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PREFACE

As an international conference on energy storagetechnology, the 5" World Energy
Storage Conference (WESC-2025) was held from7 to 10 December 2025. The main
scope of the conference was to bring together global experts in energy storage
technologies, including scientists, researchers, engineers, and policymakers. It
targeted a wide range of audience, including scientists, researchers, engineers,
policymakers, and stakeholders in the global energy storage sector. The conference
provided both in-person and virtual opportunities for networking and discussions
regarding advancements and challenges in energy storage. Key topics include the
progress of physical and chemical energy storage technologies, their wide-ranging
applications, and important considerations related to economics, policy, safety, and
regulation. WESC-2025 goals to serve as a platform for showcasingcutting-edge
research, presenting new developments in energy storage technology, and fostering
debates aimed at addressing the global objective of achieving net-zero emissions and
preventing the uninvited natural catastrophic phenomena all over the world.

The conference was held at Yildiz Technical University, Turkiye. More than 140
short papers were submitted to the scientific committee of the conference. The
majority of the submitted papers were from different countries and international
institutions around the globe. From the submitted ones, 116 papers were selected for
presentations as in-person or online formats in 16 parallel sessions. Meanwhile, we
had five world-leading keynote speakers and invitedspeakers at the event.

On behalf of the organizing committee, | would like to extend our sincere gratitude
to Yildiz Technical University for its invaluable support. | would also like to express my
gratefulness to all keynote and invited speakers, authors, and participants for their
invaluable contributions. Furthermore, | deeply appreciate our sponsors, TENMAK,
SIRO Energy, and the National Hydrogen Association of Turkiye for their generous
contributions that made this conference possible.

Dr. Nader Javani

WESG202 Conference Chair
Yildiz TechnicalUniversity
Istanbul, Turkiye
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A SIMULATION STUDY ON BIO-OIL PRODUCTION AND STORAGE CONSIDERING
THE EFFECT OF PYROLYSIS PROCESS TEMPERATURE

L2A | i ANadekJavani, 2 Ozgiin Yucel
Yildiz Technical University, Department of Mechanical Engineering, Istanbul, Turkiye
?Istanbul Topkapi University, Department of Motor Vehicles and Transportation Technolojies 34020,
Zeytinburnu, Istanbul, Turkiye
3 Gebze Technical University, Department of Chemical Engineering, Kocaeli, Turkiye

Corresponding author e-mail: aliatas@topkapi.edu.tr

ABSTRACT

The growing demand for carbon-neutral energy carriers has renewed interest in liquid bio-oils derived from
thermochemical biomass conversion. In particular, phenol-derived bio-oils, representing lignin-rich fractions of biomass
pyrolysis, offer significant advantages for storage, transport, and upgrading. These liquids can function as intermediates
for hydrogen production or next-generation biofuels. In this study, a detailed Aspen Plus simulation of fast pyrolysis was
developed to quantify phenol-based bio-oil production rates under varying reactor temperatures and to evaluate their
implications for short-term storage design.

Two biomass samples were investigated using a flowsheet consisting of a drying step (FLASH2), decomposition via
RYIELD, and equilibrium conversion through an RGIBBS reactor. Model validation with Orange and Banana biomasses
showed strong agreement with literature syngas compositions, giving RMSE values of 3.78 and 4.04. Bio-oil yield
validation further confirmed model reliability: literature values of 0,261 0,28 kg/h were reproduced as 0,331 0,32 kg/h. A
temperature-sensitivity analysis (473i 873 K) indicated that bio-oil yield decreases at higher temperatures due to
intensified cracking reactions. Under validated conditions, the system produces 0,331 0,32 kg/h phenolic bio-oil,
corresponding to approximately 0.28 L/h when assuming a representative phenol density of 1,06 kg/L. This product
stream is directed to a 25 L storage tank modeled within Aspen Plus, which reaches full capacity in roughly 787 82 hours
of continuous operation.

Overall, this study demonstrates the capability of Aspen Plus to predict temperature-dependent production of phenol-
derived bio-oil and to integrate these results with practical storage design. The findings emphasize the feasibility of
producing, storing, and later utilizing phenolic bio-oil as an efficient intermediate for hydrogen or biofuel pathways.

Keywords: Bio-oil storage, Pyrolysis Temperature, Aspen Plus Simulation
INTRODUCTION

Bio-oils obtained through fast pyrolysis of biomass are increasingly attracting attention as renewable, carbon-neutral
liquid fuels while simultaneously offering significant feedstock potential for hydrogen production, owing to their
composition as highly complex mixtures rich in oxygenated compounds [1]. The use of bio-oil as a fuel substantially
reduces net COF emissions compared to fossil fuels since the carbon it contains originates from atmospheric COF
absorbed during biomass growth and, additionally, its suitability for catalytic steam reforming enables renewable
hydrogen production, making fast pyrolysis one of the most preferred conversion pathways aimed at maximizing bio-
oil yield [2].

Fast pyrolysis is based on the thermal decomposition of biomass in the absence of oxygen under high heating rates,
typically at around 750K and with very short vapor residence times, yielding three primary products: biochar (solid),
syngas, and bio-oil. Although bio-oil is the most valuable product for energy applications, its direct use as a fuel is
limited due to its high oxygen content and chemical instability; therefore, contemporary research increasingly focuses
on experimental and computational efforts aimed at enhancing both the yield and quality of bio-oil [3].

This study, by simulating the production of phenol-rich bio-oil derived from orange peel and banana peel in the Aspen
Plus environment, examines both its production potential and storage behavior, thereby providing an assessment of
thebio-oi | 6s sui tabi | i thgutrd foetor as a feedsiogk fa hydregenlpmduction. In this context, fast
pyrolysis was selected due to its high liquid product yield and scalability across different biomass types, with orange
peel and banana peel chosen as representative agricultural wastes. Owing to their high volatile content and lignin-
derived phenolic components known to enable relatively high bio-oil yields and suitability for subsequent upgrading
or reforming these waste biomasses offer promising potential for both biofuel production and hydrogen generation
[4]. The pyrolysis of orange peel and banana peel was modeled in Aspen Plus, and the influence of temperature on
bio-oil yield was comprehensively evaluated. The temperature was varied between 473 K and 873 K, and the results
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show that bio-oil yield decreases for both biomass types as temperature increases; the highest yields were obtained
at 473 K, with 0.5258 kg/h for orange peel and 0.5245 kg/h for banana peel under a fixed biomass feed rate of 1 kg
and an operating pressure of 1 bar. However, the system was validated at 773 K, where the bio-oil yields for banana
peel and orange peel were found to be 0.32 kg/h and 0.33 kg/h, respectively. In addition, the collection of the
produced liquid fraction in a 25-liter storage tank was simulated using an average bio-oil density of 1.06 kg/l reported
in the literature to determine the filling time and to assess the practical feasibility of storing phenol-rich bio-oil [5].
Overall, the findings demonstrate the viability of producing bio-oil from waste biomass and indicate that the resulting
phenolic-rich bio-oil can be safely stored for subsequent utilization.

MATERIALS AND METHODS

The bio-oil production process was modeled in Aspen plus V14 as a steady-state process flowsheet, and the
complete simulation scheme is presented in figure 1. Product distributions in the simulation were calculated using an
equilibrium approach based on the minimization of gibbs free energy [6]. Biomass and ash were defined as non-
conventional components according to their ultimate and proximate analyses, while the thermophysical properties of
conventional components were evaluated using the pengi robinson equation of state. As shown in figure 1, the
flowsheet consists of six unit blocks and eleven material streams, representing the overall fast pyrolysis stage. In this
study, orange peel and banana peel were used as biomass feedstocks. The ultimate analysis of orange peel
consisted of 41.13 % C, 5.63 % H, 49.66 % O, 0.58 % N, 0 % S, and 2.7 % ash, while its proximate analysis yielded
9.91 % moisture, 50.32 % volatile matter, and 37.06 % fixed carbon. For banana peel, the ultimate analysis values
were 35.65 % C, 6.19 % H, 45.94 % O, 1.94 % N, 0 % S, and 8.21 % ash, with proximate analysis values of 11.56
% moisture, 77.84 % volatile matter, and 2.39 % fixed carbon [7].
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Fig. 1. Diagram of the pyrolysis process

Following widely accepted fast pyrolysis modeling approaches in the literature, the process flowsheet was structured
to include drying, decomposition, reaction, phase separation, and storage steps. First, the biomass feed (orange peel
or banana peel) was dried using a FLASH2 unit to achieve the low moisture content required for fast pyrolysis. The
dried feed was subsequently sent to an RYIELD reactor, where it was decomposed into elements and representative
pseudo-components based on ultimate analysis data and literatlire reported pyrolysis product distributions. This
methodology simplifies the inherently complex structure of biomass while ensuring accurate downstream equilibrium
calcul ations. The volatile products exiting the ryeéeeld
introduced into an RGIBBS reactor, where fast pyrolysis was modeled under the assumption of chemical equilibrium
via minimization of gibbs free energy. This enabled the calculation of equilibrium distributions of gas, liquid, and solid
products across the specified temperature range (4731 873 k). The reactor effluent was first sent to a seperator
(SEP1) for char removal and subsequently to a condenser (SEP2) for the separation of condensable organic vapors,
resulting in liquid bio-oil and a permanent gas stream forming the syngas fraction.

