steel, cement, and chemicals are
the top three emitting industries and are among the
most difficult to decarbonize due to the need of
continuous energy input at high temperatures and
include economic factors such as low profit margins,
capital intensity, etc.

The thermal energy storage market offers various
options to decarbonise intensive energy industries,
providing modular and stacked storage options from
300-1°500°C. This paper provides an overview of the
main players in the high-temperature TES market by
analysing and comparing the technology attributes.

Market overview of high temperature TES
systems

The Thermal Energy Storage market has experienced
significant growth and evolution in recent years. The
global thermal energy storage market was estimated at
4.4 billion U.S. dollars in 2022. It was forecast to grow
at a compound annual growth rate (CAGR) of 7.2 per
cent until 2030, reaching eight billion dollars that year
(Statista TES market n.d.).

One approach to TES at high-temperatur involves a
molten salt system. The liquid salt retains thermal
energy ranging from 250°C to 560°C. This system
typically requires dual-tank arrangement, with one tank
serving as the cold storage and the other as the hot
storage. The molten salt circulates between these tanks
during charging and discharging.

Alternatively, commercial solid-state storage media are
readily available, environmentally friendly, and
functional across a broader spectrum of temperatures
compared to their liquid counterparts. These materials
exhibit superior thermal stability, allowing operational
temperatures to exceed 1°000°C. Additionally, the
absence of fluid leakage and corrosion concerns
potentially reduces both material and maintenance
expenses, compared to liquid-based storage solutions.

TES systems are differentiated based on the use of an
additional heat transfer fluid (HTF). In systems that do
not use a HTF for charging, electrical heaters are
integrated directly into the storage material, facilitating



heat transfer via conduction and radiation. In contrast,
in systems with a HTF, air or steam is heated by
electrical heaters through convection, circulated
through the storage material, and then recirculated
through both the heaters and the TES.

Commercial TES options were pinpointed through
online and literature reviews. Table 1 lists all the
companies that were evaluated. The options can be
classified into solid-state storage and molten salts.
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Critical outlook

This section compares the key KPIs that can be found
in each technology's specification sheet or on the
suppliers' websites. Only the solid-state options are
considered in Figure 1 only considers solid-state option
as solely they offer a modular approach; all the molten
salt options are implemented in a two-tank
configuration, one cold and one hot (Stekli, Irwin, and
Pitchumani 2013), which can be constructed and
designed to meet the charge/discharge profiles. Of
these, Abengoa and HYME are the most promising as
Abengoa is a mature company in the renewable energy
market and HYME offers an option that overcomes the
current limitations of molten salt technologies.
HYME's technology is based on the fact that its storage
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media (sodium hydroxide) can reach higher
temperatures than ordinary solar salt (Jonemann 2013).
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Figure 1. Energy per Footprint vs. Storage capacity per
module of the different solid-state TES

The stored energy per area of a system is primarily
determined by the maximum height. Brenmiller’s B-
cells can be stacked up to 25m, providing the highest
energy per footprint and the highest storage capacity
per module. Rondo also achieves high energy per
footprint due to the hight of 10mRondo offers two
different storage sizes, the RHB100 with a storage
capacity of 130MWh and the RHB300 with a storage
capacity of 340MWh. The difference between

Table 2. Summary of TES technology providers, all data has been collected from their official websites.

Company Storage Media HFT Temperature Biggest installation

Antora Solid state Without HTF Up to 1’500°C 30 MWh
(Carbon blocks)

Rondo Solid state With HTF (air) Up to 1°200°C 2 MWh
(concrete bricks)

Abengoa Liquid Without additional Up to 400°C 1.9 GWh (Cerro
(Molten salt) HTF (Molten salt) Dominador)

HYME Liquid Without additional Up to 900°C 1 MWh
(Molten salt) HTF (Molten salt)

Brenmiller Solid state Without HTF. Up to 750°C 24 MWh
(Vulcanic rocks blocks)

Kraftblock Solid state With HTF (air). Up to 1’500°C 70 MWh
(Own oxide
formulation)

Polar night Solid state With HTF (air) Up to 600°C 8 MWh
(Sand)

Magaldi Solid state With HTF (air). Up to 400°C N/A
(fluidized sand)

Siemens Gamesa Solid state With HTF (air). Up to 1000°C 130 MWh
(Vulcanic rocks blocks)

MAN Energy Liquid Molten salts as HTF Up to 500°C N/A
(Molten salts)

Energy Nest Solid state Without HTF. Up to 400°C 6 GWh
(concrete blocks)

Lumenion Solid state With HTF (air). Up to 600°C 20 MWh
(steel elements)




Kraftblock, Lumenion and Energy Nest lies in the
different temperature levels, which can be seen more
clearly in Figure 2.
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The comparison of the operational temperature range
and the energy storage density shows a direct
correlation, as all storage materials have a similar
specific heat capacity. The two molten salt storages
(Abengoa and HYME), together with energy Nest and
Lumenion, have a maximal temperature range of
450°C to 650°C and therefore the lowest energy
density (Fig. 2). Brenmiller, with its slightly higher
maximal temperature, also has a slightly higher
energy storage density. Kraftblock and Rondo, with a
maximal temperature of 1°500°C, have the highest
energy storage density (Fig. 2).

There were significant differences among the different
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Figure 2: Energy storage density vs Operational temperature.

systems/technologies. The energy storage density as
well as the energy per footprint were calculated solely
for the storage, all auxiliary installations such as
blowers, pumps, steam boilers, pipes and electric
cabinets were not considered.
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These auxiliary installations differ depending on the
specific project and whether the storage is charged with
electricity or heat, and if the discharged heat is used as
steam or directly as hot gas.

Conclusions

Sensible heat storage is the most mature TES
technology and has been used since ancient times
to store heat for domestic use. Inexpensive and
accessible storage media such as stones, rocks or
bricks have been developed achieving relatively
compact units with high efficiencies (97%) and
storage capabilities up to 600 MWh per module.
Although  there have been  significant
improvements in the field of system design and
operation, a lack of progress has been reported in
enhancing materials that are commercially
adopted in the TES provider's systems.
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Abstract

A novel process for the generation of ice slurry based on a dispersible two-substance system of water (cold carrier)
and a gas/gas mixture (refrigerant, e.g. carbon dioxide) has been developed (Urbaneck and Richter, 2022a). The
process is based on the combination of the two substances under high pressure and subsequent expansion.
Depending on the process conditions, various refrigeration effects can occur and be used for ice slurry generation.
The article describes the closed process and the basic design of the system.

Keywords: Ice Slurry, Slush Ice, Generation, Dispersion, Storage, Natural Refrigerant

Introduction

The energy transition and climate policy goals require
the optimisation of existing techniques and the
development of new processes. This also applies to
refrigeration and cold storage. Ice slurry is an
environmentally friendly and pumpable secondary
refrigerant with high latent heat capacity. Various
approaches to ice slurry production exist (Kauffeld,
2005; Rausendorf and Urbaneck, 2023). However,
established methods have various drawbacks, such as
wear on mechanically moving components, the need
for a separate refrigeration machine, the use of
disadvantageous refrigerants, inefficient operation of
refrigeration machines, limited ice production rates, or
scalability issues for very large cooling capacities.

As part of the Forschungsplattform fiir Kéalte- und
Energietechnik KETEC research project (Urbaneck et
al., 2023) funded by the German Federal Ministry of
Education and Research an approach to ice slurry
production was developed in subproject 9 with the
goal of overcoming the limitations of conventional
systems. The novel method (Urbaneck and Richter,
2022a) based on a dispersible two-substance system
aims to produce ice slurry continuously, on a scalable
and efficient basis, using natural refrigerants or
coolants. The theoretical approach is explained below.

Process Description

The basic approach of the method resp. methods by
Urbaneck and Richter (2022a; 2022b) involves
creating a dispersion of the refrigerant and a cold
carrier at high pressure. The process does not

necessarily require the use of additives, so preferably
pure water is used as the cold carrier. However, a
combination with additives that lower the freezing
point or promote phase transition is generally
possible. Various gases, such as carbon dioxide
(R744), are suitable as refrigerants. Subsequently, the
dispersed substances (refrigerant and cold carrier) are
expanded, and depending on the process parameters,
various cooling effects can occur, leading to the
production of ice, ice slurry, snow, cold water or a
combination of these. This work considers only the
closed process without the discharge of ice slurry
from the system (Urbaneck and Richter, 2022a). An
open process is also possible (Urbaneck and Richter,
2022b) and subject to separate publications.
Furthermore, this article only deals with the
production of ice slurry.

There are already various approaches to the
production of ice slurry by the direct contact of an
evaporating re-frigerant with water as the cold
carrier’, where the at high pressure liquified
refrigerant is expanded into the cold carrier in a low-
pressure vessel (Kauffeld, Kawaji and Egolf, 2005).
To avoid the entrainment of the refrigerant into the ice
slurry-consuming system and associated health or
environmental risks, preferably insoluble refrigerants
are used (ibid.). The pressure drop-induced

! The IR Handbook on Ice Slurries by Kauffeld, Kawaji,
and Egolf (2005) refers to works by Wobst and Vollmer
(1999), Knodel and Costenero (1986), Hansen et al. (2001)
and Chuard and Fortuin (1999) on this matter.



evaporation of the refrigerant can cause the injection
nozzles to freeze in many cases. This adverse effect is
described for example by Zhang et al. (2019),
Wijeysundera et al. (2004) and Hayder, Danook and
Sultan (2020). Other approaches attempt to bypass
this problem through additives in the cold carrier or
flow mechanical adjustments to the refrigerant
injection, see Wijeysundera et al. (2004), Hayder,
Danook and Sultan (2020), Zhang et al. (2019),
Kiatsiriroat, Thalang and Dabbhasuta (2000), and
Thongwik et al. (2008). The new method presented
here differs, especially through the joint expansion of
the refrigerant with the cold carrier, allowing ice
formation in the flow process without the risk of
freezing the refrigerant nozzle. Furthermore, the
process parameters (e.g., pressure) can be varied and
controlled over a wider range.

The simplest version of the closed process is shown in
Figure 1. The method allows for various modifications
and extensions. The cold carrier water (dark blue) and
the gaseous and/or liquid refrigerant (green) are
brought together and dispersed at high pressure in the
so-called apparatus, where, depending on the
thermodynamic  conditions, flow characteristics,
residence time and other factors, various contact or
mixing effects may occur. The apparatus has
properties of a nozzle and serves as the expansion
device for the dispersion flow (turquoise). As a result
of the pressure reduction, cooling occurs, leading to
the formation of ice particles. The process utilizes the
degassing of the dissolved refrigerant in water, the
evaporation of the refrigerant, and the Joule-Thomson
effect depending on the process parameters as cooling
effects.

In addition to the mentioned cooling effects, the
dissociation of gas hydrate particles can be used. Gas
hydrates are an ice-like solid phase formed from water
and certain gases generally at relatively low
temperatures and high pressures®, usually enclosing
one gas molecule in a water molecule cage (Sloan and
Koh, 2007). Due to their comparatively high enthalpy
of fusion, gas hydrates represent a promising storage
medium for refrigeration (Fournaison, Delahaye and
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2 Generally, gas hydrates tend to be stable below ambient
temperature and above atmospheric pressure; however, this
is not a universally applicable statement. On the one hand,
stability conditions vary significantly depending on the
encapsulated gas. On the other hand, the hydrate formation
temperature increases with increasing pressure and vice
versa (Sloan and Koh, 2007).
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Chatti, 2004). In the presented method, however, the
dissociation of gas hydrates represents a possible
cooling effect. In this process, the apparatus must be
adapted to generate gas hydrate particles and relax the
material flow containing the solid phase.

The combined ice slurry-bearing material flow (light
blue & green) then enters a vessel (loading), which
serves as a storage for the ice slurry and in which the
separation of the refrigerant from the cold carrier
takes place. In contrast to other substance systems
(e.g., oil-water [Gschwander, 2022]) a very good and
technically simple separation of the refrigerant and the
cold carrier can be achieved according to initial
considerations. The gaseous refrigerant is extracted
from the upper part of the storage and, if necessary,
dried before being compressed and cooled flowing
back into the apparatus.

The storage contains water without ice in the lower
part due to the density differences between ice or ice
slurry and water. A pump conveys the water from the
lower storage area, achieving a significant increase in
pressure.

In the discharge circuit, the ice slurry (light blue) is
taken from the storage and directed to a heat
exchanger. The release of cooling capacity (supply
task) occurs through the melting of the ice particles
and the warming of the substance flow. Alternatively,
the return of the discharge circuit (dark blue) can also
be directly fed into the cold carrier circuit and the
loading pump (dotted line).

Recooler/ Refrigerant (.9, CQ4)
Condenser ‘

__— Compressor
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Figure 1: Schematic illustration of the closed process according
to Urbaneck and Richter (2022a; 2022b).
The apparatus is the component of this process where
ice formation occurs, presenting crucial differences
and advantages compared to conventional ice slurry
generation methods such as scraped surface, falling-
film, super-cooling and vacuum techniques. The
process exhibits characteristics of the injector
technology, particularly the direct heat transfer
between the cold carrier water and the refrigerant, as
well as the convergence of both sub-stance flows in a
nozzle-like component. However, a significant



difference lies in the fact that the ice-producing
refrigeration effects occur due to a pressure reduction
in the flow process of both substance streams together
resp. the merged dispersion substance stream. In this
way, ice formation takes place after the refrigerant
outlet, preventing clogging of the refrigerant injector
by ice. As mentioned earlier, the generation of ice
particles is possible by utilising various refrigeration
effects, and the apparatus must be designed according
to the chosen process to achieve optimal ice particle
formation in the flow. Depending on the refrigeration
effects used, there is also the option to additionally
heat or cool the interior walls of the component. The
resulting non-equilibrium multiphase flow in the
component and the structural design of the apparatus
are the subject of current investigations. The concept
of the apparatus and the presented process can, in
principle, be scaled from the lower kilowatt to the
megawatt range through appropriate dimensioning
and, if necessary, parallelisation. The apparatus has no
moving parts and is thus not subject to associated
mechanical wear.

In the closed system, the storage vessel has at least the
function of separating the gaseous refrigerant from the
water, although heat transfer between gas bubbles and
liquid may still occur. Depending on the application,
in cases of discontinuous refrigeration demand, it also
functions to store the ice slurry. Stirring devices
and/or appropriately designed flow conditions prevent
clumping of the ice, ensuring the maintenance of
homogeneity and phase composition of the ice slurry
(Kauffeld, Kawaji and Egolf, 2005). Additionally, the
upper part of the storage vessel may contain a
sufficiently large refrigerant gas reservoir, serving as a
pressure maintenance system during non-operation or
in case of a failure. This helps avoid the pressure
increase issues known during system downtime, e.g.
at R744 chillers (Sawalha, 2008).

The refrigerant circuit in the process involves at least
a single or multi-stage compression of the refrigerant
and an inter-/recooling, serving as the heat sink of the
process. Due to the direct contact between the
refrigerant and the cold carrier (water), the presence
of moisture in the refrigerant circuit must be
considered. On one hand, water droplets can be
entrained in the gas stream, requiring the use of a
droplet separator and possibly drying components to
protect the compressor. On the other hand, many
suitable refrigerants in the gas phase exhibit solubility
of water. This can react with compressor oil, leading
to damage of the system (Goswami et al., 1996;
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Cartlidge and Schellhase, 2003). In such cases, oil-
free compressors should be employed. Furthermore, it
is essential to assess whether there is a risk of
unintended gas hydrate formation due to moisture in
the refrigerant. The refrigerant circuit, influenced
significantly by compression, has a substantial impact
on the overall efficiency of the process. Therefore,
modifications and circuit extensions, especially in this
aspect, offer opportunities for optimisation.

Vice versa, there might be a solubility of the
refrigerant in water as well. In this case, particular
attention must be paid to associated changes in water
chemistry and unintended outgassing in the conduits
due to pressure- and/or temperature-induced changes
in solubility. The use of oil-lubricated pumps in the
cold carrier/ discharge circuit must also be carefully
examined for potential interactions between the
lubricant and the working media.

Summary and Outlook

The presented method by Urbaneck and Richter
(2022a; 2022b) offers the possibility to produce ice,
ice slurry, snow, cold water or a combination, with
various advantages over conventional ice slurry
production methods. Notably, the use of natural and
pure substances allows compliance with the highest
hygiene standards. The approach integrates the ice
generator, refrigeration machine, and storage into one
system, enabling highly efficient heat transfer through
direct contact between the refrigerant and the cold
carrier. Given numerous potential extensions and
modifications, the process can be adapted to cooling
needs in various applications. The scalability of the
method allows for deployment in both small and large
power ranges. The integrated storage allows for
flexibility — in  refrigeration,  addressing the
requirements of the energy transition. As part of
process optimisation, the use of waste heat from
refrigerant compression is also a viable option.

A laboratory experiment with the refrigerant CO,
confirmed the theoretical approach. The details of the
experimental setup and results are presented in a
separate work.
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Abstract

In this study, a- Fe.Os/Ppy photoanode is synthesized and applied to photoelectrochemical hydrogen production. a-
Fe,O; and Ppy are fabricated in powder form with hydrothermal deposition and chemical methods, respectively. The
slurry form of a- Fe,O; and a- Fe,Os/Ppy is conducted over the FTO by the doctor blade. The applied procedure
enabled further loading of a- Fe,Os and a- Fe,Os/Ppy on the substate, promising advantage utmost photoresponse
under solar light in water splitting. The photoelectrodes are characterized by scanning electron microscopy (SEM), X-
ray diffraction (XRD), Raman spectroscopy, and Uv-vis spectroscopy. The XRD pattern confirms the hexagonal
crystal phase of a- Fe,Os;, leading to further photocatalytic performance on photoelectrochemical hydrogen
production. SEM images indicated that a-Fe2O3 morphology resembles nanorods and coatings of a- Fe,Os and a- Fe
,03/Ppy on FTO substrates measuring about 125 mm and 250 mm, respectively. The linear sweep voltammetry (LSV)
shows that the photocatalytic response of Fe,Os/Ppy is about 5-fold further (1.032 mA ¢m™) compared to a- Fe,Os
(0.232 mA cm?) at 1.229 V vs. AgAgCl.