Finally, the produced liquid bio-oil was collected in a 25 L storage tank. As the bio-oil was characterized as a phenol-
rich fraction, the characteristic density of phenol (1,06 kg/l) was employed for density estimation, and the tank filling
time was calculated accordingly. This integrated modeling framework was developed to evaluate both the production
potential and storage feasibility of bio-oil derived from fruit waste.

RESULTS AND DISCUSSION

Model Validation

The developed fast pyrolysis model in Aspen Plus was validated using two representative fruit based biomass
feedstocks: Orange peel and Banana peel. Model accuracy was assessed by comparing simulated bio-oil yields and
syngas compositions with literature data, with deviations quantified using the Root Mean Square Error (RMSE) [8].
The model reproduced bio-oil outputs with strong agreement: for orange peel, the literature value of 0,26 kg/h
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corresponded to a model prediction of 0,33 kg/h, while for banana peel, the literature value of 0,28 kg/h was closely
matched by the model prediction of 0,32 kg/h. The resulting RMSE values 0,25 for orange peel and 0.11 for banana
peel indicate high consistency in liquid phase predictions [7].

Syngas compositions (HF, CH4, CO, COF, NF also aligned well with reference data, yielding RMSE values of 3,78
for orange peel and 4,04 for banana peel. These fall within the typical range reported for equilibrium-based pyrolysis
simulations and confirm that the model reliably captures gas-phase product trends [7].

Overall, the validation results demonstrate that the Aspen Plus fast pyrolysis model provides sufficient predictive
accuracy for both bio-oil and syngas outputs. The low RMSE values and strong agreement with literature trends
confirm that the model is robust for the temperature-dependent analysis and bio-oil storage assessments presented
in this study.

Effect of Temperature on Bio-Qil Yield
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CONCLUSIONS
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ABSTRACT

This study investigates the economic and environmental performance of hydrogen refueling systems operating under
different pressure conditions. In the analysis, parameters such as market demand, transportation mode, liquefaction
method, and refueling station configuration are kept constant, while the final storage and dispensing pressures are
varied. The evaluated scenarios include 350 bar gaseous hydrogen (compressor), 350 bar liquid hydrogen (pump), 700
bar gaseous hydrogen (pump), 700 bar gaseous hydrogen (compressor), 350 bar cryo-pump, and 16 bar sub-cooled
liquid hydrogen (LHR). The results indicate that the 16-bar sub-cooled LHF configuration provides the lowest cost, with
a unit hydrogen cost of 5.52 $/kg HF, a capital investment of 385 million $, and a greenhouse gas emission intensity of
53.29 g COFe/MJ HF. These findings demonstrate that low-pressure sub-cooled liquid hydrogen systems offer a more
cost-effective and environmentally favorable option for hydrogen storage and refueling applications.

Keywords: Hydrogen storage, hydrogen refueling station, techno-economic assessment, environmental impact.

INTRODUCTION

The analysis of cost, energy efficiency, and environmental impacts of hydrogen refueling systems is highly important
in terms of sustainability [1]. Atabay and Devrim [2] conduct a techno-economic assessment of a solar-powered
hydrogen refueling station based on an anion exchange membrane (AEM) electrolyzer, evaluating different
photovoltaic (PV) capacities. Similarly, Lu et al. [3] compare various hydrogen storage methods and perform a
comprehensive economic and environmental evaluation of storage technologies. The variation in pressure within
hydrogen storage systems significantly influences both the cost and the environmental performance due to the
structural strength requirements of storage tanks. Therefore, in this study, different pressure levels are examined to
analyze how changes in storage and dispensing pressures affect the overall economic and environmental
performance of hydrogen refueling systems.

Hydrogen Production Hydrogen Compression Transportation
/ Liquefaction

Hydrogen Utilization Hydrogen Hydrogen Terminal
Refueling Station

Fig. 1. Schematic representation of the system in the study

MATERIALS AND METHODS

In this study, the economic and environmental analyses of hydrogen storage systems under different pressure
conditions are performed using the Hydrogen Delivery Scenario Analysis Model (HDSAM). Figure 1 presents a
schematic representation of the overall system. In the model, hydrogen production is supplied from renewable energy
sources, and the produced hydrogen is ultimately used in fuel cell electric vehicles (FCEVs). The parameters kept
constant throughout the analysis include market demand, transportation mode, liquefaction method, and refueling
station configuration, while the final storage and dispensing pressures are varied. The six pressure scenarios applied
in the modeld denoted as S1, S2, S3, S4, S5, and S60 correspond respectively to 350 bar gaseous hydrogen
(compressor), 350 bar liquid hydrogen (pump), 700 bar gaseous hydrogen (pump), 700 bar gaseous hydrogen
(compressor), 350 bar cryo-pump, and 16 bar sub-cooled liquid hydrogen (LHF) systems.
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RESULTS AND DISCUSSION

The results obtained from the analysis are presented in Figure 2. According to the findings, as the storage pressure
increases, both the capital investment (CAPEX) and the operation and maintenance (O&M) costs of the system
increase. The economic performance of the analyzed systems remains relatively close to each other, mainly due to
the components and parameters kept constant in the model. When the economic outcomes are compared, the most
favorable results are achieved for the S6 configuration, which corresponds to the 16-bar sub-cooled liquid hydrogen
(LHF) system. Although the environmental performance of the S6 scenario is comparable to the others, it exhibits
approximately 30% lower total cost, making it the most cost-effective option among all evaluated pressure conditions.
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Fig. 2. Comparative results of hydrogen storage systems under different pressure scenarios: (a) total hydrogen cost ($/kg HF),
(b) capital investment (CAPEX, $), (c) energy intensity (MJ/MJ HF), and (d) greenhouse gas emissions (g COFe/MJ HF). The S6
configuration demonstrates the lowest cost and competitive environmental performance among all evaluated systems.

CONCLUSIONS

In this study, the comparative analysis of hydrogen storage systems operating at different pressure levels identifies the
S6 configuration, corresponding to the 16 bar sub-cooled liquid hydrogen (LHF) system, as the most cost-effective and
environmentally favorable option. The results show that the S6 system achieves a unit hydrogen cost of 5.52 $/kg HF,
a capital investment of 385 million $, and a greenhouse gas emission intensity of 53.29 g COFe/MJ HFE These findings
indicate that low-pressure sub-cooled LHF storage provides a promising and sustainable solution for hydrogen refueling
applications.
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ABSTRACT

Space cooling in buildings consumes 20% of electricity at a global scale. Because of the significance of building space
cooling, cool thermal energy storage (CTES) is important to temper cooling demand. One commercial CTES technology
is the packed-bed CTES system. The packed-bed CTES system typically contains the phase change material (PCM)
in either spherical or cylindrical container geometry. The PCM in these containers is typically charged by a chiller that
has a high energy demand. The slow rate of phase change solidification inside these containers can significantly extend
the operation time of a chiller and thus the price of electricity. In this study, we found that more than half of the total
solidification time of the PCM in a cylindrical container occurred while solidifying only 30% of the PCM mass located in
the central part of the container. Following this, we introduce a cylindrical container geometry with a void at the inner
30%, as an alternative to conventional cylindrical or spherical containers. The study employed cylindrical containers
from 3 cm to 9 cm in diameter with the intention of commercial applicability to a real-time CTES system. This study
found it was possible to create a container with a void that produced an 80% solidification time reduction when compared
to equal-volume spherical containers. Therefore, the proposed containers as a PCM encapsulation geometry for a
CTES system will considerably reduce chiller operation times, provide consequential economic benefits, and enhance
the commercial value of CTES systems.

Keywords: innovative cylindrical container, phase change material, cool thermal energy storage, solidification time.

INTRODUCTION

Spherical containers serve as commonly used encapsulation materials in most commercially available packed-bed
cool thermal energy storage (CTES) [1]. In a CTES system, deionised (DI) water is a common PCM that has a high
energy density, higher latent heat and outstanding thermal stability. An earlier experiment by the author showed that
25% of PCM mass located at the core of the container took almost half of the total freezing time [2]. Another work
showed that 9% of the PCM near the core of the container occupied 22% of the entire solidification time. The resulting
recommendation was to run the chiller for 78% of the total time to freeze to achieve good energy savings in the CTES
system [3].