Keywords: Hematite, Ppy, photoanode, doctor blade, water splitting,

Introduction Guo and al. (2022), WOs; Li and al. (2021)
semiconductors by photoelectrochemical water
splitting using solar energy. However, these
semiconductors have disadvantages because they only
absorb in the UV-vis spectrum. Therefore, scientists
have focused their efforts on semiconductors that
absorb in the visible region, such as Cu,O Jeong and al.
(2022), CuO Siavash and al. (2021), BiVO4 Majumder
and al. (2022) and a-Fe,O; Li and al. (2020). Among
these semiconductors, advantages of Fe,Os, such as its
natural abundance, non-toxicity, and favorable valence
band position for water oxidation, enable it to stand out.
However, the photocatalytic activity of a-Fe,O; is
undesired due to the lower reaction kinetics of the
oxygen evolution reaction (OER), recombination of the
electron-hole pairs. These drawbacks can be overcome
by forming heterostructures with Fe,Os; semiconductor.
The heterostructure can be obtained with various

Oil derivatives are used as the primary energy source
worldwide, and they cause global warming by emitting
CO:.. Especially in the last decade, global warming has
caused a severe climate crisis all over the world. Taking
this into account, many countries and the European
Union (Green Deal) have announced their short-term
and long-term targets for energy production from
environmentally friendly renewable energy sources
instead of petroleum products. Among the
decarbonization targets, hydrogen is stated to play a
key role in reducing global warming due to its high
energy capacity and the fact that it only turns into water
with oxidation. It is necessary to switch to low-cost
hydrogen production processes with solar energy,
which is a  renewable  energy  source.
Photoelectrochemical systems are one of the most
preferred methods due to their high hydrogen gas yield . X
and the use of photon energy. Photoelectrochemical semiconductors and polymer-based material Behera

hydrogen production using solar energy was first and al. (2022), Tian and al. (2022). Although
investigated by Fujishima and al. (1972). In the heterostructure of a-Fe,O; has been available with

literature, there are many studies on hydrogen suitable band gap energy of semiconductors, the
production such as TiO; Zhang and al. (2022), ZnO heterostructure structure combination papers of a-Fe,O
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s with polymer is limited in the literature. Therefore, in
this research, the synthesis of a-Fe203/Ppy on FTO
substrate by the doctor blade and the application of the
doctor blade to loading photocatalytic material have
created a novelty of  phptpcatalyst for
photoelectrochemical hydrogen production.
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Methodology

a-Fe,O; powder was fabricated by the hydrothermal
approach. A deposition bath included 0.12 M FeCl; and
0.12 M CO(NH,),. The deposition bath was poured into
a hydrothermal reactor and heated at 100 °C for 12
hours. After the procedure, a yellowish powder was
gathered, which was cleaned numerous times with
distilled water and ethanol, respectively. The yellowish
powder was furnaced at 550 °C for 5 hours to achieve
o-Fe,O; powder.

0.61 M FeCl; in a two-necked vessel and add 100 mL
0.01 M HCL Then 3 mL of pyrrole was added slowly at
room temperature, and the reaction was continued for 1
hour with a magnetic stirrer. The resulting polymer
solid is rubbery and black in color. The polypyrrole
solid was washed with distilled water and then with
ethyl alcohol until the filtrate became clear. It was dried
for 24 hours at 65 °C in an oven.

The FTO prepared by applying washing and cleaning
procedures and cut into 0.8 x 1.25 cm? was made
suitable for coating. Then, o-Fe,O; and Ppy were
prepared in the form of slurry colloidal a-Fe,O; and
Ppy in separate containers. The slurry o-Fe,O; was
coated on FTO using the Doctor Blade technique and
apparatus. Then, Ppy, which was a slurry in a separate
container, was coated on FTO/a-Fe,O; with the same
technique and method. The resulting coated materials
are FTO/a-Fe,0; and FTO/a-Fe,0s/Ppy. The obtained
FTO/Fe,0; and FTO/a-Fe,Os/Ppy were dried in a 100
°C oven for 2 hours and then made ready for
characterization and electrochemical experiments.

The photocatalytic performance was carried out in 0.1
M Na,SO0s-0.1 M phosphate buffer under 100 mW ¢m™
solar irradiance.

Results and Discussion

The o-Fe,O; and a-Fe,Os;/Ppy are characterized by
scanning electron microscopy (SEM), X-ray
diffraction (XRD), Raman spectroscopy, and Uv-vis
spectrometers. Figure 1 shows the XRD pattern of the
photoelectrode between 20 and 80 of 20° values. It
indicates that the obtained peaks of a-Fe,O;and a-Fe,O
s/Ppy at the 20° of 24.14°, 33.15°, 35.62°, 40.85°,
49.45°, 54.05°, 62.42°, 63.99° and 71.92° correspond
to the hkl planes of (012), (104), (110), (113), (024),
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(116), (214), (030) and (1010) (pdf card no: 98-015-
4190). The relatively intensity of 26° peaks of 33.15°
and 35.62° confirm the hexagonal phase of a-Fe,Os;
(hematite phase) for o-Fe.O; and o-Fe,Os/Ppy
photoelectrodes Kyesmen and al. (2021), Wannapop
and al. (2021). In addition, the intensity of the 26°
peaks of a-Fe,Os/Ppy photoelectrode is decreased with
Ppy polymer loading on the a-Fe,O;. It can be
suggested that an amount of Ppy is adequate to obtain
heterostructure of Fe,Os/Ppy by the doctor blade.
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Figure 1:XRD pattern of a-Fe;O; and a-Fe;Os/Ppy.

Raman shift of photoelectrodes was performed in the
range of 200 to 800 cm™ of wavenumber, as given in
Figure 2. o-Fe,O; and a-Fe,Os/Ppy photoelectrodes
give two peaks at 225 and 447 cm™ correspond to A,
and E, mode, respectively. It indicates the synthesis of
(X—F6203.

E, —o-Fe,0,

il ——o-Fe,0,/IPpy

Intensity
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Figure 2:Raman shift of a-Fe;O; and a-Fe;Os/Ppy.
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The surface analysis of o-Fe.Os; and a-Fe,Os/Ppy
photoelectrodes was performed cross-section and
upper-section by SEM images to demonstrate the
loading of materials on the FTO surface with the doctor
blade method. Figure 3 shows the SEM images of a-Fe
,0s(a,b) and a-Fe,Os/Ppy (c,d). It indicates that a-Fe,O
3 is obtained at nanoparticle dimensions, and a-Fe,O;
deposition achieves a thickness of approximately 125 u
m on FTO by the doctor blade method. Therefore, it
can be enabled by enhancing the excitation of electrons
by photon energy, resulting in further performance on
OER. Furthermore, deposition thickness is increased
with the loading of Ppy on the FTO/ a-Fe,O; by the
doctor blade method. The o-Fe,Os/Ppy deposition
thickness achieves about 250 um, leading electron
transfer pathways through Ppy and a-Fe,Os and it can
improve photocatalytic performance in the OER
process.
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Figure 3:SEM images of a-Fe;0; (a,b) and a-Fe;O3/PPy (c,d)

A solar light absorption behavior of photoelectrodes
was analysed by Uv-vis spectrometer. Figure 4 shows
absorption spectra ranging from 450 to 800 nm,
indicating o-Fe,O; and a-Fe,Os/Ppy light absorption
performs about 600 nm. It confirms that o-Fe,Os;
material undergoes deposition on the FTO substrate by
doctor blade method. Furthermore, Ppy material
commonly  enhances  light  absorption  of
heterostructure. The absorption of «-Fe,Os/Ppy
indicates that Ppy enables improvement of absorption
across thebroad spectrum. Therefore, it suggests
increasing  the  photocatalytic  response  of
photoelectrode on the OER process.
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Figure 4: Uv-vis spectrum of a-Fe;O; and a-Fe;O3;/PPy

LSV measurement was conducted to define
photocatalytic = performance of samples for
photoelectrochemical water splitting under solar light
irradiation. Figure 5 shows the photocatalytic response
of 0-Fe,O3/Ppy is about 5-fold further (1.032 mA c¢cm™)
compared to a-Fe;O; (0.232 mA cm?). It could be
concluded that Ppy deposition on the a-Fe,O; leads to



enhace catalytic performance on OER process for
photoelectrochemical water splitting.
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Figure 5: LSV measurement of a-Fe;Os and a-Fe;Oy/PPy into 0.1
M Na>SOs-0.1 M phosphate buffer under 100 mW cm? solar
irradiance.

Conclusions

In summary, the synthesis of a-Fe,O; and Ppy are
accomplished with hydrothermal deposition and
chemical method, respectively. The XRD results
confirmed that the hexagonal phase of a-Fe,Os
(hematite phase) is obtained and the deposition of Ppy
on FTO/ o-Fe,O; leads to a decreasing main peak
intensity of a-Fe,O; SEM images show that deposition
thickness of a-Fe,O; and a-Fe,O5/Ppy are 125 and 250
um on the FTO surface by doctor blade method and o-
Fe,Os;dimension is in the nanoscale. Consequently, Ppy
deposition on the a-Fe,Os enables improved higher
photocurrent  density on OER process for
photoelectrochemical hydrogen production with solar
irradiation.
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Abstract

Thermal energy storage (TES) systems using phase change materials (PCMs) with solid-liquid transitions can provide
highly effective latent heat storage and release. Yet the commercial feasibility of latent heat thermal energy storage
(LHTES) systems depends notably on efficient and economical heat exchanger designs connecting PCM tanks and
the surrounding fluid. This review discusses LTES heat exchanger configurations studied at the pilot and application
scales. Although pilot-scale studies have achieved excellent efficiencies through high surface area-to-volume ratios,
challenges remain in large-scale performance. Some persistent challenges arise with certain PCMs, including phase
separation and hysteresis effects. Application-scale testing shows trade-offs in complexity and cost. Of the many
LHTES system configurations analyzed, only shell and tube exchangers have achieved application-scale deployment
leveraging direct contact between PCM and tubes. While encapsulated designs and advanced direct contact
prototypes demonstrate potential in pilot studies, broader translation success remains confined largely to simplified
cylindrical vessels and tubing.

Keywords: Phase change material, Phase separation, Pilot and application scales

Introduction higher and lower melting temperature domains during
phase separation requiring emulsification (Jouhara et
al., 2020). Mechanical stability over thousands of
freeze-thaw cycles without degradation presents long-

With global energy demand continuously rising with
significant climate impacts, there is an urgent need to
scale up renewable energy penetration to transition

away from fossil fuels (IEA, 2022). However, the term operation challenges.

variable nature of most renewables creates a mismatch The practical efficiency of LHTES devices strongly
between energy supply and demand. In this context, depends on storage configurations mainly of PCM
thermal energy storage (TES) is poised to play an containment and heat exchanger design. Diverse
indispensable role in connecting renewable energy enclosure geometries have been studied, from cylinders
generation to end-use loads (Wang et al., 2022). Latent (shell-and-tube, triplex tubes, concentric annuli) to
heat thermal energy storage (LHTES) has attracted spheres, rectangles, squares, elliptical casings, cones,
particular interest given its higher energy storage and more (Elarem et al., 2021). Attempts at addressing
density than sensible heat alternatives and a nearly inherent PCM limitations prompt growing interest in
isothermal phase change process. Using phase change configuring design modifications beyond basic shapes
materials (PCMs) to store and release large amounts of such as cylinders and spheres. Interventions directly in
latent heat during phase transitions can enhance the PCM include the addition of thermal conductivity
efficiency relative to the broader temperature swing of enhancers like fins, foam matrices, and nanoscale
sensible storage media. particles, as well as nucleating agents to trigger

Among TES approaches, LHTES using PCMs thus crystgllization (Elarem et al.,, 2021). Cascading
offers extremely compact systems and excellent multiple - complementary PCMs  broadens usable

thermodynamic  performance. However, multiple temperature ranges. New exchanger types include

inherent issues with PCMs pose barriers to effective rotating designs for transporting the PCM versus
heat transfer and cycling stability. Many candidate circulating a heat transfer fluid. Figure 1 demonstrates
PCMs, like salt hydrates and paraffin waxes (i.e. the available configurations of LHTES in the pilot and

mixtures), face problems, including segregation into application stages.
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PCM enhancement {metal
matrix or foam)

Active heat exchangers
(Encapsulation or direct
contact)

Common designs (shell &
lube, cylindrical , cubic)

LHTES
CONFIGURATIONS

Dynamic solutions (Double
screw HEX or forced
convection)

Combined heat transfer
methods (Fins, foamimatrix
with multiple PCM)

Figure 1: lllustration of different LHTES configurations

Even with a spectrum of containment structures and
augmentations analysed, from small laboratory
prototypes to simulated scaled-up systems, real-world
testing of complete LHTES devices at application
scales is rarely addressed in the literature. Thus,
knowledge gaps remain in translating success at the
pilot scale into commercially viable configurations
whose performance matches models and pilot-scale
demos.

Therefore, this work aims to provide an overview of
different types of LHTES configurations employed in
application and/or at pilot-scale TES projects. Therein,
it is also aimed to review the heat transfer
characteristics across implemented LHTES systems, to
obtain vital insight into configuration decisions
balancing storage density, cyclic lifetime, and
scalability, which are essential for linking renewables
to demand via thermal networks.

Methodology

A structured literature search on published scientific
journal articles was conducted to identify studies of
LHTES heat exchangers. Studies that tested an LHTES
heat exchanger design at the pilot scale or application
scale were prioritized. Both experimental studies
assessing thermal performance metrics and considering
review articles and purely theoretical/simulation-based
studies were included.

Data extraction and analysis of key information was
done considering the most relevant studies identified,
including heat exchanger configurations and materials,
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PCM properties, experiment scale, thermal capacity,
and efficiency metrics. Heat exchangers were
categorized by scale, and their designs were compared.

Configurations of LHTES and their heat
exchangers
Containment designs

LHTES using PCMs requires carefully engineered
configurations matching storage containment and heat
transfer components. Basic shapes include cylinders,
spheres, rectangular prisms, and stacked tube arrays
with PCM filled in the gaps, as summarized in Figure
2 from A to E, respectively. Shell-and-tube remains
common given straightforward material pairings: salts
or paraffin contained inside or outside metal pipes
conducting heat transfer fluid (HTF). Concentric tube-
in-tube exploits the annulus for PCM storage using a
centered carrier tube. Triplex tube configurations
utilize triangular conduits in a larger external shell
(Kumar et al., 2023).

] )

T

' -
i)

Figure 2 : Different LHTES shapes (Elarem et al., 2021)
Copyright © 2019 John Wiley and Sons- CC BY-S4 3.0)
Advanced containment designs leverage multiple
smaller PCM volumes, which enhance heat transfer
surface area, like plates, tubes, and spheres packed into
larger units. Oval cassette arrangements allow volume
expansion during phase change without stress
accumulation. Some novel methods directly leverage
the PCM as an active heat exchange surface rather than
passive material in static vessels. For instance, rotating
designs transport low-viscosity PCMs like oils across
hot and cold ducts, while stationary cassettes pump
heat transfer fluid instead. In-addition, thin rotating
disks can sandwich PCM for rapid charging and

discharging across large areas (Kumar et al., 2023).

Active Heat exchangers



The immobility of PCM can cause unintended
solidification, which can cause thermal resistance
during discharging or charging. Thus, the main idea
behind an active heat exchanger is to keep the PCM
moving or apply similar techniques that can cause
forced convection so as to improve the heat exchange
rate at fusion (Elarem et al., 2021). In active heat
exchanger systems, two main containment approaches
exist: bulk PCM storage in conventional heat
exchangers (e.g direct contact or PCM slurries) and
macro encapsulation of PCM inside larger storage
containments (like packed beds). Encapsulation
strategies often prove more favourable for addressing
certain PCM challenges and boosting surface area in
contact with heat transfer fluids.
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The challenges in low thermal conductivity of PCMs
prompt growing interest in matrix structures and
encapsulation. Metal foams and honeycombs conduct
heat through internal pores filled with PCM, though
issues like material compatibility persist (Elarem et al.,
2021). Different types of macroencapsulation
techniques can be observed in Figure 3, from spherical,
to plate, or tube encapsulation

| PCM pouch | |

PO sphere ” PEM tube encapsulation | | PCMplates | | Plastic PCM heat pack |

v -
)\ ==

Figure 3 : Illustration of different PCM encapsulation (Elarem et
al., 2021) Copyright © 2019 John Wiley and Sons- CC BY-SA 3.0)
Micro and macro encapsulation techniques contain
PCMs in, e.g., polymer shells or larger reservoirs,
guarding against leakage while boosting heat transfer
via increased surface area and composite conductance.
Microcapsules also limit volume expansion compared
to bulk PCM as microencapsulation is a technique of
surrounding tiny particles of a core material with a
coating or embedding them within a matrix, e.g. as seen
in Figure 4. The core material is encapsulated to create
a capsule with a distinct inner section (the core)
separated from the outer section (the coating or matrix)
by a layer of air. This air space can accommodate any
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expansion or contraction occurring in the core material
during a phase change (Wang et al., 2022).

IRREGULAR
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Figure 4 : Different Microencapsulation Techniques, Redrawn
based on (Jouhara et al., 2020)

Pilot and experimental studies

Encapsulation allows tailoring shells to match desired
temperature ranges and prevents reactions between
certain PCMs and metals. Although the idea of
encapsulation is better in terms of increasing the
surface area and heat transfer characteristics, the
research conducted by (Lv et al., 2023) shows that
using a spiral-finned pilot scale LHTES unit with 5675
kg of PCM shows the best heat transfer performance in
a shell and tube heat exchanger. It also gives insights
into charging direction being an essential factor as it
determines which part of the TES starts dropping
temperature first, and there is a more significant
temperature difference vertically than horizontally.
However, orientation impacts performance. For
instance, a study by (Xu et al., 2019) found that vertical
encapsulated shells fared better in charge-discharge
cycling times but showed lower effective thermal
conductivity versus horizontal alignments due to phase
separation influences. Theoretical work has also
proposed ellipse, ribbed, spheroidal, and other shell
geometries for potentially improved heat transfer
characteristics (Jouhara et al., 2020). Though some
encapsulated products are commercially manufactured,
few large-scale validations have reproduced modeling
gains, representing an area needing further analysis.

Pilot scale experimental studies are crucial for
understanding the behavioral patterns of TES. It was
demonstrated by (Besagni & Croci, 2019) in a study
that used a fin and tube heat exchanger immersed in a
tank containing phase change material (PCM) to
investigate how different boundary conditions such as
flow rate and inlet\outlet temperatures influence power
supplied and stored thermal energy. As (Saini et al.,
2023) contends in a analysis, LHTES technology
breakthroughs enabling lower levelized costs at system
level could catalyse displacement of predominant



sensible heat storage methods across heating and
cooling networks in the context of steam generation.
This substantially decreased levelized cost of energy
(LCOE) for LHTES represents the field's largest
outstanding goal given the vast scalability potential of
effectively designed and integrated LHTES
configurations. The upcoming design of a pilot LHTES
system in this project HYSTORE will explore the
implementation of the various configurations discussed
above such as bulk or macro-encapsulated design in
full-scale implementation.
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Conclusion

In summary, LHTES continues to confront inherent
PCM Ilimitations like low thermal conductivity
alongside the need to identify storage configurations,
cost-effectiveness, and manufacturability at scale. In
summary, the HEX geometries summarized in Table 1
are found to be successfully used in the pilot and
application scales.

Table 1
LHTES type Geometries Storage Source
(Type of scale) sizes
(PCM), (kg)
Encapsulation Cylindrical 154 Xu et al,,
(Pilot) macro- 2019)
encapsulation
Direct Contact Cubic Shell 5675 (Lv et al.,
(Pilot) and tube 2023)
Direct contact Fin and tube 58 (Besagni
(Application) HEX ina & Croci,
insulated tank 2019)
Although inserts like thermal conductivity enhancers

and matrix materials have enhanced heat transfer with
novel active exchange designs exploiting direct PCM
contact through encapsulation, true commercial
translation remains lacking. Moreover, most analysis
concentrates on small prototypes, rather than validation
in fully-sized containment units and exchangers facing
real-world ambient temperatures, extended cycling,
and long-term material compatibility challenges. While
advances are being made in materials, encapsulation
strategies, and heat exchanger approaches, a more
holistic assessment is necessary, likely by hybridizing
multiple promising concepts. Broader testing under
fully representative pilot programs linked to renewable
heating/cooling networks could drive systems
optimized around storage density, capacity over
thousands of cycles, and scalability.
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Abstract

Effective control strategies play a vital role in enlarging the peak shifting ability of thermal energy storage systems.
This study presents two advanced controllers, i.e., the self-learning predictive control and the data-driven based
model predictive control (DDMPC). The proposed controllers are used to control the electrically heated floors (EHF)
in residential buildings to shift the peak load. Simulation results show that these two controllers could effectively
shift the peak load, reduce the heating cost, and maintain the thermal comfort.

Keywords: Thermal energy storage, Control, Data-dr

Introduction

Building energy demand is not static, but changes over
time. Due to occupants’ living habits, daily peak load
may occur during early morning or late afternoon (Rate
Flex D | Hydro-Québec, n.d.). This phenomenon
further results in increased stress on the electricity grid
during peak periods. An effective solution to pave the
grid stress resulting from peak load is the usage of an
energy storage system by taking advantage of its ability
to store energy during the off-peak periods and release
it for later use.

In recent years, thermal energy storage (TES) systems
have been widely used in buildings for peak shifting or
renewable energy storage. High thermal mass materials
in building envelopes may provide sufficient thermal
energy storage capacity for peak shifting. For instance,
appropriate system configurations of an electrically
heated floor (EHF) system in a residential building
could shift both morning peaks and evening peaks
(Olsthoorn et al., 2019). Furthermore, in Canada,
electrically heated floors (EHF) in which electric wires
are buried in concrete slabs have been used as the
thermal energy storage system in residential buildings.
(Thieblemont et al., 2018)

Effective control strategies are crucial to take
advantage of the full capacity of TES systems in
buildings to enlarge the peak shifting and energy cost-
saving potential (Tarragona et al., 2020). For instance,
Thieblemont et al. (Thieblemont et al., 2018)
developed a self-learning predictive controller for the

iven
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operation of electrically heated floor (EHF) in a
residential building. At the same time, in recent years,
data-driven-based MPCs have drawn increasing
attention to control TES systems (Lee et al., 2022).

In this study, two advanced controllers are introduced
to enlarge the peak shifting ability of the EHFs. The
proposed controllers will be implemented into two
experimental buildings to control the set-point
temperature for heating.

Methodology
In this section, two advanced controllers are introduced.
Self-learning predictive controller

The schematic of the self-learning predictive controller
is presented in Figure 1. It contains two parts: high-
level controller and low-level controller. In the high-
level controller, the next day’s hourly outdoor ambient
temperature and solar radiation are categorized into the
corresponding half-day temperature and solar radiation
class, i.e., [Ti, Si], by the weather forecast model.
Based on this weather class, the energy consumption
prediction model would predict the half-day energy
consumption (E_Com). Then, E_Com is distributed to
peak periods by the scheduling model. Note that the
energy consumption prediction model is trained by the
building response analysis module that analyses feed-
back data from the experimental building.

The low-level controller is used to set the thermal
comfort bound by setting threshold for the indoor air
temperature.
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Figure 1: Schematic of the self-learning predictive control
(Thieblemont et al., 2018)

Data-driven based model predictive controller
(DDMPC)

The general schematic for DDMPC is given in Figure
2. Firstly, data-driven based predictive models should
be trained and validated. The procedure for the
predictive model development includes: data collection,
data preparation, feature engineering, model training,
and model validation. Details for feature engineering,
data-driven algorithms, and multi-step prediction
procedure could be found in (Sun et al., 2020). The
second step in the DDMPC is to construct the objective
function based on the predicted values. The control
objective could be to minimize the heating cost or
minimize energy consumed during the peak periods by
optimal set-point temperature. In the optimization
process module, the optimization problem could be
solved by various optimization algorithms, such as
genetic algorithm, differential evolution, particle
swarm optimization, etc.
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Figure 2: Schematic of the DDMPC

Case Studies

The developed controllers are implemented into two
residential buildings which are heated by electrically
heated floor (EHF). The experimental buildings show
similar characteristics to around 1.6 million typical

ENERSTOCK 2024
The 16th IEA ES TCP International Conference on Energy Storage

22

detached houses in Quebec, Canada. The studies are
based on numerical simulation on the validated
TRNSYS model of these two experimental buildings.
The validation of the developed TRNSY'S model could
be found in previous research works (Sun et al., 2018,
2021; Thieblemont et al., 2016). In this section, the
configuration of thermal energy storage components
(i.e., electrically heated floors) in the experimental
houses is first introduced. Then, the detailed
description of the experimental houses is presented.
Note that the experimental building No.1 is used to
investigate the applicability of the self-learning
predictive controller, while the experimental building
No.2 is used to verify the implementation of DDMPC.

Electrically heated floors (EHFs)

The two experimental houses are both equipped with
EHFs, whose schematic is presented in Figure 3. The
electrical heating wires are buried in the middle of a
152 mm-thick concrete slab. Due to the high thermal
mass offered by the concrete slab, the EHFs could act
as the sensible thermal storage system.

10 mm of plywood

76 mm of concrete
Witgs4ee @ & & @ & ® & & @ &
76 mm of concrers

100 mm of insulation

Figure 3: Schematic of the EHF(Sun et al., 2021)

Table 1 : Thermos-physical properties of the EHF(Sun et al., 2021)

Conductivity  Specific Density
(W/m*K) Heat (kg/m®)
(kJ/kg*K)
Concrete 2.25 0.99 2200
Insulation 0.04 15 35
Plywood 0.164 1.63 670

Experimental house No.1-Two storey building

The two-storey building is located in Quebec, Canada,
and its building area is 144 m? per floor. Its front view
is shown in Figure 4. EHFs are installed in the
basement, while the second floor is heated by
traditional baseboard heaters and the ground floor is
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heated by surface EHFs which do not have
considerable energy storage capacity.

June 5-7, 2024
Lyon, France

Figure 4: Front view of the experimental house No.1

Critical peak pricing (CPP, as shown in Table 2) is
implemented to encourage consumers to shift their
electricity demand and ease the pressure on the
electrical grid. The peak period and off-peak period are
presented as white and black portions, respectively, in
Figure 5.

Table 2: CPP in Quebec

Periods
Condition  Peak Off-peak
period  period
Electricity <40 50 3.98
price (TkWh)  kWh/per day
Electricity > 40 50 7.03
price (TkWh)  kWh/per day
Subscription - 40.64
fee (d/day)
0 6 9 12 16 20 24

Hour of the day

Figure 5: Peak period (white blocks) and off-peak period (black
blocks) of the place where experimental building No.1 located

Experimental house No.2-Bungalow building

The second experimental building, as shown in Figure
6, is a traditional residential building located in
Montreal, Quebec, Canada, which was built in 1960,
with a building area of 104 m?. In its TRNSYS model,
the building was simulated as one-zone, heated by
EHFs. CPP is also implemented to this building, while
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duration of peak periods and off-peak periods for this

Figur 6: Front view of the exprimental house No.2

Period 1
|
[ ¥ Af \f |

Period 2 Period 3 Period 4
| | |

Time of The Day

Jam Gam 12pm Gpm Oam

. Off-peak period ‘ Peak period

Figure 7: Peak period and off-peak period of the place where
experimental building No.2 located

Results and Discussion

Results for self-learning predictive controller

The simulation results found that the self-learning
predictive controller could effectively shift the energy
consumed for heating to the off-peak period during
night. Its peak shifting potential in the basement
compared with the reference case (setting 21.5 °C as

the set-point temperature) is 97.57%. Besides,
implementing self-learning predictive controller to
control the EHFs in the basement could save 22.89%
heating cost for the entire building compared to the
reference case. However, it shows a slightly negative
effect on the thermal comfort, as the indoor air
temperature may drop below the thermal comfort
threshold, i.e., 21 °C.

Results for DDMPC

In the case study, a support vector machine (SVM)
model is developed to predict the building energy
consumed during each peak period or off-peak period,
and another SVM model is constructed to predict
whether or not the indoor air temperature is lower than
the thermal comfort threshold. Then, the predicted
energy consumption is integrated into the objective
function to enlarge energy consumed during the off-
peak periods and reduce the energy consumed during
peak periods. The predicted value from the indoor
temperature prediction model is used to construct the
constraints.



The numerical study results show that ~65% peak load
could be shifted to peak periods when using DDMPC,
see Figure 8. Besides, the daily heating cost could be
decreased from 27.57 CAD when setting the set-point
temperature at 21 °C to 14.25 CAD when using
DDMPC. Furthermore, the DDMPC could reduce the
duration with discomfortable thermal environment
from 958 hours during the winter to 431 hours.
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Figure 8: Average energy consumption of different controllers
during different periods

Discussion

Although the applicability of the self-learning
predictive controller and the DDMPC is investigated
separately in this study, comparison between these two
control strategies still needs further investigation.
Besides, field test is needed to pave the way for
implementing these two controllers in the real world.

Conclusions

This study presented two advanced controllers to
control the thermal energy storage system in residential
buildings to achieve peak shifting. Two case studies
were conducted to investigate their ability on heating
cost saving, peak shifting, and thermal comfort
maintenance. Simulation results showed that these
control strategies could effectively shift the peak load
to the off-peak periods. However, future study should
be done to compare the applicability between these two
controllers.
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Mathematical modeling of phase change materials (PCMs) incorporated in building envelopes is a key
factor for the deployment of this technology. This work presents a finite difference numerical model of a
PCM macrocapsule and compares numerical and experimental results. Melting and solidification of a
PCM panel were assessed with a temperature variation rate of 1 °C/h, typical of building envelope
applications. The effective heat capacity method was used for the phase change modeling. PCM thermal
response was analyzed in two cases: using the effective heat capacity obtained with traditional
characterization methods and using the effective heat capacity determined through the inverse method for
the whole macrocapsule. Small-scale characterization leads to inaccurate results, overestimating the
latent heat. Inverse-method-determined properties yield accurate results, demonstrating that PCM must
be characterized in conditions as close as possible to their real application.

Keywords: Phase Change Materials, Latent Heat Thermal Energy Storage, Numerical Model, Thermal

characterization, Effective Heat Capacity

Introduction

Nowadays, the building sector is responsible for 35%
of final energy consumption and 38% of total CO,
emissions (United Nations Environment Programme,
2022). Incorporating phase change materials (PCMs) in
building envelopes tackles this: it reduces energy
demand in buildings and improves the performance of
heating and cooling systems (Jin et al., 2018).

PCMs macroencapsulated in metallic panels are widely
studied. They are easily incorporated, avoid direct
contact between PCMs and other -construction
materials, improve heat transfer, prevent leakage and
are convenient for transportation (Rathore & Shukla,
2019). However, the wide variety of PCMs, wall
designs, climatic conditions and desired interior
conditions complicate the selection of the most
adequate PCM and wall typology (Izquierdo-
Barrientos et al., 2012). Mathematical modeling
addresses this complex optimization problem, reducing
costs and time of study.

Thermophysical properties of PCMs must be
adequately determined to ensure accurate models.
Traditional PCM characterization methods analyze
smaller samples than the PCMs used in building
envelopes, and with high heating rates. Numerical
results are inaccurate when building envelopes with

25

PCMs are modeled using the PCMs properties obtained
with these methods (Kuznik et al., 2016).

This work presents a numerical model of a
macroencapsulated PCM panel and studies its transient
thermal response in two cases: using the
thermophysical properties determined by traditional
methods, which analyze small quantities of PCM, and
using the effective heat capacity of the whole
macrocapsule determined through the inverse method.

Methodology / Materials and Methods

This work analyzes a PCM macroencapsulated in an
aluminum panel, in this case, the commercial paraffin
mixture RT21-HC (Rubitherm Technologies GmbH,
n.d.) (Figure 1).
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Figure 1: Studied macrocapsule



Since the PCM is a mixture, phase change occurs
throughout a temperature range, bounded by the lower
and higher limits of phase change. The total thickness
of the panel is 10 mm and the thickness of the
aluminum is 0.5 mm. The panel contains 0.5 kg of
paraffin and its total weight is 0.85 kg.

June 5-7, 2024
Lyon, France

stock

The PCM panel was suspended in a thermally insulated
hotbox connected to a climatic module which modifies
temperature and relative humidity of air in a closed
loop. The temperature of the air in the hotbox was
varied at a constant rate of 1 °C/h, typically experienced
in building envelopes. The temperature variation curve
defined in the experiment consists of four stages:

1. Solidification: temperature was decreased from 28 °C to
8 °C at a constant rate of 1 °C/h.

2. Thermal stabilization in the solid phase: constant
temperature for 3 hours to ensure that the PCM is
completely solidified.

3. Melting: temperature was increased to 28 °C at a constant
rate of 1 °C/h.

4. Thermal stabilization in the liquid phase: constant
temperature for 3 hours to ensure that the PCM is
completely melted.

The test was repeated three times.

Heat flux, §¢*P, and temperature, ToexP, were measured
on the surface of the panel. A flat surface on which to
place the sensors was ensured by adding a thin layer of
mortar of 6 mm on each side.

The finite difference method was used to simulate the
transient thermal behavior of the PCM panel. The
simulation domain is divided in cells and the heat
diffusion equation is solved in each of them.

The effective heat capacity method was used to model
the phase change process. The method consists of
integrating the latent heat and the sensible heat into a
temperature-dependent property: the effective heat
capacity, Cpgry.

The effective heat capacity is constant and equal to the
specific heat when the PCM is outside the phase change
range. However, it varies when the PCM is within the
phase change range, with values always higher than the

specific heat, representing the latent heat exchange
(Thonon et al., 2020).

The following assumptions were made:

e Contact thermal resistances are negligible.

e Density (p), thermal conductivity (k), and specific heat
(Cp) are constant for all materials (Table 1). The effective
heat capacity of the PCM depends on the temperature.

e Heat transfer is one-dimensional, due to the reduced
thickness of the mortar-capsule assembly, compared to
the heat exchange surface.
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e Temperature distribution in the capsule is symmetric.
The uniform air temperature in the insulated hotbox
ensures the validity of this assumption. Under this
hypothesis, only half of the capsule is modeled.

Table 1: Thermophysical properties of the materials

Material p (kg/m?) k (W/m-K) Cp (J/kgK)
Mortar 2194 1.4 780
Aluminum 2770 150 875
PCM 630 0.2 Cperr (T),

The boundary conditions are adiabatic walls for the top
and bottom walls, symmetry condition for the
symmetry axis and temperature boundary condition in
the mortar surface. For this temperature boundary
condition, the temperature measured in the tests is used.

The initial condition is that temperature of all cells in
the domain equals T, P at the beginning of the
experiment. Uniform temperature distribution in the
whole panel is ensured since thermal stabilization
periods are performed prior to the solidification and the
melting processes.

The output of the model is the surface heat flux §™*™.
Figure 2 illustrates the simulation domain and the
boundary conditions.

ADIABATIC WALL
Boundary condition
q=0
Aluminum
capsule
Mortar PCM 1
TEMPERATURE '
Boundary condition 1
T =T |
SYMMETRY
F—Boundary condition
- q = O
Model output: I
Surface heat 1
ﬂux q'ﬂllﬂl L
ADIABATIC WALL
Boundary condition
q=0

Figure 2: Simulation domain and boundary conditions

The PCM panel is modelled under two scenarios: using
the effective heat capacity specified by technical
datasheet, Cpesf dar» and using the effective heat
capacity determined through the inverse method,
CPeff iny- Both are temperature dependent and have
different values for solidification (S) and melting (M).
This yields four effective heat capacity curves:
Cpgff,datﬂ Cpg/lff,datﬂ Cpgff,inv and Cpg/}f,imr Figure
3 shows the different effective heat capacities, where it
is observed that datasheet values are much greater than
those determined through the inverse method.
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Figure 3: Effective heat capacity of RT21-HC
Results and Discussion

The analysis of the transient thermal behavior of the
PCM panel is performed on the melting and
solidification stages.
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Figure 4. Experimental results: surface heat flux and temperature
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Figure 4 presents the experimental results. Variability
between the three tests is negligible. As such, the
average T, © and ¢*P are calculated as the mean value
between the three tests at each time. The average Ty ©
is used as the input boundary condition in the model
and the average q°P is used for comparing the
experimental and the numerical results. Time intervals
enclosed in the dashed lines correspond to the thermal
stabilization periods.

Phase change periods are clearly identified in the heat
flux curve. Constant values of ¢¢*P indicate sensible
heat exchange, whereas the bell-shaped intervals with
increased heat flux imply latent heat exchange.
Negative heat flux means that the PCM solidifies, and
positive heat flux represents the melting process.

Phase change is also observed in the temperature
output. Sensible heat exchange is characterized by
constant temperature variation rates (constant slope
lines). The phase change occurs in the intervals where
the temperature does not follow a linear tendency and
subtle curves are observed.

Figure 5 shows the numerical results and compares
them to the experimental results. The numerical heat
flux calculated with the inverse method results, gy,
fits the experimental heat flux, both in sensible heat
exchange and phase change periods. However,
modeling the PCM with the datasheet properties leads
to overestimating the heat flux, ¢g4i*. This is
especially relevant during the phase change process,
where the numerical heat flux is twice as much the
experimental heat flux. During the sensible heat
exchange periods, the error is also relevant: on average,
quat is 25 % higher than g®*P. This means that if the
datasheet properties were used to model the PCM panel
properties on a building simulation software, relevant
errors would be made on the estimation of the thermal
attenuation achieved by the PCM.

The relative error of the numerical results based on the
inverse method characterization, &;,,,, is lower than
10% both in melting and solidification. In contrast, the
relative error of the numerical results using the
technical datasheet, £44;, 1S approximately 50% in
solidification and 80% in melting process (Table 2).
Such high values indicate the lack of fitness of the
numerical results if the effective heat capacity
determined though traditional methods is employed.

Table 2: Relative error of the numerical results

Process Edat (%) Einpy (%)
Solidification 49.14 6.12
Melting 80.57 8.91
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Figure 5: Numerical results of the model
Conclusions

This work demonstrates that PCM characterization
must be performed with PCM quantities and
temperature variation rates similar to their application.
The model proves that when traditional
characterization results are used, based on the analysis
of small quantities, numerical results are inaccurate.

Mathematical models of building envelopes with
macroencapsulated PCMs tend to overestimate the
efficiency of the phase change mechanism if the
datasheet properties are considered for the model.