Another common container shape is cylindrical, which offers several advantages over spherical containers, including
an increased surface-to-volume ratio, which allows for a faster rate of solidification and melting. The cylindrical
container provided a nearly 10% higher energy storage rate than the spherical container for the same PCM volume
[4]. Numerous studies similarly indicated the usage of cylindrical containers as PCM-encapsulating materials in
thermal storage systems, and many of them reported in literature studied the solidification and melting characteristics
of PCM [5]. To enhance thermal capabilities and enhance the solidification phenomenon, researchers have also
reported discovering various innovative ideas regarding container shapes, such as the tube-in-tube LHS system [6],
elliptical containers [7], cubic, spherical, triangular, and plus-shaped containers [8], and dimpled surfaces on
containers [9].

Previous literature has shown that most of the chiller energy was spent on freezing only a small portion of the PCM
located at the centre of the container. Therefore, optimising the geometry of the container from an energy-saving
perspective was the first order of business. An innovative idea for a cylindrical container is presented as an alternative
geometry with a central cavity for fast and efficient PCM solidification, thereby assisting in the charging performance
of the thermal energy storage system.

METHODOLOGY

Solidification behaviour was examined in a cylindrical container. It was discovered that around half of the total time to
solidify was the PCM located at the centre of the 30% of the cylindrical container. Therefore, in this study, a 30% void
was added to the centre of the container so that the PCM only occupied 70% of the outer volume. These modifications
resulted in the solidification time being reduced by more than 50%, which in turn resulted in reduced operation of the
chiller and a subsequent decrease in energy. Furthermore, the flow of the cooling fluid (CF) through this void zone aided
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in decreasing the solidification time by the PCM solidifying outward. Consequently, this dual freezing mode, which
consisted of a CF solidifying the PCM from the outside in and the internally contained CF solidifying the PCM from the
inside out in the 30% void zone, contributed to decreasing overall solidification time. This is the novelty of the present
study. The majority of the PCM mass in the outer region was seen freezing in a shorter duration compared to the central
region. Therefore, solidification behaviour was studied to compare these differences, and the results are presented.
Additionally, a solidification behaviour was studied that compared the freezing period of PCM in both standard and
innovative cylindrical containers. The solidification behaviour study also compared the time it takes for a PCM to solidify
in a novel cylindrical container with a similar volume cylindrical and a spherical container.

The PCM utilised for the purpose of this analysis was deionised water. The temperature of the water was assumed to
be 0°C, and the cooling fluid (CF) was established at a temperature of -10°C. The cooling fluid investigated was a blend
of water and glycol, specifically a composition of 65% water and 35% monoethylene glycol. The relevant thermophysical
properties were utilised for the soldification analysis. A free convection scenario is considered for the purposes of
solidification analysis.

2.1 Innovative Cylindrical Container

A (B)

Fig. 1 (A) Schematics of the innovative cylindrical container, (B) Cross-sectional view of the innovative cylindrical container
indicating the 30% volume being used for cooling fluid flow

Figure 1 (A) highlights the schematics of the innovative container. PCM can only fill up to 70% of the new container's
capacity, and 30% of the inner void zone can be utilized for the cooling fluid to flow through as illustrated in Figure 1
(B). The diameter that related to the capacity of the 30% void zone was deemed 55% of the total diameter of the new
container. This area is now utilized for circulating cooling fluid to assist in the 70% PCM volume's outward
solidification. It is important to note that with an innovative container, the solidification does occur outward but also
to the inside of the 70% volume that solidified from the surface of the container because of cooling fluid outside. The
solidification rates of the phase change material in seven different cylindrical container diameters (3, 4, 5, 6, 7, 8 and
9 cm) were examined theoretically. The cylindrical container under examination had a length that was 2 times its
diameter (L/D = 2). The solidification time of the PCM was computed for the conventional containers (e.g., cylindrical
and spherical containers) and the new container and compared in the analysis.

2.3 Data Analysis

Data analysis considered calculations for the following relevant terms: Average inward solidification rate of PCM,
Percentage of PCM mass solidified, Percentage of PCM solidification duration, Inward and outward solidification
duration of PCM, Dimension of similar volume container as compared to the innovative container, Dimension of
similar volume cylindrical container, Dimension of similar volume spherical container.

2.2 Governing Equations

Equations utilised for the analysis of solidification of PCM is presented here [10]. Here equation 1 is used to determine
inward solidification time of PCM and equation 2 is used to determine outward solidification time of PCM.
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3 Results and Discussions
3.1 Solidification analysis of PCM inside standard cylindrical container
The container volume was divided into 20 equal radial distances, and the average solidification rate was calculated
at every zone.
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Fig. 2 (A) Average solidification rate of PCM for 20 radial zones in a cylindrical container; (B) Percentage of PCM solidification
duration vs percentage mass solidified in conventional cylindrical containers

Figure 2(A) illustrates the mean solidification rate of the phase change material across 20 distinct radial zones within
a cylindrical container of varying dimensions. The data indicates a significant reduction in the average solidification
rate of PCM as the freeze front advances from the 20th zone (outside zone) to the 6th zone, demonstrating a
decelerated solidification mode as the freeze front progresses inward. Figure 2(B) shows the percentage of the total
solidification duration corresponding to the specified percentage of mass that has solidified. The figure shows that
when the container's diameter was 3 cm, it required 53% of the whole solidification time to freeze 70% of the total
PCM mass, and when the container's diameter was 9 cm, it took 44% of the total solidification time. The final 30% of
the inner PCM mass accounted for almost 50% of the total solidification time. It is important to highlight that 30% of

the inner mass was observed within 55% of the inner radius.
3.2 Performance enhancement of innovative containers with void at the centre

Figure 3(A) displays the percentage solidification time of the PCM in an innovative container as compared to the
PCM placed in a standard container of comparable volume. The innovative 3 cm container reduced the solidification
duration by 62.6% in comparison to the standard container of similar volume, measuring 2.51 cm in diameter.
Additionally, a greater decrease in solidification time was noted with increasing container diameter; this effect was
evident for the 9 cm diameter container, which had a maximum reduction of about 72%. Figure 3(B) depicts the
percentage solidification time of the PCM in an innovative container as compared to the PCM contained within a
standard container of comparable volume. The innovative 3 cm container reduced solidification time by 70.4% when
compared to a comparable volume spherical container with a diameter of 3.84 cm. Furthermore, when the container's
diameter increased, the solidification time decreased. A 9 cm container reported the largest reduction in solidification
time, approximately 81%. The results indicated that the innovative container resulted in an appreciable reduction in

solidification time.
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Fig. 3. (A) Percentage solidification duration of PCM in standard and innovative cylindrical containers of similar PCM fill volume,
(B) Percentage solidification duration of PCM in innovative and standard spherical containers of similar PCM fill volume

CONCLUSIONS

Based on the observations following inferences could be drawn:

1) The innovative container featuring a 30% inner void in both 3 and 9 cm sizes has significantly reduced the PCM
solidification duration by 71% and 79%, respectively, when compared to standard cylindrical containers of similar
dimensions.

2) The innovative container featuring a 30% inner void in both 3 and 9 cm sizes significantly reduced the PCM
solidification duration by 70% and 81%, respectively, when compared to standard spherical containers of similar
dimensions.

3) A cylindrical container featuring 30% void is suggested as the PCM storage container in the CTES system to
facilitate a quicker solidification process and hence will reduce chiller power consumption.

4) The use of the innovative containers proposed in this research, featuring an inner void as the PCM container will
yield significant economic benefits and subsequently enhance the commercial worth of the CTES system.

5) Consequently, the use of innovative containers will serve as a superior option compared to the commercially
available spherical and cylindrical containers in a packed-bed CTES system.

ACKNOWLEDGEMENT

Authors acknowledge European Union's Horizon 2020 research and innovation programme under grant agreement
No. 101096789 (HYSTORE) and RUSA 1.0, MHRD, Government of India & SPD, Government of Tamilnadu for their support.

REFERENCES

1. He X, QiuJ,Wang W, Hou Y, Ayyub M, Shuai Y. 2022. A review on numerical simulation, optimization design and applications

of packed-bed latent thermal energy storage system with spherical capsules. Journal of Energy Storage. 51:104555.

2. Sathishkumar A, Sundaram P, Cheralathan M, Kumar PG. 2024. Effect of nano-enhanced phase change materials on

performance of cool thermal energy storage system: A review. Journal of Energy Storage. 78:110079.