The deployment of latent heat thermal energy storage
in the building sector requires more specific PCM
characterization methods. Although experimental
studies of macroencapsulated PCMs in building
envelopes endorse the potential of this technology,
accurate mathematical models are a key factor to
facilitate its implementation.
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Abstract

Energy storage has emerged as an important component of the UK’s pathway to net zero, with a rapid increase in
the deployment of electrical energy storage (EES) systems over the last decade. Through a systematic and wide-
ranging review of energy policy, this article outlines the key policy developments that have enabled this and their
impacts. We find an increasing emphasis placed on EES in the development of energy policy in the UK. However,
the market dominance of batteries indicates the need to provide more support for alternative storage technologies
that can provide further benefits. This work, conducted as part of the Energy Storage Integration for Net Zero
(ESI4ANZ) project, is intended to provide lessons for policy makers in other markets undertaking similar

programmes of reform.

Keywords: Storage, Policy, Markets, UK, Great Britain

Introduction

For over a decade, and supported by government
policy, private investments in renewable energy have
driven an increase in generation from renewable
sources in Great Britain (GB) (Figure 1). The need for
flexibility technologies to support the deployment of
renewable energy at scale has been recognised for
over 20 years, e.g. (Royal Commission on
Environmental Pollution, 2000). This includes the
introduction of Demand Side Response (DSR)
measures, increased interconnectivity with Europe and
the deployment of Electrical Energy Storage (EES).
However, policy support for such flexibility has come
more recently.

Since 2015, there has been a growing increase in the
amount of EES capacity on the British electricity grid
(Figure 2). In addition to the reducing costs of storage,
this increase in capacity has been partly enabled by an
increasingly favourable policy and market framework.
In this paper, an assessment of the policy landscape
for EES in the UK is explored, to identify the key
successes as well as considering the remaining policy
challenges and opportunities. The article is of interest
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for those seeking a summary of the developments in
the UK and to policy makers in other markets
considering similar reforms.

Methodology

To identify UK energy policies relating to EES
technology, a systematic search of public sector
websites has been conducted searching on the term
“energy storage”. Although the UK government
retains responsibility for energy policy in GB, aspects
of other policy areas that can impact deployment of
EES have been devolved to constituent nations. The
websites of the following organisations have therefore
been searched:

UK government

Ofgem, the energy regulator

National Grid Electricity System Operator (ESO)
Distribution Network Operators (DNOs)

Energy Networks Association (ENA)

Devolved Governments (Welsh, Scottish)
European Union



Search results were reviewed for their relevance and
significance to electrical energy storage. Where
policies were deemed to be of relevance, they have
been recorded and assessed against a set of key
criteria relating to energy storage (e.g. demonstration
of technical feasibility, new markets). Based on
publication dates, a comprehensive timeline of UK
policies has been developed and will be published as
part of future work for the ESI4ANZ project. It is
important to note that many of the policies that impact
on storage are not necessarily specific to storage. The
economic viability of EES to operate in any given
electricity market can be impacted by the presence
and viability of other technologies. Most evidently,
policies for renewable energy (e.g. solar PV) can have
implications on the need for and economic plausibility
of storage. This can be extended to policies for (a)
emissions reduction, (b) other flexibility technologies,
(c) network infrastructure and (d) energy market
structures. Such ‘indirect’ policies, which impact on
EES, have been captured and analysed.
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Results and Analysis

The ‘policy search’ conducted for this article
identified over 650 different policy outputs. A review
of these items found policies with varying degrees of
relevance to storage (see Figure 3). Numerous types
of policy have been identified (e.g. UK legislation,
EU legislation, strategy documentation, market
incentives etc). From analysis of the search results,
storage policy in this article has been divided into
three distinct periods; (a) 2000-2008, relative inaction
on energy storage but a growing consensus on the
need to act on climate change; (b) 2009-2017, an
increasing recognition of the need for storage, with
some fundamental changes to the market; (c) 2018-
2023, accelerating storage policy development. These
time periods are described in further detail below.

2000-2009: Building momentum for climate action

In this decade, UK (and EU) energy policy had only
limited action or discussion around the role of EES in
Britain. The absence of EES in policy discussion at
this time is understandable; many of the issues that
could be resolved by EES, such as managing
generation from variable renewables, had yet to
emerge. However, policies introduced in this period
would have future implications for storage. This
period was used to build the case for acting on climate
change and creating a legislative framework that
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could support this. Generally, an emphasis was placed
on the need to (a) increase end-use efficiency and (b)
deploy renewable energy systems. This is evidenced
by pieces of key legislation that were introduced
during this time. This included the EU Directive on
Renewable Electricity (European Union, 2001) which
(at that point in time) required the UK to meet 10% of
its 2020 electricity consumption with renewables. In
the UK, the Renewables Obligation (HM
Government, 2002) was introduced to mandate the
procurement of renewable electricity. The 2003
publication of the ‘FEnergy White Paper’ (HM
Government, 2003) was a moment of key
significance, targeting a 60% reduction in emissions
by 2050. Around the same time, the electricity market
in England & Wales was under-going a series of
major reforms via the ‘NETA’ (New Electricity
Trading Arrangements) programme (Ofgem, 2001).
This included the introduction of the ‘Balancing
Mechanism’ which remains a key market by which
demand-supply parity is maintained (and, thus, one
which energy storage assets may generate revenue).
These changes would additionally be introduced into
Scotland in 2005 (Ofgem, 2005), alongside further
reforms, via the British Electricity Trading and
Transmission  Arrangements (BETTA). Interest
specifically in EES from policy makers during this
time was limited to consumer electronics (e.g. EU
Battery Directive 2006/66/EC, EU's Waste Batteries
and Accumulators Directive).

2009-2017: A shifting narrative on EES

The new coalition government formed in 2010
brought a further programme of market reforms to
incentivise renewables. This included the introduction
of the Contracts for Difference (CfD) and Capacity
Market (CM) schemes via the Energy Act (2013) (HM
Government, 2013b). These competitive auctions,
which remain in operation, provide guaranteed
revenue to successfully tendered generation projects.
The CM has supported both pumped storage and
batteries (National Grid ESO, 2023b).

The growth in renewables during the 2010s
complemented by an increased discussion around the
role of energy storage. In comparison with the prior
decade, documentation and analysis from (HM
Government, 2010) and (Scottish Government, 2010)
began to note the importance of storage to the future
electricity grid. This is significant when considering



its relative absence in government literature in the
2000s. In 2012, energy storage was included by the
UK government as one of its identified ‘Eight Great
Technologies’ and, as a direct result, was subject to an
increased level of research funding support (HM
Government, 2013a). As the decade progressed, the
UK’s devolved governments were also increasingly
noting the importance of storage (Scottish
Government, 2016; National Assembly for Wales,
2016). The apparent changing view on the role of
storage in the future electricity grid during this period
is also suggested in consideration of the ESO’s
‘Future Energy Scenario’ analysis (Figure 4).
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With increasing importance being placed on energy
storage during the 2010’s, the UK’s energy policy
actors moved towards the development of more
targeted action. Part of this activity has included an
exploration of grid-scale demonstration projects (UK
Power Networks, 2014; UK Power Networks, 2017).
Meanwhile, the Smart Grid Forum, created by the
Department for Energy and Climate Change (DECC)
and the energy regulator Ofgem, was introduced to
advise the government on how to support the
development of a more flexible electricity grid (Smart
Grid Forum, 2014). This was followed by a series of
reports considering the opportunities and challenges
of flexibility in more detail (Ofgem, 2015;
Department of Energy & Climate Change, 2015), and
culminated in the ‘Smart Systems and Flexibility
Plan’ (SSFP) (HM Government and Ofgem, 2017).
The SSFP represents an important milestone for the
UK energy storage sector, identifying key challenges
and policy actions to overcome the barriers to market
entry for storage. Indeed, 2017 can be considered a
major turning point for EES in Britain. The launch of
a consultation (Ofgem, 2017) to address regulatory
issues associated with storage would seek to resolve
previously raised concerns relating to ‘double
charging” and asset ownership; changes would
subsequently be introduced to provide clarity on these
issues. In R&D terms, meanwhile, the proposal
(Walport, 2017) and launch (HM Government, 2017)
of the Faraday Initiative has created a major source of
financial support for driving UK research and
industrialisation of battery storage.

2018-2023: Improving fortunes for EES in the UK

The SSFP targeted improvements in the regulatory
and market framework which would attract private
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investment in storage and consequently lead to
increases in EES capacity. Indeed, the late 2010’s to
early 2020’s has seen a growth in storage projects
(Figure 5). This has partly been enabled by the
reduction in battery costs observed in the 2010s
(Schmidt et al., 2017). However, this has additionally
been supported by policy, such as reducing the burden
of planning applications for larger storage projects
(HM Government, 2020) and the creation of new
market services (National Grid ESO, 2023c). These
markets have been introduced partly to account for the
changing grid requirements (and to capture the
benefits of storage technologies; e.g. rapid response
times). The new frequency regulation services in
particular have enabled battery systems to generate
revenue (Figure 6). However, auctions for these
services have shown signs of saturation (e.g. falling
auction clearing prices). Separately, the DNOs (in
their transition to taking a more active role in the
electricity market as Distribution System Operators)
have been developing new markets to reduce local
network constraints (Flexible Power, n.d.). Such new
revenue opportunities are intended to support new
forms of generation (e.g. storage) whilst overcoming
emerging constraint  issues.  Meanwhile, the
introduction of dynamic time of use (ToU) tariffs by
some electricity suppliers (e.g. (Octopus Energy,
n.d.)) have helped to improve the opportunities for
residential storage although there is relatively poor
visibility of this to the wider public (Ofgem, 2020). It
is worth commenting, however, that academic studies
have indicated that domestic battery systems remain
unattractive from an investment perspective in GB
(Gardiner et al., 2020; Zakeri et al., 2021). It is
notable that, unlike in other nations (e.g. Germany,
Italy), residential battery systems are not financially
incentivised by the UK government.

Whilst there has been progress in bringing battery
energy storage to the market, the need to develop
solutions for ‘Long Duration Energy Storage’ (e.g.
seasonal reserves) has been widely commented on
(e.g. (The Royal Society, 2023). The launch of the
Longer Duration Energy Storage Competition (HM
Government, 2021) is intended to support domestic
innovation in this area but additional revenue
opportunities will be necessary to create the economic
case for the operation of such storage technologies.

Discussion



The UK has been successful in developing markets in
which storage can operate. However, there remain
some key issues for the future UK electricity system
that storage can help resolve. As is apparent from the
UK government’s renewable energy planning
database (Department for Energy Security and Net
Zero, 2023), the vast majority (~99%) of new storage
projects are in the form of electrochemical battery
storage (Table 1). Other technologies which are
known to provide different benefits have, as yet,
struggled to achieve the same levels of interest from
private investors. Perhaps the most well documented
issue here relates to the need for seasonal storage
reserves. It is widely acknowledged that current UK
market conditions are insufficient to enable the levels
of investment to store energy beyond relatively short
periods of time (e.g. a day). The Scottish government
have supported calls for the introduction of a funding
mechanism for long duration storage for many years
(Scottish Government, 2016; Scottish Government,
2023). Central UK government have more recently
been consulting on appropriate approaches to support
storage as part of its consultation for the Review of
Electricity Market Arrangements (REMA), with cap-
and-floor mechanisms identified as a plausible means
for supporting long-duration flexibility options (HM
Government, 2022). This is likely, therefore, to be the
next major development in UK energy storage policy.
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A less well discussed issue in policy literature is
around the role that (very) short and medium-storage
duration technologies can play. In the case of the
former, it appears that technologies associated with
very short-duration charge and discharge cycles (e.g.
flywheels) will struggle to compete in the UK
electricity market (Hutchinson and Gladwin, 2021).
The economic favourability of batteries (and their
ability to compete across multiple time-frames) may
lock such technologies out of the market. In some
sense, this may not represent a significant concern
with the market arguably having found the ‘best
solution’. However, there are many ‘externalities’ that
are not captured by the current market framework
(e.g. access to critical minerals and their
environmental impacts) which may be alleviated by
the introduction of alternative technologies. Our
policy analysis has highlighted a general absence of
such considerations and the need for policy to capture
such factors (and thus regulate or monetize the
potential benefits of technologies that can provide
short-duration market services).
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Perhaps the most critical challenge for EES that has
emerged in recent terms relates to grid connections.
As a result of grid infrastructure constraints, some
projects have connection delays of over a decade
(Department for Energy Security & Net Zero and
Ofgem, 2023), creating a major bottle-neck for the
deployment of low-carbon generation and flexibility.
The acceleration of grid reinforcements to overcome
this issue in the long-term will be vital but, in the
short-to-medium term alternative solutions must, and
have, been sought. To enable faster connections, there
have been efforts to provide novel solutions, including
the introduction of non-firm connection agreements
and so-called Active Network Management schemes
(Energy Networks Association, 2015). Meanwhile, the
on-going reform of the connections queue system is
aimed at progressing the most viable projects in the
connections queue (Department for Energy Security &
Net Zero and Ofgem, 2023). The success of these
reforms will be pivotal in further progressing the
decarbonisation of the grid in the coming years.

In developing its energy policy framework, the
market-based focus of the UK government has driven
some success in driving the deployment of grid-scale
battery storage. However, there are risks that such an
approach may lead to undesirable consequences. The
actions of private asset owners will inevitably place
priority on revenue optimisation; in the current
framework, this will revolve around taking part in
multiple services (i.e. revenue stacking). Firstly,
academic literature indicates that economic-based
operation could lead to an increase in grid emissions
(Pimm et al., 2021; A. Alahyari et al., 2023). This is a
plausible eventuality without regulation to control
charge-discharge timings (as is an approach
introduced in other nations (Center for Sustainable
Energy, 2023)). Further, the lack of incentive for
storing energy beyond small time intervals (i.e. to take
advantage of price differentials) and the lack of
incentives for a harmonised charge-discharge
scheduling may inevitably lead to shortages and sub-
optimal storage deployment. To reduce the likelihood
of this scenario, some commentators have proposed
the need for a central authority to control the dispatch
of storage assets to overcome this (i.e. to guide the
charge-discharge process).

Conclusions
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The introduction of climate targets and fundamental
changes to the energy market since the 2000s has
created opportunities for renewable energy. The
resulting increase in solar and wind generation has
naturally created more favourable conditions for
storage. In recent years, and in an apparent
acknowledgement of its importance to the UK, storage
has received an increasing level of focus in policy
debate. Central government (aided by other actors in
the sector) have sought to remove many of the barriers
to market entry. Whilst these interventions have
helped to support the deployment of BESS, other EES
technologies have struggled to benefit. More activity
is anticipated, in particular for the development of
long-duration energy storage but further consideration
may be required to also support short-duration
specific and medium-duration storage technology.
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Table 1 — Summary of EES projects in the Renewable Energy
Database (Department for Energy Security and Net Zero, 2023).
(BESS=Battery Energy Storage System, LAES=Liquid Air Energy
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Abstract

In future energy systems volatile production will be dominant. Heating uses a major share of energy in energy
systems. Therefore, the deployment of thermal energy storage is key to successful energy management. Sorption heat
storage is a promising technology for long-term storage application.

The FlexModul project examines the potential to store heat in a closed fixed-bed sorption heat storage system on a
long-term basis for application on household scale from a technical standpoint of view in the field or in field-realistic
conditions. Therefore, extensive measurement equipment’s to get knowledge of the system and components, e.g.
distribution of heat in the sorption storage system during discharging and charging, heat transfer rates, etc. are
installed in the demonstrator in the laboratory. A second demonstrator is installed in the field to get knowledge of a
dynamic real system. With the collected data and the defined KPI’s optimizations based on the system layout,
operation strategies, component design, etc. are derived and reported to push the compact storage system toward
market.

Keywords: zeolite 13X, sorption storage system, residential buildings, decentralized, peak-shaving

Introduction house, b) Power-to-Heat (P2H) storage for daily
In recent years, many countries have changed and storage of fluctuating PV or CHP electricity integrated

adapted their energy policies according to the Paris in a building.

Agreement in  2015. Germany, Austria, and Based on the goals of the project the present
Switzerland all have dedicated plans to phase out coal, publication focuses on the highlight of the innovative
nuclear power, and eventually even natural gas. and flexible part of the system, the design of the
Additionally, they heavily invest in renewable energy components, the optimized operation of the storage
resources while needing to ensure a high level of system, and reports the challenges of the compact
stability and security. Germany's phase out of coal has storage technology for the demonstrations.

just been confirmed, committing to gas-powered
plants, which are ready to run on hydrogen.

Switzerland has recently committed to a 2050 net- Methodology/System description

carbon-zero strategy, while Austria is targeting 2040 The innovative sorption storage system was designed,
net-zero emissions. (OECD, 2021 & OECD, 2022 & dimensioned, constructed and initially set up and
Seitz et al.,2022) commissioned in the laboratory as part of the national

project FlexModul. The core component is the sorption
storage tank that is used for domestic application based
on the adsorption / desorption principle.

To give a contribution to the above described strategies
the overall aim of the project FlexModul is to develop
and demonstrate an innovative, modular and compact

sorption storage system which is i) easy to scale due to Based on Yu et al. (2013) the general equation of the
its modular design and ii) easy to adapt to different sorption process can be written as formula (1). There
applications in the heating as well as electricity sector the participants of the sorption process are displayed,
and therefore shows the potential of thermal storages as where A is the sorbent, B is the sorbate, the
a cross-section technology that significantly enhances combination of A/B is called working pair, m and n are
the flexibility of the complete energy system and the mole numbers and AH (J) is the enthalpy, or the
substantially decrease CO2 emissions. The versatile energy available to the user.

range of applications of sorption storages will be

investigated and two use cases will be demonstrated a) AX(m+n)+AH © AXxmB +nB €))

seasonal storage of solar energy for a single-family
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Using this principle long-term storages can be used
nearly heat loss free, as for the system.

Figure 1 shows the FlexModul system with a high
temperature storage (HT-S) including an electric
heater, two sorption storage tanks (S1 and S2), the
evaporator and condenser with the water reservoir
(C/E) and the heat pump system for the low
temperature source (HP/LT). The C/E is connected via
a steam line to transfer the sorbat in case of the
adsorption process to the sorption storage tanks, S1 or
S2. The C/E is also connected via the hydronic pipes to
transfer heat to another component in case of
condensing during the charging process. However,
during the adsorption process water is adsorbed at the
sorbents, zeolite 13 X and release heat to the hydronic
system via a heat exchanger HX 3that is used to supply
for space heating (SH) or domestic hot water (DHW).
Either S1 can be discharged for SH or DHW or S2
depending on the needed energy and system control
strategy. The system can be easily extended by adding
additional sorption storage tanks (S3, S4, etc.). The
heat pump as source supplies the C/E to evaporate the
water in the system and drive the adsorption process.