3. Raj K, Mangina E, Vellaichamy P, Ramalingam V. 2025. Solidification study of DI water in a spherical capsule for cool thermal

energy storage applications. Journal of Energy Storage. 120:116513. doi:10.1016/j.est.2025.116513.

4. Sathishkumar A, Kumaresan V, Velraj R. 2016. Solidification characteristics of water based graphene nanofluid PCM in a

spherical capsule for cool thermal energy storage applications. International Journal of Refrigeration. 66:737 83.

5. Kopparthi T, Athawale V, Rath P, Bhattacharya A. 2022. Effect of capsule shape on melting and energy storage rates for

encapsulated PCM-based systems. In: [book or proceedings title unknown]. Springer. p. 2797 290.

6. Shaker MY, Sultan AA, El Negiry EA, Radwan A. 2021. Melting and solidification characteristics of cylindrical encapsulated

phase change materials. Journal of Energy Storage. 43:103104.

7. Niyas H, Muthukumar P. 2018. A novel heat transfer enhancement technique for performance improvements in encapsulated
latent heat storage system. Solar Energy. 164:27671 286.

8. Patel JR, Joshi V, Rathod MK. 2020. Thermal performance investigations of the melting and solidification in differently shaped

macro-capsules saturated with phase change material. Journal of Energy Storage. 31:101635.

9. Jia H, Tian Y, Tian X, Yang J, Wang Q. 2024. Numerical investigation on flow characteristics and thermal performance of

phase change material in spherical capsules with smooth or dimpled surfaces. Thermal Science and Engineering Progress.

50:102536.

10. Raj K, Vellaichamy P, Ramalingam V. 2023. Development of novel correlations towards the freezing time estimation of phase

change material inside a cylindrical capsule involving thickness and its thermal conductivity for thermal storage applications An

experimental and parametric studies. Journal of Energy Storage. 72:108629.

25



The World Energy Stor2@®8 Conf
Yildiz TechniTaaki Yei v

CFD STUDY OF TPMS IN A RECUPERATOR FOR SCO2 POWER CYCLE COUPLED
WITH THERMAL ENERGY STORAGE
1* Alexandre Guille, 2 Florian Sudbrock-Herberg, ! Sebastian Unger, %2 Uwe Hampel
1 Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstralze 400, Dresden, Germany

2 Kelvion Holding GmbH, Von-der-Heydt-Str. 2, 44623 Herne, Germany
3 Technische Universitat Dresden, 01069, Dresden, Germany

*Corresponding author e-mail: a.quille-bourdas@hzdr.de

ABSTRACT

Power cycles working with supercritical CO2 (sCO2) have been studied for their high cycle efficiency when used with
high-temperature heat sources, which make them ideal for coupling with Thermal Energy Storage (TES) systems. In
this work, one critical component of the power cycle, the recuperator, is under investigation. In the framework of the
ESCO project, new structures with potentially higher heat transfer performance, designed as Triply Periodic Minimal
Surfaces, are studied through Computational Fluid Dynamics tools. By interpolating the numerical data, it was possible
to establish a correlation for the Nusselt number and the friction factor as function of the Reynolds number for a specific
geometry. It was found that the correlations are in good agreement with the numerical data, and two flow regimes were
distinguished for the Nusselt number when the Reynolds number reaches 1500. Further investigation will be carried out
on the mesh sensitivity analysis, and different cell lengths, wall thickness and operating conditions be considered for
establishing more comprehensive correlations.

Keywords: sCO2 power cycle, Thermal Energy Storage, Recuperator, Computational Fluid Dynamics, Triply Periodic
Minimal Surfaces

INTRODUCTION

Supercritical CO2 (sCO2) power cycles have higher cycle efficiency when they run at high temperature [1], in particular
when the turbine inlet temperature exceeds 550 °C. This is convenient to produce electricity from Thermal Energy
Storage (TES), where energy is stored at high temperature (Figure 1). Previous work was conducted to couple TES
systems with sCO2 power cycles as depicted in Fig. 1. Each component deserves careful investigation, in particular
the recuperator of the power cycle, which is the subject of the present study.
The recuperator increases the cycle efficiency by recovering energy from the low-pressure hot fluid and transferring
it to the high-pressure cold fluid before entering the heater. As CO: is supercritical on hot and cold sides, channels
with a characteristic diameter of 1 mm are used to oper
evaluated in the literature to maximize heat transfer over pressure drop [2].
Triply Periodic Minimal Surfaces (TPMSs) are structures that repeat themselves in all direction and they have a mean
curvature equal to 0. In other words, if they are defined by an implicit function "Ochuh 11, then the following statement
would be true:

0} _— T D
They have been conceptualized in the 17t and 18" century but they recently drew attention in the engineering field, as
they have good properties [3] under mechanical stress, which is crucial for designing the recuperator. However, few
papers cover heat transfer and flow performance of sCO: flowing in TPMS. In the scope of the ESCO project, it is
planned to manufacture a recuperator with TPMS that can be operated in the CARBOSOLA facility. However, numerical
simulations using Computational Fluid Dynamics (CFD), like the work presented by Li et al. [4], must be carried out
in the first place to evaluate and predict the heat transfer and the pressure drop in such advanced structures.

In this study, one type of TPMS, the gyroid, will be investigated by CFD study as core structure of a recuperator for a
sCO:2 power cycle coupled with a thermal energy storage. The methods for simulating the flow and the heat transfer will
be presented as well as Nusselt number and friction factor correlations.
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Fig. 1. TES system stores energy at high temperature, then releases it to sCO2 power cycle to product electricity
via the turbine.

MATERIALS AND METHODS

To perform CFD simulations, it is generally necessary to build a CAD model that will be used as support for generating
the mesh. However, most of common CAD softwares fail to directly, simply and swiftly build a model of gyroids, since
they were designed for building implicit bodies. As an alternative, the free software MSLaticce [5] is used to build a
surface mesh of one cell of the solid body. It introduces a dimensionless thickness ¢ that replaces the 0 in the implicit
equation (2), and mesh the surface with small triangles before saving it as .stl format. Once generated, the cell is loaded,
scaled to and cleaned in Ansys SpaceClaim, then duplicated six times in the flow direction. Only a short row of cells is
simulated in this study. This assumption holds true when the flow is uniformly distributed, which is related to the header.
The geometry generation process is visually described in Fig. 2.

o | QR0 OE O | QB0 OE | QA O o O 2

Fig. 2. (a) One gyroid cell generated in MSLaticce; (b) CAD model build in SpaceClaim; (c) Core view of the
recuperator with the hot side in red and the cold side in blue.

The CAD model is then meshed in Fluent Meshing where inflation layers are attached to the walls to better capture
velocity gradient and turbulences. The solid and fluid domains are meshed with unstructured but uniformly sized
polyhedral (Fig. 3). Once meshed, Fluent solves the Reynolds-Averaged Navier-Stokes (RANS) equations, which are
formulated as follows

"6 m 3)
"6 6 — == @)
COHY — _— 68— (5)

where ” is the fluid density, _ is the conductivity, * is the viscosity, 6 fjis the heat capacity, and ‘ is the turbulent
viscosity. Given the supercritical state, the fluid properties are function of temperature and pressure in this study.
They were all given with third order polynomials, whose coefficients are determined with the Python wrapper
CoolProp [6]. To evaluate * , the SST Qi1 model is used for its robustness, even at low velocity, and 0 i is constant
and equal to 0.85. The SIMPLE algorithm scheme, and the second-order upwind for the spatial discretization are
used. Periodic boundary conditions are applied on each border of the solid and fluid domains. The solid body has
the thermal properties of stainless steel. The simulations were stopped when all properties change and residuals
were below 105, The interesting results here are the Nusselt number, the friction factor and the Reynolds number,

namely calculated as
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6o = 6)
" 20

Q = )
vy =22 8)
R — )

where 31) is the local pressure drop across one cell, ¢ is the velocity averaged in one cell, and "Qis the averaged heat
transfer coefficient. In the case of gyroids, there is no clear definition for the hydraulic diameter, therefore it was

calculated using the conventional definition

Q = (10)

with wthe cell volume and 0 the surface area in contact with the fluids.

D))l

Fig. 3. (a) View on the mesh used for the simulation; (b) Surfaces used for postprocessing the simulation.
RESULTS AND DISCUSSION

The Table 1 shows the applied parameters in the present study. They correspond to usual values that can be found
in the literature at the recuperator boundaries of sCO2 power cycles.