?ﬁé‘ﬁ‘
HX3

. e to Heating &
P i e Ml Dy Syaten
HT |

HX1
Figure 1:Hydronic scheme of the whole FlexModul system

On the other hand, during the charging process the HT-
S is used and dried out with the electrical heater (EH)
driven e.g. by renewable energy source like a PV
system, hydro power plant, etc. During the charging
process the EH heats up the zeolite in the HT-S up to
250 °C. During and after the end of the charging
process the HT-S releases sensible heat that is used for
S1 or S2 or stored in C/E or HP/LT depending on the
control logic. Or can be used directly for SH or DHW.
In case of charging of S1 or S2 the heat from the HT-S
is transferred to the according sorption storage for
preconditioning, and begins with the charging process
by opening the vacuum valves e.g. between HT-S and
S1 for the transition process driven by the pressure as
force. This is done until equilibrium is reached. The
charging process of the HT-S starts from new on until
it is fully charged (dried out of zeolite). This cycle is
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done until S1 or S2 is fully charged again or until
renewable energy sources are not available anymore.
The storage is designed for a storage capacity of around
180 kWh (1000 kg of zeolite 13X material as sorbent)
but can be extended by using additional sorption
storage tanks (S3, S4, etc.).

Figure 2 shows a picture of the real system in a reversed
arrangement, i.e. the HT-S is on the right-hand side and
the heat pump system behind the C/E and S1 and S2 on
the left-hand side. To work with low evaporation
temperatures the system is evacuated and tested to be
tight for the application. Therefore, the vacuum
evacuation pump is connected to the system to the
right-hand side.

Figure 2: Real demonstrator in the laboratory at AEE INTEC
(high temperature Storage to the right followed by sorption
storage S1 and S2 and condenser/evaporator to the left and the

heat pump behind the C/E

The sorption storage system was assembled in the
laboratory at AEE INTEC and equipped with
measurement equipment to get knowledge of the
system’s performance. Figure 3 shows the temperature
sensors in the sorption storage tanks where in total 8
sensors in different heights in vacuum were installed.
Additional to the temperature sensors in the vacuum
two pressure transmitters are installed in the steam pipe
to determine the condition in the system for each
storage by using temperature and pressure at
steady-state conditions. Also, with the measurement
equipment the state of charge of each sorption storage
tank can be calculated. Besides the mentioned sensors
further sensors are installed to determine the behaviour
as well as the performance of the total FlexModul
system. These are:



e  8x temperature sensors in vacuum in S1 and S2 type
Pt100 class A

e 2X pressure transmitter in the steam line
Endress+Hauser from 0-10 mbar and 0-300 mbar

e 4x temperature sensors at the surface of HT-S and
S1 and S2 under insulation to calculate the heat
losses of the storages with a Pt100, class A

e 3x Heat meters g_p = 1,5 m3h from Techem. at
SH/DHW, source and sensible heat during charging
process to measure temperature, volume flow rate,
heating energy and power

e 4xtemperature sensors in the hydronic system of S1
and S2 to measure supply and return temperature

e  2x temperature sensors in the source circuit for
evaporation in the C/E

e  pressure meters for safety reason

June 5-7, 2024
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T-sensor bot

Figure 3:Temperature sensor positions in S1 and S2 to determine
the dynamics of diffusion in the tank, side view to the left and top
view to the right

Figure 4 and Figure 5 summarizes the mentioned
process in a process flow chart, where Figure 4
indicates the operation process for charging of the total
system, by using e.g. solar energy or Power-to-Heat
(P2H) from a PV system especially during availability
and increase the share of renewable energy. As to
maximize the efficiency of the system also the sensible
heat is stored and can be used for further purposes. On
the other hand, Figure 5 shows on the right-hand side
the process for adsorption of the system and release the
heat for domestic hot water or space heating on

demand.
water is driven out
due to rising steam
| pressure

PV supplies
ENergy
energy fram steam is J steam is

condensed steam Is released
water is stored released to heating * condensed = through valve into
system/heat sink | in EC

in separate tank candenser

thermo-oil heats
up storage unit

heating rod heats
up thermo-oil

-
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Figure 4: Charging process flow diagram of the FlexModul

system
heat is released and is
evaporated used for heating

steam moves through
steam channel to =
sorption storage
water reservoir cools
down due te
evaporation

Figure 5: Charging process flow diagram of the FlexModul
system

steam Is adsorbed
from sorption
aterial

water is

DWHP keeps
temperature
constant

The obtained findings from the laboratory tests will be
transferred to the demo sites and will be tested in real
field conditions in the year 2024 that is at the moment
on-going. Also, the integration strategy in the field is
documented and will be optimized.

Results and Discussions

The results are derived from the measurements in the
two demonstrators at the laboratory with an extensive
test strategy and in the field on realistic conditions. It
will give answers to the following questions, which are
worked out in the next few months until May 2024 to
present it on the ENERSTOCK 2024 conference:

e What is the heating capacity of one sorption storage
system during SH applications?

¢ What energy can be withdrawn for one Sorption
storage module under different pre-/conditions?

e What is the dynamic of S1 or S2 during the
discharging process as well as for the charging
process?

o What is the performance of the system by using the
sensible heat too?

¢ What is the performance at different temperature
lifts (evaporation temperature to  supply
temperature for SH/DHW)?

e Assessment of the techno-economic view for the
whole FlexModul system?

e Which market can be addressed by the innovative
FlexModul system?

Conclusion

Finally, the conclusions of the project are derived from
the measurements of the FlexModul system in the field
or in field-realistic operation, and assessed with the
defined KPI’s or questions especially for techno-
economic evaluation. The focus is to push the
innovative, modular, decentralized seasonal storage
system toward market and to also give useful hints for
the design, commissioning and field operation of such
a system.
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Abstract

Zeolitic imidazolate frameworks (ZIFs) are comprised of transition metal ions (Zn) and imidazolate linkers.
Due to their properties (large surface areas, suitable pore size distribution and structure stability), ZIFs have
great potential for adsorptive separation and storage applications. Two ZIF structures (ZIF-71 and ZIF-93)
with similar porosity but different functional groups on the framework have been investigated for thermal
energy storage application, with water as the adsorbate. The ZIF-71 and ZIF-93 samples were successfully
prepared by conventional solvothermal synthesis as well as greener mechanochemical approaches. The
research shows that one of the two studied materials, ZIF-93, exhibits a high energy storage potential, due
to its high water uptake capacity, high sorption enthalpies and high hydrothermal stability.

Keywords: ZIF-93; ZIF-71; water uptake; desorption enthalpy; green synthesis

Introduction

The increasing demand of heating/cooling is of grave
concern due to the ever increasing population. Since
energy for heating and cooling represents up to 50% of
world final energy consumption, there has been an
increased interest in finding environmentally friendly
methods for the optimization of heat supply/demand.
One method that addresses this issue and uses
renewable energy is Thermal Energy Storage (TES),
which uses the reversible chemical reactions and/or
sorption processes of gases in solids or liquids. One
major benefit of using this method is that it only shows
an insignificant amount of heat loss while reaching a
considerably higher energy storage density.

Sorption-based thermal energy storage can be
examined using traditional adsorbents (e.g. zeolites) or
innovative adsorbents (e.g. metal-organic frameworks
(MOFs)).(Henninger et al., 2017; Risti¢ and Logar,
2019) One of the subgroups of MOFs is Zeolitic
imidazolate frameworks (ZIFs), which are comprised
of transition metal ions (Zn, Co, etc.) and imidazolate
linkers.(Ban et al., 2016) ZIFs are structured similarly
to zeolites, where the metal ion replacing the Si/Al and
the imidazolate linker replacing the O atoms. ZIFs are
considered to be highly stable. Due to their properties,
including ordered porous structures and possibility to
shape them in glass-like monoliths, ZIFs also have
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been proposed as supports for adsorptive separation
applications.(Zhou et al., 2018) In spite of a great
potential, the reports on the optimization of ZIF for heat
storage and allocations applications are still scarce.
Furthermore, their large-scale application is limited by
the absence of low-cost mass production, as well as the
lack of sustainable synthesis routes, that would lower
the environmental impact of the ZIF preparation.(Li et
al., 2022) Most of the stable ZIFs are synthesized via
solvothermal  synthesis, which requires higher
temperatures and can take up to 72 h or more. Large
amounts of N,N-dimethylformamide (DMF) are often
used as well, as it is decomposed during the synthesis
in a way to stimulate the ZIF formation. As DMF is
known to be toxic and carcinogenic, a great effort has
been made to implement greener solvents to the ZIF
synthesis process and lower its impact on the
environment.(Skrjanc, Byrne and Zabukovec Logar,
2021) Additionally, the search for a DMF replacement
has gained greater interest as a result of the EU heavily
restricting or in some cases completely banning the use
of DMF as of this year (2023).

The ZIFs studied were selected based on their reported
pore sizes and pore capacities.(Phan, Christian J.
Doonan, et al., 2010) ZIF-71 and ZIF-93 were selected
as they have large pore entrances and pore/cage
capacities (Table 1). (Banerjee et al., 2008; Morris et
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Figure 1: Synthesis methods for ZIF-71 and ZIF-93

al., 2010; Phan, Christian J Doonan, et al., 2010) Both
ZIFs have a RHO topology (Figure 1). DMF was
successfully replaced with methanol in the synthesis of
ZIF-71 and ZIF-93.(Ramos-Fernandez et al., 2018; Liu
and Yuan, 2019) However to the best of our knowledge
ZIF-71 and ZIF-93 have not been successfully
synthesized via mechanochemical synthesis, which is
also considered a green synthesis approach, since we
can exclude solvents from the synthesis.

Table 1. Pore entrance size, the pore/cage capacity and topology
for the two ZIFs examined.

ZIF  Pore entrance [A] Pore capacity [A]
ZIF-71 4.2 16.5
ZIF-93 3.6 17.9

ZIF-93 ! ZIF-71 '

The RHO topology of ZIF-93 and ZIF-71. ZnN4 tetrahedra are
shown in blue, while the yellow spheres indicate empty space in
the cage. Linkers are shown in ball and stick representation (H in
pink, C in grey, N in blue, O in red and CI in green).

Therefore, this presentation will discuss the green
synthesis of ZIF-71 and ZIF-93 and the impact that this
has on the structural properties and their heat storage
potential.
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Methodology

ZIF-71 and ZIF-93 were synthesised using three
different methods: as per literature, using an optimised
precipitation method and via ball milling (see Figure
2). Both ZIFs used Zinc acetate dihydrate as the zinc
precursor. The linkers used were 4,5-dichloroimidazole
for ZIF-71 and 4-methyl-5-imidazolecarboxaldehyde
for ZIF-93. Methanol, water or y-valerolactone (GVL)
were used as the solvent depending on the synthesis
method (see Figure 2). Additionally, the optimised
precipitation method and the ball milling synthesis
used formic acid or ammonia in small quantities to act
as a catalyst. The samples that required activation were
heated in a vacuum over at 150°C overnight. The
structural properties of the ZIF samples were
determined using PXRD, TGA and N physisorption.
The water uptake (mmol) was examined using a DVS
(Surface Measurement Systems). The isotherms were
collected at 25°C in the relative pressure range from 0
— 0.9. Finally, the ZIFs were analysed with DSC to
determine the desorption enthalpy. The ZIFs were
placed in a desiccator with water-saturated solution of
NaCl (rh = 75%) for 1-5 days prior to DSC analysis.

Results and Discussion

Figure 3 shows the PXRD for all 6 samples
synthesised, the calculated ZIF-71 and the calculated
ZIF-93 patterns. The formation of ZIF-71 and ZIF-93
in the synthesised samples was confirmed by
comparing them with the calculated patterns. As there
were no additional peaks in any of the samples they
were shown to be phase pure. PXRD was performed
after activation to show the structure remained intact
after the process.
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Figure 4: TGA of 3-ZIF71 before and after activation.

TGA was primarily used to determine if the ZIF
samples required activation, though what temperature
the structure collapsed at was also of interest. 1-ZIF71
and 2-ZIF71 were the only samples that did not require
activation based on the TGA. All other samples needed
activation. As an example, Figure 4 shows the TGA for
3-ZIF71 before and after activation. Any peaks or mass
loss before 100°C are generally assigned to
vapours/solvent that is on the surface of the sample.
The peak/mass loss that can be seen in Figure 3 at
temperatures between 100-200°C (top TGA) is a result
of solvent in the pores and therefore the sample needed
to be activated.

Nitrogen physisorption was completed to determine the
specific surface area. This ranged from 789-1008 m?/g
for ZIF-71 and 615-1239 m?/g for ZIF-93 (see Figure
5). Most of these values exceed results from previously
published studies, with past studies showing 604 m?/g
— 864 m?/g for ZIF-93 and 652 m?/g — 782 m?/g for ZIF-
71.(Morris et al., 2010; Japip et al., 2014; Li et al.,
2014; Gao et al., 2018; Ramos-Fernandez et al., 2018;
Ding et al., 2023; Lugue-Alled et al., 2023) It is worth
noting that the two samples that are in the previously
published range for both ZIFs are the ball-milled
samples.
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Figure 5 also shows the water uptake for all samples.
The water uptake for all ZIF-71 samples ranged
between 0.2-0.4 mmol/g (0.3-0.65%). Surprisingly, 3-
ZIF71, which is the ball mill sample and had the lowest
specific surface area, had the highest water uptake. For
ZIF-93, the water uptake ranged from 8.2-15.3 mmol/g
(14.7-27.5%). The modified precipitation method
showed the highest uptake and specific surface area.
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Figure 5: Water uptake at 0.8 P/P0 with the specific surface area
for all samples

Finally, DSC was used to determine the heat storage
potential of all samples. In all cases, it was not possible
to get any readings for ZIF-71. On the other hand, the
best performing ZIF-93 sample showed a desorption
enthalpy that reached 503 J/g. This is slightly lower
than the currently best preforming ZIF (ZIF-90) by ~40
J/g, but has been proven to be more hydrothermally
stable that ZIF-90.(Byrne et al., 2021) This was
confirmed by XRD measurements of ZIF-93 samples
after water sorption studies.

Conclusions

In this study, ZIF-71 and ZIF-93 were first synthesised
using solvothermal and mechanochemical method. Our
study showed the successful preparation of ZIF-93
samples at room temperature, by using water as a
solvent or by following the mechanochemical route.
The thermal energy storage potential was assessed by
using DCS based desorption enthalpy measurements,
which revealed ZIF-93 to have good heat storage
potential over a longer period of time, also when
prepared by greener mechanochemical approaches.
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Abstract

Thermal energy storage is indispensable to realize carbon neutral energy systems, enabling flexible coupling of
thermal and power sectors with e.g. heat pumps. Phase change materials (PCMs) are an attractive compact thermal
energy storage (TES) counterpart, to move beyond the state-of-the-art in sensible TES. Although many PCM intrinsic
property data exist, their thermal cycling data at application-representative volumes are scarce. To address this gap,
here, two bio-based PCMs: RTS7HC and RT60HC were analysed in a bench-scale (~44 1) shell-and-tube PCM-TES
system respectively for 27 and 53 complete cycles, between 35-80 °C. The results show quite consistent TES
capacity. Where, the maximum difference between the average storage capacity and each cycle for heating and
cooling was only 0.5% and 0.5% for RT57HC and 0.8% and 0.3% for RT60HC. Both PCMs show no supercooling,
and only 6-8 °C maximum hysteresis, making them ideal candidates for the considered PCM-TES applications.

Keywords: Phase change material (PCM), Bench-scale, Thermal energy storage (TES), Long-term cycling

Introduction large-scale TES systems for long-term primarily for

With around 50% of global final energy use resolving material analyses.

into heating and cooling (REN21, 2019), thermal To address this knowledge gap, in HYSTORE, KTH
energy storage (TES) is indispensable in realizing Royal Institute of Technology (KTH), together with

carbon-neutral energy systems. Phase change materials partners Rubitherm Technologies GmbH (RUBI) and
(PCMs) are a compact TES alternative with AIT Austrian Institute of Technology GmbH aimed to
competitive advantages over the less compact sensible characterize two short-listed PCMs in bench-scale for
TES materials and the less developed thermochemical their long-term cycling characteristics. These include:
TES materials (TCMs) (Gunasekara, et al., 2021). TES capacity, hysteresis, supercooling, and long-term

The project HYSTORE (Hybrid services from stability. This paper presents the key results of this
advanced TES systems) works on developing and analysis.
operating PCM and TCM-based TES installations Materials and Methods

coupled with heat pumps in real demonstration sites, This section concisely presents the key details of the

for flexible sector coupling (FSC) of thermal and materials and methods employed in this work.

electrical systems. Materials

Through a comprehensive scrutiny of many PCM
. . K 0 candidates, two bio-based alternatives were chosen
as discussed in e.g (Gunasekara, et al, 2021), from RUBI’s product portfolio for this bench-scale

((;unasel;ara, Phase. lliqli‘ilibriur?-aided Design Olf analysis campaign at KTH. These are namely RT57HC
Phase Change Materials from Blends - .for Therma and RT60HC. These are intended to cater to space
Energy Storage, 2017). However, their long-term

Decades of numerous material-level (i.e., intrinsic)
property characterizations of a myriad of PCMs exist,

heating TES applications, within the operating range of

cycling properties at application-representative ~25- 65 °C (with preferably: freezing > 40-45 °C and
volumes, e.g. bench- and pilot-scales, are scarce melting < 55-60 °C), for successful coupling with heat
(Gunasekara, et al., 2021). This is mainly due to pumps to enable FSC.

practical and resource limitations in running such
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These two PCMs were selected for the bench-scale
long-term cycling characterization based on their
superior properties versus other alternatives. These
mainly concern phase change temperatures, enthalpies
as well as compatibility with stainless steel (SS) and
aluminium, which are the intended heat exchanger
(HEX) materials of the project partners. Their main
intrinsic thermal properties are summarized in Table 1.
Table 1: Phase change properties of RT57HC and RT60HC

June 5-7, 2024
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PCM Phase change Phase change temperature
enthalpy (kJ/kg) range (°C)
RT57HC 230 53-59
RT60HC 210 58-61

These properties are obtained using a “heat flow
optimized temperature curve analysis” (WOTKA) in a
3-layer calorimeter (Laube, 2023). The resultant
enthalpy change with temperature respectively for
RTS57HC and RT60HC for heating and cooling are
depicted in Figure 1 and Figure 2.
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Figure 1. Enthalpy (H) versus temperature (T) curve of RT57HC.
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Figure 2. Enthalpy (H) versus temperature (T) curve of RT60HC
Copyright © 2023 RUBI - CC BY-SA 3.0)
Methods: Bench-scale PCM cycling testing

A bench-scale PCM-TES unit of ~44 1 volume with a
shell-and-tube HEX (PCM in shell), with its layout and
photo in Figure 3 and Figure 4, was used. Its main
components are presented in Table 2. The heat transfer
fluid (HTF) (in HEX tubes) was Renolin Therm 300 X
(Fuchs Lubricants Sweden AB, 2023).
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Eight PT100 sensors measure the temperature inside
this PCM-TES unit. Each PCM was molten in an oven
at 85 °C, and then poured into the PCM-TES unit. In
total 39.93 kg of RT57HC and 38.92 kg of RT60HC
respectively, was cycled between 35 °C and 85 °C (per
the HTF in buffer tank). The thermostat baths were here
maintained at isothermal conditions at 30 °C (for
cooling) and 95 °C (for heating). Each heating/cooling
cycle in the thermostat bath was maintained for 16
hours, thus allowing sufficient time for all the eight
PT100s to reach isothermal end points (~80 °C and 35
°C respectively).