Table 1. Parameters in the study.

d 4 Oi TiIT O H - | wmiion| Al T A+ 5w
Value 5 05 |01710 0.021817 0.218 79 248 450 250
Unit mm - m/s m/s bar bar °C °C

The heat transfer coefficient and the friction factor on the hot side of the modelled and simulated 6 gyroid cells are
shown in Fig. 4 for the velocity 6¢ igg= 1 m/s in each cell. Cell 1 is the first cell in which hot sCO: flows, thus the
boundary layers are developing and at cell 2, the flow becomes established. As a consequence, 31 and "Qbecome
constant across the cells downstream, except at the last cell, where the effects induced by the exit are non-negligible.
Therefore, if the values of cells 1 and 6 are omitted, it is possible to plot the local values of O 6and "Qto establish
correlations. Fig. 5 shows the data obtained by CFD and the correlations developed based on the data, see Eq. 11
and 12. For the Nusselt correlation, there is a change of profile from Y 'Gx 1500, which may indicate a change of flow
regime. However, for the friction factor, there is no need to distinguish laminar and turbulent regime, and it globally
decreases at higher Reynolds number. Nonetheless, for a given Reynolds number, it was spotted that the local
pressure drops are distributed on vertical lines, which may be due to a default in the mesh, in the model setup, or
simply because drastic changes in fluid properties. This will be under future investigation, along with a model
validation.

5o TEOXWQ® 't'Li)‘l_ YQ punm (11)
™ e xipyQe {t07 YQpummn
Q p P wEYQ B (12)
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Fig. 4. Local heat transfer coefficient and local pressure drops in each cell on the hot side.
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Fig. 5. Comparison of developed correlations of with simulation data for (a) Nusselt number and (b) friction factor,
with the Reynolds number.

CONCLUSIONS

In this work, a heat exchanger with gyroids is studied via CFD when it is the recuperator of an sCO2 power cycle coupled
with a TES system. Numerical simulations were performed for a certain cell length, wall thickness, and a wide range for
velocity inlets. The two fluids, which are sCO: at different pressure, exchange energy and lose pressure, which could
be guantified via the Nusselt number and the friction number. Therefore, two correlations were given for these two
guantities, which match with the numerical data. However, in future a model validation should be carried out, especially
regarding the change of fluid properties within the cell.
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ABSTRACT

The structural integrity of composite hydrogen storage vessels hinges on the lineri overwrap interface, where stress
concentrations often trigger failure. We conducted a comparative finite-element analysis of static interfacial hoop and
axial stresses in Type Il (aluminum liner) and Type IV (HDPE liner) vessels under 700 bar internal pressure. The
more compliant polymer liner in Type IV vessels produces peak interface stresses up to 57 % higher than in Type I,
substantially raising delamination risk. Conversely, the stiffer aluminum liner of Type Il vessels yields a more uniform
load transfer but shifts failure potential toward brittle fracture at geometric transitions. Parametric studies show that
increasing overwrap thickness from 5 mm to 7 mm can cut Type IV interfacial stresses by roughly 28-63 %, albeit
with a 20 % mass penalty. We map distinct failure modes for each design and recommend interface engineering,
tailored overwrap sizing, and hybrid interlayers to balance weight, strength, and durability in next-generation
hydrogen storage systems

Keywords: Hydrogen storage vessel, Linewverwrap interface, Finite eleméranalysis, Interfacial hoop stress, Interfacial
axial stress

INTRODUCTION

Hydrogendbés appeal l'ies in its exc e pthlpipe-emidsiongrmofieymakirgtitai ¢ e
keystone of decarbonized transport. Fuel cell electric vehicles exploit these advantages to deliver driving ranges
comparable to conventional vehicles while refueling in minutes, positioning hydrogen storage as a pivotal technology
for next-generation mobility [1,2].

Composite pressure vessels must reconcile conflicting demands: minimizing mass, maximizing volumetric capacity,
ensuring mechanical integrity under 700 bar, and controlling manufacturing costs.

Type Il designs couple an aluminum liner with a carbon fiberi reinforced polymer (CFRP) overwrap, leveraging the
linerés impermeability and st i f[34). @welV Jessels substitute thib metal cpre e s s u
with a high-density polyethylene (HDPE) liner, trading stiffness for significant mass savings and enhanced chemical
resistance [5,6]. Despite their superior gravimetric performance [7], the lineri overwrap interface remains the most
failure-prone region. Elastic-modulus mismatch between liner and CFRP creates steep stress gradients that
concentrate shear and peel loads at the bond line [3,4] , which under cyclic pressurization and temperature swings can
initiate delamination, polymer yielding, and fatigue cracking [8,9].

Experimental burst tests and fatigue-life studies provide baseline performance metrics and common failure loci, while
finite-element simulations predict stress distributions and burst pressures with high fidelity [10] . Recent FEM work
increasingly uses cohesive-zone models to capture interface damage evolution under combined loading modes [11,12],
and advances in composite materials, winding algorithms, and hierarchical surface treatments offer promising
mitigations [4,13] . However, a direct, full-interface comparison of static hoop and axial stress fields under identical
loading remains lacking [14,15] .

This study fills that gap by mapping interfacial stresses in automotive-scale Type Il and Type IV vessels at 700 bar,
pinpointing stress hotspots, contrasting failure risks, and informing targeted interface-engineering strategies.

MATERIALS AND METHODS

Vessel Geometry and Mesh

We built quarter-symmetry, axisymmetric models of the Type Ill and Type IV vessels in ANSYS 2019 R3 to capture
a 150 mm inner diameter and an 8 mm total wall thickness (3 mm liner + 5 mm CFRP overwrap). As shown in Figure
1, the computational domain spans the cylindrical mid-span, dome transition, and boss region, with 0°7 90° sectors
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constrained by radial and axial symmetry to reduce computational cost without sacrificing full-field accuracy. A
structured hexahedral mesh of SOLID185 elements was used throughout the liner and overwrap, while a layer of
INTER205 cohesive elements was inserted at the lineri overwrap interface. Mesh refinement proceeded from a 5
mm global element size down to 1 mm at the bondline, continuing until peak interfacial stresses changed by less
than 1 % between successive refinements and ensuring at least five elements spanned the 5 mm composite layer.

Fig. 3. Representative vessel geometries and numerical model domains for Type Il (aluminum liner with composite
overwrap) and Type IV (polymer liner with composite overwrap). Boundary conditions include axial symmetry and
700-bar internal pressure.

Material Properties

All materials were treated as linear-elastic except for HDPE, which employed an elastici perfectly plastic model up

to its 22 MPa yield. The aluminum |Iiner in the Type 111
ratio of 0.33, yield strength of 310 MPa, and fracture strain of 14 %. The HDPE liner in the Type IV design used a
Youngbés modulus of 2.1 GPa, Poi ssondéds ratio of O0.40, yi
CFRP overwrap was modeled as orthotropic linear-elastic with longitudinal and transverse moduli of 140 GPa and
10GP a, Poissonbds ratio of 0.28, ultimate tensil e szZoneengt

parameters normal strength of 50 MPa, shear strength of 30 MPa, and Mode | fracture energy of 0.5 N/mm were
calibrated from delamination tests to capture interface damage initiation and growth (Table 1).

Table 1. Key properties of liner and overwrap materials.

Property Type Il (Al) Type IV (HDPE) CFRP Overwrap Source
Youngbés modul us ( 70 2.1 Eg = 140; EF= 10 [5,16]
Poi ssonf6s ratio 0.33 0.40 0.28 [16]
Yield strength (MPa) 310 22 ) [16]
Ultimate tensile strength (MPa) T ) 1000 [16]
Fracture strain (%) 14 250 1.4 [8]
Cohesive normal strength (MPa) T T 50 [4]
Cohesive shear strength (MPa) T ) 30 [4]
Fracture energy (mode I, N/mm) T T 0.5 [4]
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Boundary, Loading Conditions, and Failure Criteria

All models were subjected to a uniform internal pressure of 700 bar applied to the inner liner surface at an ambient
temperature of 298 K, with no thermal gradients imposed. Radial displacements on the symmetry planes were fixed
at zero, while the axial ends were left traction-free to allow natural longitudinal expansion under pressure (Figure 1).
Interface behavior was governed by a surface-to-surface cohesive contact formulation, with initial stiffness and critical
normal and shear tractions set according to the cohesive parameters in Table 1. This cohesive-zone approach
enabled progressive debonding once local interfacial stresses exceeded the calibrated strengths. Failure of the
aluminum and HDPE liners was defined by exceeding von Mises stresses of 310 MPa and 22 MPa, respectively, and
that of the CFRP overwrap by surpassing its 1000 MPa principal stress limit. Interface elements were flagged as
failed when either their normal or shear traction exceeded the corresponding cohesive strength.