Oill <$:?L G“‘b LE;;aer

Qil ‘

bath bath ‘
Flow
Meter
[N — L1210 12081 -
J Thermocouples i 308 1387 b
Cail HX b fToe T206 »”,
T T
Vo HTF T20 MTES
| Water Pump with
‘ | | Cooling Reflux Valve

Figure 3. Bench-scale PCM-TES set-up layout sketch (Adapted
from (Laestander, Melander, Bromander, & Sjéberg, 2015), (Chiu
J., 2022). Copyright © 2015,2022 KTH - CC BY-SA 3.0)
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Table 2: Bench-scale PCM-TES system components details
(Laestander, Melander, Bromander, & Sjéberg, 2015)

Component
Qil reservoir

Description

Container for the heat transfer fluid (i.e., a
thermal oil)

Pumps heat transfer fluid from the oil reservoir
to the tank

Cycloidal gear pump
with reflux valve
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LHTES tank Shell and tube heat exchanger which holds the
PCM on the shell side, while letting it being
heated up by the oil running on the tube side

Positive Measures the flow of oil which the pump is

displacement  flow | delivering

meter

PT100s & | Temperature measuring equipment

thermocouples

Temperature Device converting the information given by the

converter PT100s to a temperature input data into

computer
Heats up the oil to an appropriate temperature

Thermostat oil baths

Coil Heat | A closed loop which leads the heating/cooling
Exchanger (HEX) fluids through the oil reservoir

Water sink Provides water to cool down the oil

Insulation Reduce heat losses and protects users

The HTF flow rate was maintained at 3 1/min, and its
inlet and outlet temperatures were measured, and
adjusted based on density data from (Fuchs Lubricants
Sweden AB, 2023).

RT57HC and RT60HC respectively underwent 27 and
53 complete heating/cooling cycles (per time
available). Their key thermal properties in bench-scale
cycling were analysed based on the temperature and
HTF flow measurements, for the latent heat as well as
sensible heat storage within the temperature range 35-
79 °C. The detailed calculation method is explained in
(Laestander, Melander, Bromander, & Sjoberg, 2015)
and (Gunasekara, et al., 2024), with the phase change
enthalpy curve adapted by a Dirac delta (Heaviside)
function D (Chiu & Martin, 2012).

In summary, the TES -capacity was calculated
considering the properties of respectively the HTF (per
Eq. 1) and the PCM (per Eq. 2 and Eq. 3). The HEX
was made of SS (~150 kg) and the heat absorbed by
this was also calculated (per Eq. 4) to be 3300 kJ. The
final energy balance for charging (i.e. heat absorption)
and discharging (i.e. heat release) of the PCM relative
to the heat in HTF and SS HEX can thus be expressed,
including heat losses (Qposses, kJ) as in Eq. 5 and Eq.
6 respectively. The detailed calculation methodology is
explained in (Gunasekara, et al., 2024).

QHTF
Eq. 1
tiv1 )
E J; meea”HTF v X Cpmeuny-n,- X (Tin,i - Taut,i)dt

Qpcm = Z Qpcm; X 2 Eq.2

§=210

QPCMi = Z {ms X [CmeeanriPCM,s

5=203 Eq. 3

+ D(Tmean(i;i+1),s) X Ahpc]
X (Tiya,s — Tis)}

QSSHEX = Mssypy X CPSSHEX X AT Eq. 4
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Qurr = Qpcm + UssypyT QLosses Eq. 5
Qpcm = Qurr + Ussyyt QLosses Eq. 6

Here, Qyrr: Energy capacity in HTF (kJ); 4 and B:
The end time points of the energy capacity calculation
time period (for a heating/ cooling cycle),
©: Volumetric flowrate of the HTF (m%/s); PTmeanys:

At time i, HTF density at the mean of HTF inlet and

outlet temperatures (kg/m®); Cp, . At time
meanyrr

HTF specific heat capacity at mean of inlet and outlet
temperatures (kJ/(kg-K)); T, ; and T, ;2 At time §,
HTF inlet and outlet temperatures (°C); S Sensor, 203,
204, 205, 206, 207, 208, 209 or 210; my: Final PCM
mass per sensor (kg); Tiyqs and T;z: At two
successive time steps i and i+/, PCM temperature
around a respective sensor (°C); T mean(i;i+1),s’ : Mean
temperature of a sensor between successive time steps
iand i+1 (°C); Cppoeanipems: Al time i, the specific
heat capacity for Tpeqn(i;i+1),s of PCM around a
respective sensor (kJ/(kg-K)); Ahpc: Enthalpy (kJ/(kg)
of phase change; Qss,,,: Heat absorbed by the SS
HEX (kJ); mgg, .. Total weight of the TES HEX
(empty) made of stainless steel (150 kg); and ¢

Specific heat capacity of SS (kJ/(kg-K)).
Results and Discussion

The 27 cycles of RT57HC and 53 cycles of RT60HC
showed no noticeable phase change temperature
variations, as shown (using sensor 203 e.g.) in Figure 5
and Figure 6.
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Figure 5. Thermal cycling of RTS7HC for 27 cycles (Sensor 203)
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Their TES capacities also show no significant
variations from the initial to final analysed cycle, as
shown with a few representative cycles e.g. in Table 3
and Table 4. These also displayed no discernible
supercooling. Hysteresis was observed with its
maximum incidence within the complete melting
range, at 8 °C (55.0-63.1°C) for RT57HC and 6 °C
(56.1-62.2 °C) for RT60HC.

Table 3. RT57THC TES capacity, energy from/to HTF, energy to SS
HEX and heat losses through 27 heating and cooling cycles.

Cycle TES %difference | HTF Heat Heat
nr. capacity of eachcycle | capcity | losses | losses
from Vs. average [kJ] (kJ) %
PCM
[kJ]
Heating
1 19135 0.51% 15516 | 6919 | -45%
5 19296 0.33% 15941 | 6654 | -42%
10 19212 0.11% 15428 | 7084 | -46%
15 19297 0.34% 15731 | 6866 | -44%
20 19314 0.42% 15136 | 7478 | -49%
26 19298 0.34% 15230 | 7368 | -48%
Averag 19232 15534 | 6998 | -45%
e [kJ]
Cooling
1 -15767 0.49% 11630 | -837 5%
5 -15865 0.02% 11391 | -1174 7%
10 -15851 0.05% 11574 | 977 6%
15 -15861 0.00% 11357 | -1204 8%
20 -15865 0.02% 11278 | -1287 8%
26 -15853 0.04% 11671 | -882 6%
Averag o
e (1] -15861 11476 | -1085 | 7%

Table 4. RT6OHC TES capacity, energy from/to HTF, energy to SS
HEX and heat losses through 53 heating and cooling cycles.

Cycle TES % differenc HTF Heat Heat
nr. capacity e of each | capcity | losses | losses
from cycle Vs. | [kJ] (kJ) %
PCM [kJ] | average
Heating
2 15257 0.20% -14743 3814 -26%
9 15343 0.76% -13266 5377 -41%
20 15233 0.04% -14187 4346 -31%
30 15242 0.10% -14758 3784 -26%
40 15250 0.15% -15162 3388 -22%
53 15240 0.09% -15748 2792 -25%
AV[f:ﬁge 15226 14791 | 3736 | -25%

48

Cooling
2 13527 0.02% 11621 | 1394 | -10%
8 -13562 0.27% 11196 | 934 | -7%
20 13544 0.14% 11003 | 759 | -6%
30 13515 0.07% 11272 | 1057 | -8%
40 -13529 0.03% 10899 | 70 | -5%
53 -13525 0.00% 10612 | g7 | -3%
Avlf(rfl'ge 13525 11044 | 819 | -6%
Conclusions

Bench-scale long-term thermal cycling of the bio-based
PCMs RTS57HC and RT60HC show in this work
satisfactory thermal stability with no supercooling and
reasonable hysteresis, verifying their suitability in TES
applications of this project.
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Abstract

Thermochemical heat storage systems encounter challenges such as agglomeration within the reactor bed,
which limits gas molecule movement and diminishes overall efficiency. This study proposes an approach
to mitigate this issue by producing millimeter-sized potassium carbonate (K,COs3) granules without
binders using the wet granulation technique. Through 10 cycles, initial hydration loading started at 0.19
moly20/Molkacos In the first cycle and increased steadily to 1.42 molyao/molkacos by the 10" cycle.
During 6-hour hydration periods, the released heat from the granules significantly increased from 57 J/g
to 535 J/g after 10 cycles, attributed to changes in pore volume and granule structure throughout cycling.
Despite pore enlargement, the granules maintained structural integrity, highlighting their stability across
repeated cycles. This study underscores the potential of binder-free potassium carbonate granules to
enhance heat storage efficiency, providing valuable insights for optimizing thermochemical heat storage
systems, particularly in terms of scalability for mass production of these granules.

Keywords: Thermochemical heat storage, Salt hydrates, Potassium carbonate (K,COs), Granulation

Introduction temperature remains below 160 °C [5]. Eg. 1

Thermal energy accounts for a substantial share of a represents the equilibrium reaction for the gas-solid
country's overall energy consumption. Therefore, by system containing K,COs:

using household heat storage to meet the demand for K,CO; (s) + 1.5H,0 (g) = K,CO03 - 1.5H,0 (s)#(1)
thermal energy, it is possible to significantly

contribute to the energy transition [1, 2]. The In the hydration or discharging step (left-to-right
utilization of renewable energy sources such as solar reaction), water vapor is absorbed by the potassium
or wind power is dependent on certain times and carbonate, which results in the formation of potassium
locations [3]. Thermochemical energy storage (TCES) carbonate sesquihydrate and the release of heat [6].

is a very efficient technique for storing heat with An issue that arises with using powdered salt hydrates
negligible energy loss. Thermochemical energy is the occurrence of caking, which is the
storage relies on the reversible chemical processes agglomeration of powdered salt hydrate particles [7].
that take place between sorbates and sorbents. Salt The process of agglomeration creates obstacles that
hydrates are a type of thermochemical storage hinder the movement of water vapor molecules in the
material (TCM) that exhibit potential due to their reactor. Hence, an additional manufacturing process is
advantageous characteristics [4]. necessary in order to convert powdered materials into
Potassium carbonate (K,CO;) possesses favourable precisely  specified  millimeter-sized  particles.
characteristics for household heat storage, including Neglecting this might result in a significant pressure
non-toxicity, chemical stability, high energy density, drop inside the thermochemical reactor bed, mostly
and a suitable temperature range for space heating and due to inadequate diffusion and bed flowability. As a
hot water production. Furthermore, it is compatible result, the reactor bed experiences a reduced power
with built-in heat sources for charging, as long as the output [8]. This work presents a detailed analysis of
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the performance and characteristics of binder-free
K,CO; granules, aiming to contribute valuable
insights into optimizing thermochemical heat storage
systems. The granulation approach represents a
promising pathway for scaling up the production of
granules, thereby enhancing the sustainability and
effectiveness of thermal energy storage technologies.
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Materials and method

Potassium carbonate (K,CO;) was supplied from
Thermo Fisher Scientific. The process of granulation
was conducted with a high-shear rate laboratory mixer
(Eirich EL1). Then 300 g of powder were added to the
mixing pan at a speed of 5 m/s for 2 min during the
premixing phase. The granulation process involved
the use of deionized water at various concentrations
(20, 23, or 25 wt% of the total batch mass). The water
was added slowly to the mixture over a period of 1
min, while the mixing speed was maintained at 5 m/s
and the granulator angle was set at 20°. Following
this, the rotor speed was increased to 10 m/s, and the
process was completed in 2 min. After granulation,
the granules were dried in a hot air oven at 100 °C for
5 hours, followed by sieving to select granules within
the size range of 1-5 mm.

Microstructural investigations were carried out
utilizing a field emission scanning electron
microscope (FESEM) (LJISM-7200F, Jeol) operating
at an accelerating voltage of 5 kV. The granule's 3D
pore structure was examined by ZEISS Xradia
Context micro-CT imaging. 5 W of power and 60 kV
of acceleration voltage were employed during the
scanning procedure. The system LE3 filter was used
to filter the polychromatic beam. To achieve the
optimal signal-to-noise ratio, 4016 projections with a
pixel size of 1.5 pm and camera binning of 1 were
taken around 360° with an exposure period of 4 s.
Pore analysis was conducted using Dragonfly
software from Object Research Systems. A Volume of
Interest (VOI) was defined within the granule
structure, shaped as a spherical region with a diameter
of 2 mm. This VOI excluded superficial regions of the
specimen affected by treatment. The analysis
distinguished between open pores accessible from the
surface and closed pores located within the
inaccessible interior. This was achieved by creating a
shell-like region along the VOI edges, isolating
inaccessible interior pores within it. Pores touching
the surface shell were analyzed separately, and
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volume percentages for each category were computed
accordingly.

The K,CO; granule was subjected to simultaneous
thermal analysis (STA) using Netzsch STA 449 F3
Jupiter equipment linked to the ProUmid humidifier.
In order to examine the cyclic hydration behaviour, a
granule with an approximate weight of 15 mg was
initially dried at 160 °C with a continuous flow rate of
300 mL/min for 90 min. The hydration was carried
out for 6 hours under a water vapor pressure of 13
mbar and a temperature of 30 °C, and the dehydration
was conducted at 100 °C for 6 hours with zero water
vapor pressure. Finally, the granule was subjected to
10 hydration and dehydration cycles using TGA and
DSC measurements. The loading quantity was
determined by calculating the ratio of the increase in
moles during hydration to the moles of the dried
sample.

Results and Discussion

The moisture content has a substantial impact on the
binding characteristics of the powder particles during
the process of granulation, thereby impacting the
formation of granules. First, the ideal water amount
for achieving successful granulation was determined
by testing water proportions of 20, 23, and 25% of the
total batch. The addition of 20% water caused the
formation of granules smaller than 1 mm. Increasing
the water content to 23% reduced the amount of fine
granules, and formed 26.6% of granules within the
size range of 2-3 mm. Nevertheless, the use of 25%
water resulted in the creation of a substantial chunk
without forming any granules. Therefore, a water
content of 23% was determined to be the ideal level
for achieving successful granulation. The histogram
depicted in Fig. 1a illustrates that granules within the
size range of 2-3 mm exhibited the highest yield, and
consequently, they were chosen for subsequent
analysis, as shown in Fig. 1b.
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Fig. 1. (a) Histogram of granule size determined by sieve analysis.
(b) K,CO;granules within the size range of 2-3 mm.

In Fig. 2, the cross-sectional FESEM image of the
K,COs granule illustrates the presence of macropores
within the structure of the granule. The interior of the
granule exhibited a higher porosity towards its center,
whereas the outer regions appeared denser.

Fig. 2. Cross-sectional FESEM image of a dry K,CO; granule
with an acceleration voltage of 5 kV.

Pore analysis using Dragonfly software involved
defining a spherical Volume of Interest (VOI) with a 2
mm diameter within the granule, excluding superficial
regions potentially affected by sample treatment.
Open pores accessible from the surface were
represented in blue, while closed pores located in the
inaccessible interior were shown in red. Analysis of
the porosity of the K,CO; granule in Fig. 3 revealed
an open porosity of 19.8% and a closed porosity of
4.6%.

Closed pores
4.6 %
4

Open pores
19.8 %
= 4
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Fig. 3. Pore analysis in a 2 mm diameter spherical VOI within the
K,COzgranule using micro-CT analysis. Open and closed pores
are depicted in blue and red colors, respectively.

The investigation of the K,CO; granule before and
after the cycling test using micro-CT provided
important insights into its structural characteristics,
porosity, and density. Fig. 3 shows that after
undergoing 10 cycles of hydration and dehydration,
although the granule developed larger pores, it
managed to maintain its structural integrity. This
suggests that despite the changes in pore size, the
overall cohesion and stability of the granule were
maintained throughout the cycling process. The total
porosity and density of the granule can be also
determined by dividing the granule's weight by its
total volume using micro-CT and Dragonfly software.
Relative density is computed using Eq. 2 by dividing
the measured density by the 2.43 g/cm® theoretical
crystal density of anhydrous K,COj:

— pmeasured — j—
prel - - 1 €

ptheoretical

)

where pr is relative density, pmeasured 1S Measured
density, prneoretical 1S theoretical crystal density, and € is
porosity. Therefore, the relative density of the K,CO,
granule was found to be 1.79 g/cm3, indicating a total
porosity of 26%. The porosity value obtained from the
pore analysis within the spherical VOI is slightly
lower compared to that calculated using Eq. 2. This
discrepancy can be attributed to the approach of
employing a spherical volume of interest with a 2 mm
diameter, which aims to mitigate edge effects by
focusing on a defined region rather than considering
the entire granule. Additionally, the difference may
also stem from the voxel size used during scanning,
which was 1.5 um. This size limitation means that
pores smaller than the voxel size cannot be detected,
potentially leading to an underestimation of porosity
by the software analysis. Despite these factors, both
methods vyielded reasonable estimates of total
porosity.
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Fig 4. (a) Cyclic hydration loading with micro-CT images of the
K,CO; granule before and after cycling. (b) Cyclic released heat
during 6 h hydration over 10 cycles.

To examine the cyclic performances, TGA and DSC
analyses were conducted on K,CO; granule through
10 hydration cycles. The degree of hydration is
illustrated in Fig. 4a. The initial cycle demonstrated a
small hydration loading of approximately 0.19
Mol 0/Molkacos. However, this loading progressively
increased with each subsequent cycle, reaching a
hydration loading of 1.42 moly,o/molkacos by the 10"
cycle. Table 1 displays the hydration loadings of the
K,CO; granule across 10 cycles. Micro-CT image of
the granule before cycling demonstrates the presence
of distributed pores in the central region and a less
porous outer layer, which is consistent with the
findings in the SEM image. Following 10 cycles, the
granule  maintained its  structural  integrity,
demonstrating consistent stability throughout the
cyclic process. The porosity percentage increased
from 26% before the cycling test to 38% after 10
cycles. Additionally, the granule density increased
from 1.79 g/cm? to 1.50 g/em’.
Table 1: Cyclic hydration loading and released heat during 6 h
hydration of K,CO3granule over 10 hydration cycles.

Cycle Loading Released
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(molnpo/molkocos) — heat (J/9)
1 0.19 57
2 0.27 96
3 0.49 167
4 0.70 223
5 0.76 254
6 0.85 281
7 0.98 310
8 1.12 372
9 131 416
10 1.42 535

Fig. 4b presents the corresponding DSC findings for
these processes. Using Netzsch software, the heat
released during hydration was calculated by
integrating the area under each DSC peak, and
specific values are detailed in Table 1, which shows
an enhancement in the released heat by the granule
during 6 hours of hydration from 57 J/g to 535 J/g by
the 10™ cycle. The improved performance of granules
after repeated loading is due to the pores and granule
volume changes over cycles. Nonetheless, the
hydration of K,COj3 granules did not reach completion
throughout the 10 hydration cycles. This is attributed
to the existence of dense areas in the granules and
insufficient porosity, which hinder the easy transport
of water vapor.