Model Validation

Model predictions were validated against published experimental burst pressures and full-field strain measurements
for both vessel types. Predicted burst pressures and hoopZand axialAtrain distributions agreed with test data to
within 2 %, confirming the adequacy of our mesh, material definitions, cohesive-zone parameters, and failure criteria.

Results and Discussion
Hoop and Axial Stress Distributions

Figure 2 plots the through-thickness hoop and axial stress profiles for Type Il and Type IV vessels. In both designs,
the maximum hoop stress occurs at the cylindrical mid-span, but the elastic-modulus mismatch at the HDPEi CFRP
interface in Type IV vessels produces a steeper gradient. As detailed in Table 2, mid-span interface hoop stress
increases from 1018 MPa in Type lll to 1599 MPa in Type IV, while axial stress rises from 42.8 MPa to 116.6 MPa.
The sharper stress transitions in Type IV vessels generate elevated peel loads at the bondline, significantly increasing
delamination potential.

Table 2. Peak interface hoop and axial stress values for Type IIl and IV, with relative differences.
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-
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Region Type Il (Al) Hoop (MPa) Type IV (HDPE) Hoop (MPa) Type Ill Axial (MPa) Type IV Axial (MPa)
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Fig. 4. Axial (a) and Hoop (b) stress distributions along the wall (liner, interface, overwrap) for both vessel types lll
and IV.

Spatial Patterns, Hotspots, and Failure Risk

Stress Afhot spot so concentrate at t itbass traresisos, ewhere eggamattico r
discontinuities amplify local stress concentrations. In Type IV vessels, interface peel stresses exceed the calibrated
cohesive strength of the HDPEi CFRP bond around boss connections, indicating a high delamination risk. By
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contrast, Type lll vessels maintain interface stresses below the cohesive limits; failure in these vessels is more likely
to initiate as localized aluminum yielding followed by brittle fracture at pre-existing geometric defects. These findings
highlight a fundamental trade-off: Type IV designs achieve significant weight savings but require enhanced interface
engineering to maintain durability, whereas Type IIl vessels offer robust load transfer at the cost of additional mass
and liner fatigue susceptibility.

Table 3. Effect of overwrap thickness on Type IV interface stresses and vessel mass.

Metric 5mm 7 mm Change (%)
Peak hoop stress (MPa) 1599 1242.8 128
Peak axial stress (MPa) 116.6 72 163
Relative vessel mass 1.00 1.20 +20

Parametric Studies and Mitigation Strategies

When the CFRP overwrap thickness is increased from 5 mm to 7 mm in Type IV vessels, peak interface hoop stress
decreases by approximately 28 % and axial stress by 63 %, as quantified in Table 3. This reduction, however, incurs
a roughly 20 % mass penalty. Figure 3 compares the stress distributions for both overwrap thicknesses, revealing
that thicker laminates moderate stress concentrations at the bondline. To balance these competing demands,
strategies such as nanoscale surface treatments or hybrid interlayer films can raise interfacial cohesive strength
without substantial weight gain, while functionally graded liners can smooth modulus transitions and further reduce
peel loads. Additionally, advanced non-destructive evaluation methods are recommended for early detection of
interface defects, particularly in Type Il liners.
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Fig. 5. Axial (a) and Hoop (b) stress distributions along the wall (liner, interface, overwrap) for both vessel types IV
with thickness of 5 and 7 mm.

Conclusion

This comparative FEM study demonstrates that the lineri overwrap interface governs failure risk in both Type IIl and
Type IV hydrogen storage vessels under 700 bar loading. Type IV vessels exhibit interfacial hoop and axial stresses
up to 57 % higher than Type I, driving delamination near geometric transitions such as domes and boss connections.
In contrast, Type Ill vessels maintain interface stresses below cohesive limits but shift failure toward aluminum
yielding and brittle fracture at stress raisers. To reconcile weight savings with durability, we recommend enhancing
interface adhesion through nanoscale surface treatments and hybrid interlayers, adopting functionally graded or
stiffer liners to moderate stress gradients, and implementing rigorous non-destructive evaluation protocols for early
flaw detection. These measures, underpinned by validated FEM stress mapping, furnish a quantitative framework for
optimizing composite hydrogen vessel design toward safer, lighter, and more durable storage solutions.
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ABSTRACT

Experimental investigations have been conducted on a printed circuit heat exchanger (PCHE) that functions as a heater
with CO2 on the cold and water on the hot side. This heater is a crucial component for a thermal energy storage cycle.
Dynamic changes in the pressure of the CO: side were applied, representing start-up and shut-down of such a
corresponding thermal energy storages system. The results show a decrease of mass flow rate and in consequence a
reduced heat transfer with increasing pressure. Nusselt number correlations for laminar-flow regime were furthermore
tested utilising a dynamic Simulink/Matlab model of the PCHE. The difference between experimental and simulation
results is high especially at inlet temperatures of CO2 close to the critical point, where the existing Nusselt number
correlations underestimate the heat transfer. With a higher distance to the critical point deviation between experimental
and numerical values decreases.

Keywords: sCO2 power cycle, Experimental investigation, Dynamic modelling, Thermal energy storage systems,
Nusselt number correlations

INTRODUCTION

The increasing demand for renewable energy has raised the issue of handling their fluctuating availability. The
development of storage systems and flexible power cycles is therefore necessary. Supercritical CO2 (sCOz) Brayton
power cycles are a potential solution for the latter. sCO2 is COz in a state above its critical point (31 °C, 73 bar). The
properties in this state result in an efficient heat transfer and compact plants when employed as a heat transfer
medium within the power cycle [1]. The CEEGS (Novel CO2-based electrothermal energy and geological storage
system) project focuses on a system that comprises both a flexible power cycle and thermal storage. Water is heated
up with a surplus of electrical energy, stored and utilised as required. The linked CO2-Brayton power cycle, which
converts the stored thermal energy back to electricity, is supplied by CO2 from a geothermal storage. The cycle can
be operated transcritically (liquid CO2 to sCOz) or supercritically. The connector between the power cycle and the
thermal energy storage is a printed circuit heat exchanger (PCHE) with hot water and cold CO.. There is only limited
research on heat exchangers featuring this configuration. However, Theologou et al. conducted an experimental
investigation into compact heat exchangers for steam/sCO: heat transfer [2]. Chu et al. tested a PCHE in both
water/water and sCOz/water configurations [3] and Xu et al. conducted a numerical study on the enhancement of
heat transfer in a water/sCO: tube heat exchanger under varying inlet velocities of sCO:2 [4]. Furthermore,
considerable research effort has been devoted to the field of the dynamic behavior of PCHES acting as recuperators.
Chen et al. modelled a transient helium-PCHE [5] and Ma et al. investigated dynamic effects on a PCHE recuperator
in a power plant [6]. Liu et al. simulated the response of a PCHE by varying the pressure and temperature transfer
[7]. This paper focuses, due to limited research on the topic, on the heat transfer and dynamic response of a hot
water/cold CO2 PCHE-heater, evaluating experimental data of dynamic operation in an electrothermal energy storage
system. Furthermore, existing Nusselt number correlations are tested via dynamic modelling. The considered
correlations are obtained from research on water/CO2-PCHEs with straight-channel, semicircular cross-sectional
area, and laminar-flow regime, which are used in cooler configurations (hot CO2, cold water) (see Table ).

Table 1. Nusselt number correlation for straight channel PCHE with semicircular cross-sectional area and laminar-flow regime of
COo.
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MATERIALS AND METHODS

Dynamic Modelling

The modelling is executed via Simulink/Matlab. A dynamic model of a counter-flow PCHE with straight channels and
a semicircular cross-sectional area is setup the following way.

Given the periodic arrangement of PCHESs the model can be reduced to one hot channel, one cold channel and the
separating wall in-between. For the fluid in the cold and hot channel the conversion of mass is calculated by

’Q ”
~ & a =% ()
Qo w

and the conversion of energy is calculated by

22 ¢ &« oo o2 @
Qo w

where the density is denoted by ” and the specific enthalpy in the control volume @ is denoted by "Q The mass flow

rates of the control volume are expressedas @ and &  and the specific enthalpy as 'Q and "Q respectively.

The transferred heat O from the fluid to the wall or the other way around is calculated under the assumption of a constant

wall temperature "Y

0 Qb YooY 3)

The heat transfer area between the fluid and the wall reads ©  and the temperature of either the hot or the cold fluid
"Y. The heat transfer coefficient, which is denoted by "Q is determined using a Nusselt number correlation. The
correlations listed in Table will be tested to identify the best fitting one for the application.

The conversion of energy in the wall is determined by

ay et ¥ p 4
0o Y Y ha@ “)

and functions as the connection between the hot and cold side. In this equation, & is the mass of the wall and Gy, is
the specific heat capacity of the wall. The momentum equations are not considered, instead the pressure drop Y1 is
calculated with the results of the differential equations 1,2 and 4 and the fanning factor "for the hot and the cold side.

o, .Y

a Q 0D (5)

The hydraulic diameter of the channel reads Q  and 0 is the cross-sectional area of the channel. The channels are
furthermore discretized along the flow direction into § nodes, which results in a certain length Yo of the control volume
. Following the approach of Carstens et al. [11], each state variable is considered as the average of the inlet and outlet
of the control volume. Subsequently, these average equations and the previously introduced governing equations are
solved for each set of nodes (one cold, one hot, and one wall segment). The results obtained at the outlet of one node
are then transmitted to the subsequent node as input parameters.

Experimental Set-up

At the Helmholtz-Zentrum Dresden-Rossendorf, a transcritical CO- test facility was developed and set up to be able to
experimentally investigate the CEEGS project concept and transcritical CO2 power cycles components. The facility
features a PCHE with a cross and counter flow configuration, which is subject of this paper. The plates for the CO2 and
water are arranged alternately and comprise a total of approximately 3,000 straight, semicircular channels with a heat
transfer length of x d [ . The facility is furthermore equipped with a cooler, a CO2-tank and a pump, so that the CO>
can be circulated. Detailed information on the experimental set-up of the facility can be found in Unger et al. [12]. The
valve is opened or closed in order to increase or decrease the pressure. The pump operates at a constant rotational
speed. For these experiments the PCHE is employed as a hot water/cold CO2 heater, with a dynamic pressure profile
being applied to the CO2 side. These dynamic changes represent the processes that occur during the start-up and shut-
down of a thermal energy storage cycle, as examined in the CEEGS project. The water inlet parameters remain constant

withY  pudBr T cEh pp Y 0A

RESULTS AND DISCUSSION

Fig. a depicts the pressure profile implemented at the CO2 side. The pressure is increased in 4 stages and decreased
in 6 stages with a minimum pressure of x& 0 0 ¢and a maximum pressure of ¢ ™ 0 @11 Cases can be evaluated
with 10 dynamic changes and 11 stationary points. The mass flow rate of CO: is found to decrease as the pressure
increases, and vice versa (see Fig. b). This is attributed to the constant rotational speed of the pump, which results
in a decline in mass flow rate when the pressure ratio is elevated. The higher pressure of the CO: results in an
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increased density, and thus a slight augmented temperature at the inlet of the heater. This, in combination with the
reduced mass flow rate, results in increased outlet temperatures (see Fig. ¢ and d), as less COz will be heated. This
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effect is reversed when the pressure on the CO: side is decreased.
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Fig. 1. Experimental results water/CO2 heater: a) Pressure profile CO2, b) Mass flow rate COz, c) Inlet and outlet
temperature water, d) Inlet and outlet temperature COx.

With the stationary data of cases 1-5 the Nusselt number correlation listed in Table can be tested.
correlation as well as the correlation by Seo et al. [10], is applied to both the CO:2 side and the water side. The
correlation by Li et al. [9] however, is only applied to the Gsodforthe
water side. Case 1 is the only transcritical case as the inlet temperature of CO2 is ¢ J0 for this case. Cases 2-5 are
supercritical ones, but with increasing distance from the critical point as the pressure increases. In order to test the
Nusselt number correlations the dynamic Simulink/Matlab model is utilised.

Fig. depicts the absolute and relative error (relative to the experimental outlet temperature) of the outlet temperatures
of both the water and CO: sides, when the constant Nusselt number of Hesselgreaves is used. The error on both
sides decreases with a higher distance to the critical point. While the relative error for the water side stays below 5
% for all cases, the relative error for Case 1 of the CO2 side reaches a value up to 30 %. The heat transfer is enhanced
close to the critical point, which is not represented by a constant Nusselt number such as Hesselgreaves. As the
distance to the critical point increases a constant Nusselt number satisfies the heat transfer.

Fig. 6 shows the absolute error on the CO: side for all three Nusselt number correlations listed in Table . The results
are similar for each correlaton,as t he errors are declining with di
correlation shows the lowest error values for all examined cases. The correlation of Li et al. exhibits similar values
for the transcritical case 1, but higher values for all other investigated cases. As the authors did not provide a validity
range for the Reynolds number, the correlation might as well be only valid for turbulent cases. The correlation of Seo
et al. [10] leads to the highest errors. The authors developed the correlation for water, which is evident when
examining the high error values of case 1. With higher distance to the critical point, the correlation leads to better
results, but overall showing higher values than the error valuesobt ai ned wi t h
three examined correlations lead to strong derivations from the experimental results on the CO: side.
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Fig. 2. Absolute and relative error of outlet temperatures
applying the Hesselgreaves correlation in comparison to
experimental values.

Fig. 6. Absolute and relative error of outlet temperature of
CO: for three tested Nusselt number correlations.

CONCLUSIONS

The experimental results show a decreasing mass flow rate for increasing pressure on the CO: side due to the constant
rotational speed of the pump. This results in a diminished heat transfer and, therefore, higher temperatures at PCHE
outlet. The effect can be reversed when the pressure is decreased. With the existing Nusselt number correlations the
simulation results differ strongly from the experimental results. Especially close to the critical point the errors are high
on the CO: side. For more precise simulation results, a Nusselt number correlation needs to be developed for CO:2 flow
near the critical point in the laminar-flow regime.
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ABSTRACT

The widespread deployment and utilization of intermittent renewable energy sources (e.g., wind, PV) within energy
systems for a year-around supply of base and peak load electricity is constrained by the lack of suitable large-scale
energy storage technologies. While technologies targeting hourly and daily mismatches between demand and supply
of renewables exist today, capable technologies for long-term or seasonal storage of energy (weeks/months) are not
available yet. The novel CO2-based Electrothermal Energy and Geological Storage (CEEGS) system makes use of
transcritical CO2 cycles in a reversible heat pump setup, allowing for the large-scale, long-term storage and
production of renewable energy through storage and retrieval of the working medium CO:z in and from underground
geological formations. This contribution assesses the CEEGS energy storage concept within national infrastructure
and energy systems for different renewable sources and scenarios. Applying thorough multi-criteria decision
analyses (MCDA) for the specific national scenario of Germany, potentially ideal CEEGS deployment sites and
regions alongside suitable storage formations (salt caverns) are obtained. The study compiles crucial deployment
information, bringing together core information of the surface and subsurface system components for the first time.

Keywords: Energy storage, Transcritical CO2 cycles, Subsurface CO:2 storage, Multi-criteria decision analysis, GIS

INTRODUCTION

The transition of the European energy system towards a predominantly renewable production system [1] is
continuously replacing conventional fossil-based means of energy supply by a variety of low-emission electricity
generation technologies [2]. In the case of Germany, 59.4 % of the total electricity production (431.5 TWh) in the year
2024 was already covered by renewable sources, with production from wind, PV, and other renewables (hydropower,
biomass, etc.) accounting for 31.4 %, 13.8 %, and 14.2 % of the total production, respectively [3]. The conventional
production of electricity was, in turn, clearly dominated by gas- and lignite-fired power plants. Within the same year,
Germany exhibited a threefold increase in its electricity import surplus from 9.2 TWh in 2023 to 26.3 TWh in 2024
[3]. However, the ever-increasing share of renewables in Germany and the EU will ultimately lead to an increasing
temporal/seasonal mismatch between electricity production and demand in the upcoming decades, which cannot be
compensated for by additional imports and exports or demand-side management strategies. As a consequence,
large-scale carbon-neutral energy storage systems must be implemented to compensate for the unpredictable
intermittency of renewabl e sources [4] and to fully
decarbonization. Electrothermal energy storage technologies involve the reversible conversion of renewable
electrical energy into thermal energy, providing electricity, heating, and cooling and thus acting as a trigeneration
system [5]. The CEEGS energy storage concept ("Novel COz-based Electrothermal Energy and Geological Storage
System") as depicted in Fig.1 consists of a Carnot battery formed by transcritical CO: cycles and thermal storage at
different temperature levels, ranging from hot water to ice [5].