Conclusions

To sum up, this study has successfully employed the
wet granulation process to develop binder-free
granular potassium carbonate granules. The optimal
water content for successful granulation was
determined to be 23% of the total batch mass. The
K,CO; granules' interior had more pores toward the
center, while the edges looked denser, giving the
granules an overall porosity percentage of 26% and a
relative density of 1.79 g/cm®. Throughout 10 cycles
of hydration, it was observed that the initial cycle
exhibited a low hydration loading of around 0.19
moly,o/molkacos. Subsequently, with each cycle, this
loading steadily rose, culminating in a hydration
loading of 1.42 molyyo/molkacos by the 10™ cycle.
Additionally, the released heat of the granule during 6
hours of hydration increased from 57 J/g to 535 J/g by
the 10™ cycle due to the pores and granule volume
changes throughout the cycles. Despite the expansion
of pores within the granule following the cycling
process, its structural integrity remained intact,



indicating that the granule retained its overall stability
throughout the cyclic procedure. It should be noted
that complete hydration of K,CO; granules was not
achieved within the 10 hydration cycles. This is
attributed to the presence of dense areas within the
granules and insufficient porosity, which hinders the
easy transport of water vapor.

Despite limitations, this research breakthrough not
only facilitated the production of salt hydrate granules
but also holds great promise for significantly
enhancing the efficiency of thermochemical heat
storage applications. The findings underscore the
potential of binder-free potassium carbonate granules
in improving heat storage efficiency over multiple
cycles. These insights provide valuable information
for optimizing material design to achieve enhanced
heat storage performance across various industrial and
renewable energy applications. This study represents a
crucial step toward scaling up granule production,
advancing sustainable energy solutions.
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Abstract
Shape-stabilized phase change materials (ss-PCMs) enhance heat storage capacity in applications like
hot water storage tanks and construction materials and have the potential to extend the lifespan of
batteries and photovoltaic cells by passively cooling them. Commercial ss-PCMs often suffer from low
latent heat and mechanical stability issues. Recently, we addressed these concerns through an innovative
silica sol-gel synthesis, resulting in monolithic ss-PCMs with exceptional compressive strength (~2 MPa)
compared to typical values (~10 kPa). However, achieving high latent heat required the use of paraffinic
mixtures derived from oil. In this study, we explore the shaping of bio-based PCMs to create more
sustainable products, with our ss-PCMs offering latent heats of 167 J/g and compressive strengths of
1.2 MPa. The addition of 15 wt% ss-PCMs increases hot water storage tank capacity by 64 %.
Nevertheless, these ss-PCMs have stability issues in water environments and require additional coatings
for protection.

Keywords: Phase Change Material, Shape Stabilization, Thermal Energy Storage, Hot Water Storage, Silica

1 Introduction

The intermittency of renewable energies like solar
thermal (ST) or photovoltaic modules (PV), unfolds the
necessity of energy storage in present and future energy
systems. Hot water storage tanks (HWST) are
promising thermal energy storage devices for building
applications and are up to 62 % less expensive than
electrical battery modules per energy capacity.
calculation) The function of HWST is simple: They can
store surplus heat from ST applications or excess PV
electricity as heat, either directly or via electrical water
heating.

Water is one of the best specific heat storage (SHS)
materials, but it has significant drawbacks, including
the large volume required and the wide temperature
intervals necessary for sufficient energy storage in
HWST. (Seddegh and al., 2015) This restricts its
application to smaller buildings with adequate space
for HWST. Furthermore, modern heating systems
employ a narrower temperature range between initial
and final water temperatures due to higher heating
surfaces, potentially reducing stored heat in HWST.

To construct smaller and more efficient HWST, phase
change materials (PCMs) are promising alternatives to
replace water as heat storage material. PCMs can store
heat by melting and release the stored heat by freezing.
(Wang and al., 2022) The heat storage capacity per unit
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volume is 5 to 9 times greater for PCMs than for water
in a temperature range of 10 °C around the melting
point of PCM. Typical organic PCMs include paraffins,
glycols, alcohols, esters, and acids with latent heat
ranging from 100 to 250J/g and low thermal
conductivities around 0.2 W/mK. Their minimal
supercooling and high long-term performance
(~15,000 heating/freezing cycles) currently make them
superior to salt hydrates. (Wang and al., 2022)
However, the market penetration of organic PCMs
remains low due to the challenge of integrating them
into existing applications.

To address this challenge, liquid PCM is transformed
into shape-stabilized solid boards with no leakage
through blending methods, vacuum impregnation or
polymerization reactions. (Aftab and al., 2018)
However, shape-stabilized PCMs (ss-PCMs) available
in the market typically exhibit either low mechanical
stability (e.g., 5 kPa for PCM/graphite blends) (Yang
and al., 2016) or low PCM mass fractions (e.g., 15 wt%
PCM in gypsum boards) (Liu and al., 2019) hindering
their usage and integration in applications.

In recent years, we have successfully developed ss-
PCMs with high mechanical stability (1-2 MPa),
comparable to that of gypsum boards, and high latent
heat (120 J/g). (Marske and al., 2020; Marske and al.,
2022a), using silica as a porous carrier and butyl
stearate (BS) as the PCM through a novel porogen-



assisted sol-gel process. Moreover, we were able to
further increase the latent heat of our ss-PCMs to
160 J/g by blending BS with paraffins derived from
crude oil. (Marske and al., 2022b)

To address the 12 principles of green chemistry, we
replaced the paraffin mixtures with the bio-based PCM
Crodatherm 21 (~200 J/g) and prepared bio-based ss-
PCMs in this study. After ss-PCM analysis, we utilized
cylindrical ss-PCM monoliths as filler material in a
prototype HWST to evaluate the increase in heat
storage capacities.
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2 Experimental
2.1 Materials

The stabilized silica sol Kostrosol 0730 was procured
from Chemiewerk Bad Koéstritz, Germany. Sodium
dodecyl sulfate (SDS, > 99.0 % GC) and poly(vinyl
alcohol) (PVA, 88 % hydrolyzed, average molecular
weight 22000) were acquired from Sigma-Aldrich and
ACROS Organics, respectively. The PCM Crodatherm
21 was sourced from Croda International.

2.2 Synthesis

A total of 11 g Crodatherm 21, 3.71 g water, 0.33 g
PVA, 0.44 g SDS, and 4.95 g Kostrosol 0730 were
transferred in 60 ml polypropylene beakers and shape-
stabilized using our porogen-assisted sol-gel process
(Marske and al., 2022b).

2.3 Characterization and experimental methods

The porous structure of silica in ss-PCMs was assessed
using mercury (Hg) intrusion measurements under
assuming a cylindrical pore structure (Pascal40 at
400 kPa and Pascal440 at 400 MPa, Porotec). The
microstructure of ss-PCMs was visualized using high-
resolution scanning electron microscopy (HRSEM,
Merlin microscope, Zeiss) with secondary electron
acceleration set at 3 — 5 kV. Samples were mounted on
conductive carbon tape for measurement.

Thermal conductivity was assessed using a TPS 1500
thermal analyzer from Hot Disk AB, employing a
transient plane source (TPS) method in a sandwich
configuration (5 °C). The ss-PCM monoliths were
halved and placed on the sensor and heater unit during
measurement (uncertainty: = 0.76 %). The phase
change behavior was analyzed with an 822e¢
calorimeter by METTLER TOLEDO using DSC with a
heating rate of 1 °C/min, ranging from -20 to 60 °C and
back (average uncertainty for latent heats: £ 2.9 %,
constant sample mass: 15 mg, on-set temperature:
melting and freezing point). Long-term performance
tests were carried out via DSC between 5 to 60 °C
(heating rate: 10 °C/min) until the ss-PCMs were 3000
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times melted and frozen (heating rate of 1 °C/min for
the 3000. cycle).

The PCM leakage of the ss-PCMs was determined by
calculating the mass percentage difference before and
after heating the sample at 100 °C for 1 week
(uncertainty: + 5.0 %). The average compressive
strength of ss-PCMs (uncertainty: = 2.0 %) was
measured in five tests using a TBH355 hardness tester
from ERWEKA at 5 °C (solid PCM).

The ss-PCMs were used as filler material in a
cylindrical flow through HWST with water as heat
transfer fluid (HTF). The HWST was 16cm high and
10.2 cm in inner diameter (maximum ss-PCM loading:
14.9 wt%). The HWST was heated and cooled from
15 °C to 30 °C at five different HTF volume streams
(0.25 to 1.8 I/min). The inlet and outlet temperatures
were used to calculate the heat storage capacity factor.

3 Results and Discussion

To create more sustainable products by replacing
paraffinic PCMs, we shape-stabilized the bio-based
PCM Crodatherm 21 using our recently developed sol-
gel synthesis (Figure 1). (Marske and al., 2022a) The
products were monolithic and cylindrical with a
diameter of 3.0 cm, a height of 2.2 cm, and a density of
~0.88 g/cm?®, comparable to ss-PCMs based on BS.
Moreover, they were slightly translucent and had PCM
mass fractions of 83 wt% with gelation times of 24 h.

3.1 Mechanical and structural properties of ss-PCMs

To evaluate shape-stability, the bio-based ss-PCM
samples were placed on a thin sheet of paper and heated
to 100 °C for one week to test for PCM leakage. No wet
spots were observed on the paper, and there was no
significant weight loss of the sample after one week of
heating, demonstrating 100 % shape-stability and no
PCM leakage. Next, we shape-stabilize Crodatherm 21
with a PCM content exceeding 83 wt% to determine
the upper limit for shape-stabilization. Beyond 88 wt%
PCM content, the samples started to fracture and at
94 wt% PCM the shape-stability was completely lost,
similar to our paraffinic and BS-based ss-PCMs.
(Marske and al., 2022b)

To further characterize the mechanical properties, we
evaluated the compressive strength of the bio-based ss-

- K

Figure 1 Pictures of ss-PCMs synthesized with Crodatherm 21.
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Figure 2 Comparison of the compressive strength of our ss-PCMs
based on Crodatherm 21 (Croda21), BS (BS), and BS/Octadecane
(BS/Oct) (Marske and al., 2022b) with literature-reported ss-
PCMs based on gypsum and Oct (Liu and al., 2019), concrete
blended with Oct encapsulated in graphite (EG) (Zhang and al.,
2013), and Oct confined in a graphite foam (Yang and al., 2016).

PCMs and compared these values with those from
literature studies (Figure 2). Our bio-based ss-PCMs
exhibit compressive strengths nearly identical to our
previous paraffinic and BS-based ss-PCMs (Marske
and al., 2022b), making them excellent candidates for
energy-saving construction materials requiring high
mechanical stability. These compressive strengths are
also similar to those of solid ss-PCMs composed of
PCM/gypsum (Liu and al., 2019), which have 5 to 6
times lower PCM mass fraction than our ss-PCMs.

To understand the exceptional mechanical properties of
our ss-PCMs, we conducted pore structure analysis via
scanning electron microscopy (SEM) and assessed
silica pore structure and porosity using Hg intrusion
porosimetry after calcination of ss-PCMs for 6 h at
600 °C (Figure 3). The silica pore structure in ss-PCMs
is spherical and interconnected with pores ranging from
0.1 to 5 pm and mean macropore diameter of 429 nm.
The porosity and macropore volumes of the calcined
ss-PCM are 95 % and 8.2 cm?®/g, similar to paraffinic
and BS-based ss-PCMs. Therefore, shape-stabilized
Crodatherm 21 should exhibit the same high
mechanical stability as our previously reported ss-
PCMs (Figure 2). (Marske and al., 2020)

3.2 Thermal properties of ss-PCMs

To characterize the amount of immobilized PCM
undergoing a phase change in a specific time period,
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Figure 3 Mercury intrusion measurement (4) and SEM image (B)
of ss-PCM based on Crodatherm 21 after calcination at 600 °C.
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Figure 4 DSC curves of ss-PCMs based on Crodatherm 21 after 1
and 6000 melting and freezing cycles.
we conducted thermal conductivity and differential
scanning calorimetry (DSC) measurements.

Our ss-PCMs exhibit a thermal conductivity of
0.4 W/mK (5 °C), similar to our previously synthesized
ss-PCMs. (Marske and al.,, 2020; Marske and al.,
2022b) When compared to literature-reported ss-PCMs
based on gypsum and Oct, (Liu and al., 2019) our ss-
PCMs have thermal conductivities of 0.1 W/mK
higher, making them a promising and energy-saving
alternative to gypsum boards.

The latent heat of our ss-PCMs is 167 J/g, with a
melting point of 20.0 °C and a freezing point of 19.4 °C
(Figure 4). In comparison, pure Crodatherm 21 has a
latent heat of 205 J/g, a lower melting point of 19.7 °C,
and the same freezing point at 19.4 °C. The lower
melting point of the PCM is attributed to interactions
with the silica surface. (Marske and al., 2020) The
effective mass fraction of PCM is calculated as the
quotient of latent heat of ss-PCMs and pure PCM,
multiplied by 100, resulting in a value of 83 %. This
equivalence to the PCM mass fraction of 83 wt%
ensures that the entire immobilized PCM of the ss-
PCM undergoes a phase change. Therefore, the PCM
phase can be fully exploited in possible applications.

The difference between the melting and freezing points
defines the supercooling. Our ss-PCMs exhibit low
supercooling effects of 0.5 °C. After 6000 cycles of
melting and freezing, the latent heat and supercooling
remain nearly constant, indicating high long-term
performance. Consequently, the ss-PCM should last for
at least 16 years in building applications, assuming one
melting/freezing cycle per day in building applications.
3.3 Hot water storage tank filled with ss-PCMs

The high latent heat, high durability, and high
mechanical stability of our ss-PCMs make them ideal
for domestic HWST. Therefore, we sealed the water-
soluble ss-PCMs with alumina foil and filled them as a
stacked configuration in prototype HWST (Figure 5b).
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Figure 5 Heat storage capacity factor related to the applied
volume stream (a). The experiments were performed from 1.8 to
0.25 l/min. Picture of measurement setup (b).

Compared to HWST filled solely with water, the heat
storage capacity factor (HSCF) of our HWST filled
with 14.9 wt% ss-PCMs and water increases by 64 %,
twice higher than the HSCF of similar studies (Cabeza
and al, 2005) and possibly because of the high thermal
conductivity and high silica surface area of our ss-
PCM. The HSCF of the prototype HWST is calculated
as follows:

Trsp — Tos)dt
Hscp = &L J(Tys0 = To,s1)

Q. J(Tis— Tos)dt

with Q as the stored heat in the hybrid sensible-latent
(SL) or sensible (S) HWST and T as the temperature
measured in the inlet (I) or in the outlet (O) of HWST.

When the HTF volume stream decreases, HSCF should
increase. (Castell and al., 2011) Therefore, the HSCF
should reach theoretically a maximum of 0.25 I/min for
our HWST. Here, the HSCF (Figure 5a) peaks at
0.5 I/min and declines at lower HTF volume streams,
indicating ss-PCM decomposition by hydrolysis after a
few cycles. (Hiising and Schubert, 1998) Additionally,
the compressive strength of ss-PCMs decreases from
1.2 MPa to 0.1 MPa after a few thermal cycles in
HWST. For future studies, a proper sealing or coating
of our ss-PCMs must be developed as hydrolysis
protection against hot water in HWST.

(M

4 Conclusions

We substituted paraffinic PCMs derived from crude oil
with the bio-based PCM Crodatherm 21 to produce
environmentally friendly ss-PCMs through our
porogen-assisted silica sol-gel process. The bio-based
ss-PCMs exhibit no leakage effects and, consequently,
have high latent heats of 167 °C, with a melting point
of 20 °C and minimal supercooling effects of 0.5 °C.
Since the latent heat aligns with the PCM mass fraction,
the entire PCM phase remains shape-stabilized and
undergoes a phase change.
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The silica phase in the bio-based ss-PCMs is spherical
and interconnected with a mean macropore diameter of
429 nm, making it stable enough (1.2 MPa) to be used
as an energy-saving alternative to gypsum boards or as
filler material in HWST.

Integrated into a prototype HWST, the bio-based ss-
PCMs increase the heat storage capacity by 64% at
14.9 wt% ss-PCM loading compared to a water-based
HWST but decompose in hot water after a few cycles.

After hot water protection through coating, these ss-
PCMs should be integrated into larger HWST systems
within buildings to realistically evaluate their potential
in future studies
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Abstract

This study aims at designing a new thermal energy storage (TES) tank biomimicry inspired. This paper presents a
first experimental evaluation of the concept and the first steps towards optimization using genetic algorithm (GA)
techniques. The concept is based on an innovative pipe branching geometry within a shell-and-tube tank
configuration that can maximize heat transfer while meeting pressure drop constraints and effectively managing the
temperature gradient. Promising designs will be carefully chosen for prototyping and their charging and
discharging rates will be measured through experimental testing. The simulation results showed superior
performance compared to the initial biomimicry-inspired prototype that did not undergo GA optimization.
Therefore, it is anticipated that the optimized designs will confirm the effectiveness of GA optimization and offer
valuable insights into enhancing thermal energy storage (TES) performance.

Keywords: Latent thermal energy storage (LTES), phase change material (PCM), biomimicry, design
optimization, genetic algorithm (GA)

Introduction designs may therefore offer inherently optimized
Latent thermal energy storage (LTES) systems require multifaceted solutions (Calamas & Baker, 2013).
effective heat transfer to efficiently charge and This work generates novel branching pipe geometries
discharge thermal energy (Cabeza et al., 2021). within the design variables of a shell-and-tube heat
However, the low thermal conductivity nature of the exchanger  using. Evolutionary ~ computation
storage media used, phase change materials (PCMs), techniques allow increasingly complex biological
pose thermal transfer challenges (Cabeza et al., 2011). abstraction. Experimental validation assesses if
Nature provides examples of highly optimized computationally optimized biomimetic designs confer
branching vascular networks that maximize surface thermal benefits as inspired by nature's vascular fluid
area for fluid transport within physical constraints, distribution networks (Lin et al., 2023). Outcomes
which can be an inspiration for heat exchanger provide insight regarding leverage of biomimicry for
geometry optimization (Fan & Khodadadi, 2011). enhance heat transfer applications in TES
Branched structures resembling tree-like networks are technologies (Huang et al., 2023).

found extensively in biology facilitating circulatory, Material and methods

respiratory, and nutrient distribution functions (Wang TES concept

et al., 2022). Features such as recursive dichotomous
branching and tapering vessel diameters enable
tremendous surface area enhancement over simple
parallel designs. Studies showed that biomimetic
models of angiosperm leaf venation and lung airways
outperform conventional designs for heat and mass
exchange applications (Capata & Gagliardi, 2019).

The TES concept proposed in this study utilizes a
biomimicry-inspired internal pipe branching design
within a shell-and-tube heat exchanger configuration.
As shown in Figure 1a, the piping network mimics the
hierarchical structure of vascular networks found in
nature. Similar to how the branching patterns of veins
in leaves or lungs serve to efficiently distribute fluids

By applying principles of biomimicry, compact yet over complex surfaces, the internal pipe geometry
extensively branched internal configurations could follows a recursively branching dendritic structure.
boost heat exchanger performance (Olabi et al., 2023). This fractal-like arrangement, with tapering pipe
Natural architectures self-assemble to achieve diameters mimicking the narrowing of vessels, aims to
multifunctional efficiencies - transporting fluids while maximize the heat exchange surface area between the
conserving space and material. Biologically inspired pipe walls and surrounding phase change material
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(Figure 1b). By self-assembling a highly branched yet
compact piping design inspired by natural fluid
distribution systems, we expect that this biomimetic
approach can enhance charging and discharging
performance for effective thermal energy storage
compared to conventional parallel  piping
arrangements with limited surface contact.
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(b)

Figure 1. Schematic of the design of the TES prototype. (a)
Fractal like arrangement (b) TES tank concept based on
biomimetic design

Experimental methodology

By conducting charging and discharging procedures
for the heat transfer fluid (HTF) at a constant flow rate
of 3 L/min, the performance of the LTES prototype
was assessed. The PCM was first cooled during the
charging procedure until the temperature sensor
registered at 15+1 °C. The temperature of the HTF
inlet was then adjusted to 45 °C. Upon reaching a
temperature of 45x1 °C, the PCM was deemed fully
charged. The PCM was heated to 45+1 °C on the
temperature sensor before the HTF inlet temperature
was adjusted to 14 °C for the discharging procedure.
The PCM temperature was deemed to have reached
15+1 °C, marking the end of the discharging
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operation. There were three iterations of the charging
and discharging procedures.

The heat transfer rate during the charging and
discharging processes, also known as the charging and
discharging power, respectively, was calculated using
an energy balance applied to the HTF between the
inlet and outlet of the LHS prototype, as described by
Equation (1):

Q=p'Cp'V'ATHTF(1)

In Equation 1, Q (in W) represents the heat transfer
rate, p (in kg/m®) is the density of the HTF, ¢, (in
JIkg-K) is the specific heat capacity of the HTF, V (in
m?/s) is the flow rate of the HTF, and AT _HTF (in K)
is the absolute value of the difference between the

temperatures of the HTF at the inlet and outlet of the
LHS prototype.

Problem formulation and GA optimization

The objective of this study is to optimize the pipe
branching geometry of a preliminary prototype of
biomimetic heat exchanger which must maximize heat
transfer rate while minimizing charging/discharging
time using GA following the steps listed below:

1. Genetic representation

Potential designs are encoded as genome in the GA.
Genes encode parent pipe length, children pipe length,
internal pipe diameter, pipe thickness, bifurcation
angles, branching locations, and levels of bifurcation.
An initial random population of designs will be
generated within the defined bounds of each gene.

2. Evaluation function

It includes various calculations depending upon the
chosen variants to be optimized, here the fitness
function involves the following calculations:

a) Heat transfer surface area

b) Limiting pressure drop

¢) Amount of PCM (storage capacity)
3. Genetic operations

Standard genetic operators like crossover and
mutation are applied over generations to evolve new
populations.

4. Selection

Designs with the highest fitness scores, maximizing Q
within pressure limits and minimizing charging and
discharging time, will be selected.

5. Prototyping and testing

Promising designs will be fabricated, and their
thermal performance will be experimentally validated.

Results and discussions



Within the enforced pressure drop limit of 5 kPa, the
top designs found by the GA (Table 1), which will be
evaluated in a lab shortly, demonstrated a significant
increase in heat transfer surface area as compared to a
preliminary prototype (Figure 1c). Many of the
optimized branching patterns resemble fractal-like
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structures observed in vascular networks, with
recursive dichotomous branching and tapering
diameters.

Figures 2 and 3 show the results of preliminary
biomimetic inspired TES prototype design through
temperature and power profiles during charging and
discharging without GA optimization. To validate the
improvements in the overall performance of TES
design resulting from GA optimization, future work
will evaluate a prototype that has been optimized
using GA. The comparison between the dimensions of
tested prototype and GA optimized design are
provided in table 1.

Table 1. Comparison between design parameters of
preliminary prototype and simulated prototype

Parameters Prototype | GA simulated
dimensions | dimensions

Inlet pipe diameter 11 mm 12.99 mm

Inlet pipe thickness 0.64 mm 0.77 mm

Inlet pipe diameter after 8 mm 9.22 mm

tapering at level 0

Inlet pipe diameter after 6 mm 6.15 mm

tapering at level 1

Angle between main pipe | 59° 54.32°

and level O branches

Angle between main pipe | 59° 46.92°

and level 1 branches

Total heat transfer area 9.6x10* 1.2x10° mm?
mm?

Total number of branches | 7 8

at level 0

Total number of branches | 7 8

at level 1

Hence, Table 1 shows that the GA optimized heat
exchanger significantly  improves upon the
preliminary prototype, particularly in total heat
transfer area, which has increased by approximately
30%. This enhancement suggests greater efficiency
and superior heat exchange performance in the
optimized model which improves the future scope of
obtaining the better performing LHS system.
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The temperature and power progression for the design
that was experimentally evaluated as a preliminary
design produced utilizing the biomimicry concept
without GA optimization during the charging process
is shown in Figure 2. The effect of the phase change
can be observed in the first 10 minutes and after
which the PCM temperature increases at very high
rates. The charging was complete in 1.8 hrs. After the
initial peak at 700 W due to transients, the heat
transfer rate was almost constant around 150 W
during phase change and then it decreased with the
progression of experiment.

The discharging process is shown in Figure 3. In this
case, the temperature of the PCM remains almost
constant during phase change, which lasts around 1 hr.
The heat transfer rate is also lower than in charging,
with values around 100 W during phase change. This
indicates that the discharging (i.e., PCM
solidification) process was slower than the charging,
also reflected by the duration of the discharging
process, which lasted for about 2.7 hrs.
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Figure 2. Temperature and power evolution during charging

process
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Figure 3. Temperature and power evolution during discharging
process

This confirms the efficacy of biomimicry-inspired
branching pipe geometries that maximize heat
exchange  surface area  within  constraints,
outperforming conventional arrangements. The
enhancements are attributed to the fractal-like
optimized networks achieving multi-fold surface area
increases over simple parallel designs.

Conclusions

This study laid the foundation for optimizing the
biomimetic design of an LTES system using GA
techniques. The preliminary results showed the
potential of biomimetic-inspired branching pipe
geometries in enhancing heat transfer performance
compared to conventional designs. The next step in
this research will focus on further refining and
optimizing the biomimetic designs through the
application of GA. This iterative process aims to
maximize heat transfer rates and minimize charging
and discharging times, ultimately improving the TES
performance. The findings from this study provide a
promising direction for future research in developing
advanced LHS systems based on biomimicry and GA
optimization.
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Abstract

This contribution describes the current status of a thermochemical long-term energy storage based on quicklime and
water. The prototype offers the possibility to transport the material from inexpensive storage volumes to the reaction
chamber — and further. This possibility could form the starting point for a combination of long-term energy storage
with Direct Air Capture of CO; based on the abundantly available material limestone.

Keywords: Thermochemical, Energy Storage, Quick Lime, Technical Lime Cycle, Direct Air Capture

Introduction

About 2/3 of the final energy demand in German
households is required for heat supply, with currently
less than 20 % provided from renewable energies. As a
result, heating accounts for a large share of CO,
emissions in Germany and the world.

At DLR, an energy storage technology was developed
that can collect renewable energy during periods of
high availability, store it as chemical potential with
minimum losses and release it in periods of high
demand as renewable thermal energy, e.g. for
household heating in winter [M. Schmidt et al.]. The
laboratory prototype is shown in Figure 1. One of its
main features is the independent scalability of the
storage capacity which only requires potentially
inexpensive volumes at ambient temperature and
pressure.

Figure 1:Laboratory Prototype of Thermochemical Long-Term
Storage based on Quick Lime and Water

This thermochemical energy storage concept is based
on the reversible, exothermic reaction from CaO to
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Ca(OH),, with limestone and water as abundant and
globally available raw materials. Currently, a slightly
modified version of the thermochemical store is being
integrated into a research high-rise building at the
university of Stuttgart in the framework of the
collaborative research project CRC 1244 [CRC 1244].

However, as in all long-term energy storage options,
the storage material is most of the time passively
waiting for its use, we are trying to activate this passive
period by combining long-term energy storage with
Direct Air Capture of CO..

Carbon Capture and Heating

The concept of carbon capture and heating (CCH) is
based on the well-known “technical lime cycle”, as
shown in Figure 2. It starts with the natural mineral
CaCO;s (limestone). During a calcination process CO;
is released, captured on site and energy is stored as
chemical potential.

co,

‘\"H

e )
Caco, HO g
N
& ) \4
(

Ho N

Ca(OH),

co,

Figure 2: Schematics of the Technical Lime Cycle



As shown in Figure 2, two successive exothermic
reactions (hydration and carbonatation) follow which
ultimately close the cycle: The above described
thermochemical storage utilizes the first one, namely
the reversible hydration of quick lime (CaO, cf.
indicated charging and discharging on the right). In this
case the successive carbonatation reaction should be
avoided since its product, the original CaCOs; is
technically inert, at least at the intended charging
conditions.

The main concept of CCH is now to actually allow the
second reaction and try to take advantage of it.
Therefore, after heat has been provided on demand, the
passive storage phase of Ca(OH). is used to bind
atmospheric CO; through carbonatation.

Figure 3 shows a schematic of this concept: on the left,
limestone is calcined thereby releasing CO. as point
source. The upper arrow represents the transport of the
stored energy to decentralized consumers. There, tap
water can be used to discharge thermal energy on
demand — and hydrated quick lime is stored under
atmospheric conditions for carbonatation. The lower
arrow represents therefore the transport of chemically
stored CO; back to the original calcination site where
the directly captured COx is released again but can now
be captured from a point source.

1tCO ~4001H,0
ﬁz mj'iz
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Figure 3: Carbon Capture and Heating — the closed
material cycle delivers heat and collects CO,. The numbers
are related to 1 t of captured COy, ideally calculated [M.
Linder].

The numbers given in Figure 3 are calculated assuming
ideal conditions and full conversions. The inner circle
shows that 1.3 t of CaO is necessary to deliver around
400 kWh of heat and 2.3 t of CaCO3 have to be moved
in order to transport 1 t of captured CO,. In order to
release the chemically stored thermal energy of 400
kWh, around 400 | of water (e.g. from the tap or
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collected) have to be added. The required energy to
burn the limestone and drive the whole cycle depends
highly on the technology used for the calcination. The
minimal required energy to release 1t of CO, from
limestone is around 1,140 kWh.

Conclusions

We investigate a concept that could combine long-term
energy storage, renewable heating on demand and
Direct Air Capture of CO,— based on the worldwide
abundantly available raw material limestone. The
backbone for such a concept would be a district-based
transport system that transfers the different lime-based
compounds between the central charging and decentral
discharging sites. An analogy, yet not circular, could be
the collection of decentral waste to burn it centrally for
energy supply. However, since the rate at which the
different lime compounds can pass through the system
primarily depends on the kinetically slow
carbonatation, the contribution will describe the
concept in detail, present the current status of the
technology and add experimental results that show how
the reaction is influenced by surface and atmospheric
conditions as relative humidity and temperature.
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Abstract

Metallic phase change materials (MPCM) have been investigated due to their high thermal conductivity suitable for
latent heat thermal storage. The compatibility of mPCM with container materials is a key parameter for ensuring long
service life of a thermal storage system for electric bus heating applications. In this work, the performance of Al;Os,
multi-coated AloO3/Ni-Ti, and Al,Os/ZrO, plasma sprayed coatings are investigated for their ability to prevent attack
of stainless steel by the eutectic Al-12.5 wt. % Si at 650 °C. The solid-liquid interface as well as the coating thickness
and potential interactions were characterised with optical and scanning electron microscopy. Results showed that
Al>,O3 and multi-coated Al,O3/Ni-Ti coatings resisted in the liquid aluminium alloy during 2 weeks static experiments
and no evidence of reaction was observed, while the Al,O3/ZrO, coating showed cracks.

Keywords: Ceramic coating, Liquid metal, Phase change material, Latent heat

Introduction Storage material Housing Insulation
. . L ~
Battery electric vehicles operating in cold weather _ _ = _ / S
conditions must maintain appropriate air temperatures . e .
where people or electric components are located. Using
the electric battery for these purposes reduces the
driving range of the vehicle. Storage of heat in a

thermal storage unit during charging and release of this o060 ‘li S '\° L
heat during driving helps mitigate this problem. This !—‘
application is well suited to metal and metal alloys due ————'—"“a—.\ g [leating elements

Heat extraction system
cat extracuion 8ys @DLR

to the volume constrictions and charge/discharge rate
requirements. The eutectic aluminium silicon (Al-12.5

Wt.% Si) has gained special attention due to its high Figure 1: Schematics of storage concept for a battery electric bus.

heat of fusion of ~505 kJ/kg and energy density of ~340 The main attention regarding ceramic coating
KWh/m? (Villada, 2023). Reaction tests are used to compatibility is focused on the characterisation of the
further develop container materials that show potential interface between the liquid material and the coating
compatibility for longer lifetimes and high temperature layer, which have shown their effectiveness for limiting
resistant (Withey, 2016). Previous experiments have the corrosivity of the liquid aluminium alloy. An
shown dissolution and intermetallic phases with important outcome is that the Al-12.5 wt.% Si is a
conventional 304 and 309 steels at 650 °C from 8 h up promising mPCM together with ceramic coated steel
to 336 h. Therefore, this study is focused on the containers.

investigation of the compatibility of aluminium silicon Materials and methods

eutectic (Al-12.5 wt.% Si) with different ceramic To investigate the operational compatibility of Al-12.5
coated steel housing materials. Our recent projects have Wt.% Si, static reaction experiments were undertaken.
targeted the development of a thermal storage concept Here, mPCM pellets were placed inside different
for electric bus heating with a preliminary material crucibles of stainless steel coated with Al,Os, multi-
selection and_ experimental validation. Flgurg 1 sho_ws coated ALOW/Ni-Ti and AlLOs/ZrO, and held at
the schematics of a storage concept design using approximately 650 °C under inert atmosphere.

MPCM (Kraft, 2021).
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Following the reaction experiment, the crucible and
sample pairs were examined in terms of mass change
and chemical interactions. The crucible and sample
pairs were cross-sectioned for Scanning Electron
Microscopy  (SEM),  Energy-dispersive  X-ray
spectroscopy (EDX) and Electron backscatter
diffraction (EBSD) on representative points and areas.

Coating materials selection

Table 1 shows the coating material selection in this
investigation including the coating thickness at the
bottom zone. Two different ceramic coatings were
applied on a 304 steel. The Al.O; was produced by
atmospheric plasma spray (APS) and the Al,Os/ZrO,.
by high velocity oxy-fuel (HVOF) spray technique.
The 309 steel multi-coated with Al;Os; had an
intermediate layer of Ni-Ti. This intermediate layer
was used to avoid stresses between the steel and
alumina due to their thermal expansion coefficients.

Table 1: Material selection for static reaction experiments with
Al-12.5 wt.% Si alloy.
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Coating sprayed Crucible material Coating
technique thickness [um]
APS Multi-coated 268.4+19.6
(Al203/Ni-Ti) 309

steel
APS Al203 coated 304 162.7 +6.4

steel
HVOF Al203/ZrO- coated 126.6 +2.4

304 steel

Results and Discussion

The coating parameters are an important aspect since a
deficient coating can let the liquid metal get into
contact with the steel. Although 3 different coatings
have been selected, all 3 performed similarly during
336 h at 650 °C. After our reaction experiments, the
Al,O3 and multi-coated Al;Os/Ni-Ti coatings were
compatible chemically, no dissolution, cracking or
damage was observed, preventing a reaction between
the steel and the Al-12.5 wt.% Si alloy. The Al.O3/ZrO;
coating showed some localised cracks but no evidence
of attack on the steel was observed. Figure 2 shows the
interface between the mPCM and the Al,Os/ZrO,
coated 304 steel crucible material.
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Figure 2: SEM image after static reaction experiment at 650 °C of
Al-12.5 wt.% Si with Al203/ZrO2 coated 304 steel crucible
material.

Conclusions

The eutectic composition was shown to be compatible
with Al,Os, multicoating Al,Os/Ni-Ti and Al,O3/ZrO;
ceramic coatings during long term reaction
experiments up to 336 h. Although the Al.Os/ZrO,
coating showed a more even distributed coating
thickness, some cracks were observed after the
experiment. From this study, ceramic coatings could
serve as a barrier and could be recommended as
housing materials for mPCM used in thermal heat
storage applications. Further research is being
considered regarding thermal cycling, thermal contact
resistance and the effect of thermomecanical stresses,
which are relevant during the TES system operation.
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Abstract

Nowadays, the global energy crisis and concerns about pollution affect most countries around the world. As a result,
many renewable alternatives to traditional energy sources have been developed in the last few decades. Among these
alternatives, concentrated solar power plants (CSP) are particularly advantageous due to the possibility of integrating
both thermal energy generation and storage systems into a single solution. Additionally, the introduction of solid
particles in solar receivers will greatly enhance the performance of CSP plants, increasing the operative temperature
conditions over 1000 °C, with the consequent energy conversion efficiency increase and reduction of the levelized
cost of electricity (LCOE), which are some of the main disadvantages of current CSP technology.

Therefore, the characterization and development of new solid particles are critical aspects for improving the CSP
performance. Previous studies have explored a novel coating process involving the diffusion of manganese ions into
silica structure, aiming to enhance their optical properties by darkening. In this work, the effect of the thermal
treatment is evaluated by X-Ray Diffraction, Scanning-Electron Microscope and morphological parameters. The
results observed clearly indicate a diffusion of manganese in the sand, which will increase its absorptivity and the
efficiency of a potential CSP system.

Keywords: Fluidized bed, CSP, Thermal energy storage, Solid particles, Solar receiver

Introduction The main limitation of current CSP is the high levelized

Currently, there is a growing concern regarding the cost of electricity (LCOE), although it has fallen by
increase in pollution levels and the emerging global 68% from 2010 to 2021 (IRENA, 2023). This decrease
energy crisis. As a solution to this situation, numerous could be also powered by the introduction of solid
global initiatives for energy transition aiming at particles in solar receivers tech_nology to the next-gen
reducing pollution levels are being implemented, such of CSP plants, achieving operational temperatures over

as the Net Zero Emission (NZE) by 2050. According to 1000 _°C, much higher than the current Iimitation_at 565
the International Energy Agency (IEA), renewable °C with molten salts solar receivers. In combination
energy sources, nparticularly solar and wind with the_sCOZ_B_rayton cycle, it achieves greater power
technologies, will play a significant role in achieving conversion efficiency (Nie and al., 2022).

the necessary CO; reductions for the NZE Scenario Consequently, considering all these facts, the selection
(IEA, 2023). of the material for solid particles is a crucial aspect in
CSP efficiency. Therefore, many works have focused
on the characterization of solid particles for this
application. Among the more promising materials
(Palacios and al., 2019; Diaz-Heras and al., 2020), SiC
is highly suitable due to its good mechanical properties,
such as high wear resistance, thermal shock resistance,
high strength at elevated temperatures, high thermal
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