Carbon
Capture

Renewable 1 ‘—‘

Source coz reservoir

Discharging
Carbon Phase
Cap(ure

LT-TES
Fig. 1. Conceptual scheme of the basic CEEGS configuration with a two-well subsurface setup.
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Employing CO2 as a working fluid allows the system to integrate captured CO:2 storage in subsurface geological
formations, such as salt cavities or porous aquifers [6],[7]. The depicted surface-components of the transcritical CO2
cycle comprise a heat pump for the charging phase (left part in Fig. 1) and a thermal engine for the discharging phase
(right part in Fig. 1). During the charging process, renewable electrical energy is used to compress CO2 (supplied by
suitable industrial emitters) and the resulting compression heat is stored as thermal energy. The thermal energy is
stored as sensible heat on the high-temperature (HT) side (through heat exchanger HT-hx and the warm water
storage) and latent heat on the low-temperature (LT) side (through LT-hx and cold ice storage). In the discharge
phase, the thermal energy previously stored is utilized to generate electricity. The subsurface store is the central
interface that connects both processes (charge and discharge cycle) with each other. The compressed CO: (charging
cycle) is stored in a subsurface storage (porous aquifers or salt caverns) and is retrieved or back-produced from the
reservoir at high pressures (discharge cycle) when required. Within this contribution, MCDA studies are conducted
to assess the potential deployment of the CEEGS energy storage concept in conjunction with salt cavities as large-
scale CO:2 gas storage for Germany, acting as a European reference region. Utilizing of a large array of
georeferenced datasets, the best potential deployment sites for CEEGS systems and their respective subsurface
stores were determined following the most relevant selection criteria from technical, social, environmental, and
economic viewpoints similar to [8]. Crucial information of potential land requirements, local renewable production
and installation potential, site-specific subsurface storage conditions and localized renewable time series, is obtained.
The derived data is a crucial prerequisite to specify further the subsurface storage process as well as the CEEGS
system design and its operation under fluctuating conditions within a regional and seasonal energy storage context.

METHODOLOGY

MCDA is a powerful framework used for evaluating and comparing multiple assessment alternatives (e.g., technologies,
deployment regions) that involve conflicting objectives, especially in complex decision-making scenarios comparable to
those found in the case of deployments of the CEEGS storage concept. It helps to assess how single or multiple
engineering options perform across or interact with various regional dimensions and characteristics, such as
environmental, economic, social, and technical criteria. The potential CEEGS deployments are intended as long-term
energy storage options for fluctuating renewables (PV/wind), providing sufficient capacities for residual load provision
during longer discharge periods (weeks to months) and thus addressing seasonal variations in renewable electricity
production, as well as heat and electricity demand. The following renewable supply schemes were studied: (1) supply
by PV, (2) supply by wind, and (3) combined supply by PV and wind power plants. Based on the selected MCDA criteria
and supply schemes, ideal deployment sites for CEEGS systems (suitability maps) are determined i sites with the
highest value scoring and suitable storage infrastructure, as well as with sufficiently large areas for renewable
generation capacities in their vicinity. Furthermore, specific surface areas are computed for the identified centralized
CEEGS deployment clusters (CEEGS system site and storage site). The employed methodology and workflow of the
conducted MCDA is depicted in Fig. 2.

Definition of criteria (technical,
social/environmental, economic) Information on subsurface
domain (locations, depth, etc.)

| Data collection & processing |

l

| Assignment of value scores (0-5) |

Definition of Weights
| Local PV and wind | | Local mean

| Weighted overlay of criteria | | Exclusion of restricted areas | generation (h) storage depth (m)

Rated areas with locations Exclusion areas with locations Land requirements
(renewable potential)

3
| Consolidation of areas |

Fig. 2. Applied MCDA and general study workflow.

Suitable deployment sites/clusters

A total of 21 technical, social/environmental, and economic criteria were chosen for the selection of optimal deployment
sites of the CEEGS system (based on point, vector, polygon, raster, and other associated datasets):

A Technical (wind speed, direct normal irradiation, terrain slope, terrain elevation),

A Sociallenvironmental (population density, distance from populated areas (buffer), distance from water bodies
(buffer), distance from airports (buffer), distance from protected areas (buffer), land use), and

A Economic (distance from airports, main roads, rail network, gas grid, existing developed caverns, transmission lines,
transmission grid vertices, renewable power plants, CO2 emitters, subsurface formations, and populated areas).

The assessment criteria data layers (GIS data) are normalized (value scores from 0 to 5) and then weighted with
previously defined criteria weights (technical: 0.3; social/environmental: 0.2; economic: 0.5) and summed to form a
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weighted criteria overlay. Additionally, restricted areas (e.g., populated areas with built environments, nature protection
zones, military training areas, etc.) are merged into compound exclusion zone layers, consolidating areas where a
technology deployment is prohibited and therefore excluded. Consolidating the rated areas and exclusion zones yields
a suitability map for each scenario, with a suitability score ranging from 0 (not suitable) to 5 (exceptional suitability). The
retrieved suitability map is then further consolidated with additional information on the subsurface domain (location,
depth, volume of undeveloped and developed salt cavern spaces) to identify suitable sites for CEEGS systems and
corresponding storage sites (salt formations/salt cavities), which are subsequently referred to as deployment clusters
(CEEGS and storage site pair).

RESULTS AND DISCUSSION
Salt formations and cavities

To further substantiate the locational information on salt structures provided by the INSpEE dataset [9], an in-depth
assessment of the TUNB 3D model of the North German Basin [10] was carried out, to obtain additional information
on the depth, elongation and volume of undeveloped salt formations. This information is crucial for determining the
characteristics of the subsurface storage operation of the CEEGS system and for identifying potential storage
locations with sufficient information to enable a robust site selection methodology. Salt structures with retrievable
information on depth (in m) and volume (in km?) are presented in Fig. 3 with red markers, while developed salt cavities
are indicated via blue markers. Onshore salt formations and their locations are employed as seed locations for the
site selection algorithm.

Salt formations in Northern Germany/the North Sea
(with matched depth and/or volume information)

56
70 _733 N (
- :K :Z’j"\ Y %-B A~ N
2% N RY S~
e AN e &

S IR (PR~ A S

Salt structure data for Northern Germany (onshore)
and its respective North Sea EEZ (offshore):

Salt structures from Inspee dataset

Salt structures from TUNB 3D model
O  (with information on depth and/or volume;
centroids of the 3D formation models)

Latitude

Existing commercial salt cavern stores
O  (with information on storage volume;
depiction of exact storage locations)

) 6 8 10 12 14
Longitude

Fig. 3. Identified potential salt formations for CEEGS deployment in Germany (light blue), including potential sites with
depth/volume information (red) and developed commercial cavities (dark blue) based on [9], [10].

Weighted compound value scores and deployment site clusters

The resulting compound value scores for the regional scenario of Germany and case 2 (wind only; many potential
sites) are depicted in Fig. 4 (left), with compound value scores equal to or below 3 (poor suitability) displayed as grey
areas, reflecting areas in which a deployment of the CEEGS system is not advised. Yellow areas indicate constrained
suitability (3.0 < s <= 3.5), orange areas moderate suitability (3.5 < s <= 4.0), red areas good suitability (4.0 <s <=
4.5), and dark red areas very good suitability (4.5 < s <= 5.0). A comparison of the assessed cases is given in Table
1.

Table 1. Determined suitability areas according to the applied value scoring classes.

Scoring classes Limits Area (km?) case 1 Area (km?) case 2 Area (km?) case 3
Very good suitability 45<s<=50 53.5 2529.0 171.9

Good suitability 40<s<=45 4879.9 36651.5 12939.4
Moderate suitability 35<s<=40 64008.7 79476.8 77989.0
Constrained suitability | 3.0<s<=3.5 120301.1 80076.6 111553.6

Poor suitability 15<s<=3.0 83330.6 73924.1 70013.0

Not suitable/excluded 0<s<=15 6123.8 6039.6 6030.6
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Fig. 4. Weighted compound value score (left) and determined CEEGS deployment clusters (right) of case 2 (wind only) for

Germany.

The site selection methodology employed for the identification of the optimal CEEGS deployment sites (Fig. 4 (right))
is based on the following workflow: (1) preparation/vectorization of seed locations, (2) vectorization of identified areas,
(3) seed location vicinity check, (4) calculation of minimum distance of each seed location to the next seed/storage
location, and (5) circular deployment clusters are established.

CONCLUSIONS

Case 2 (wind supply only) exhibits the highest potential with respect to the good (36651.5 km?) and very good (2529.0
km?2) scoring areas and the number of CEEGS cluster pairs. The distribution of the highest-scoring regions clearly
follows the geographical distribution of the wind speed as the leading criterion. At the same time, the southern part of
the country is devoid of potential well-scoring areas and sites. The outcome of the scoring, therefore, is clearly influenced
by the weighted impacts of the wind speed and the occurrence of suitable subsurface spaces in Northern Germany.
Case 3 (PV and wind supply) falls between Case 1 and Case 2 in terms of overall scoring performance. The assessed
case exhibits the same prevalence as the other two cases, with total potential deployment areas of 171.9 km2 and
13,939.4 km?2 for the very good and good suitability scoring classes, respectively. Sole supply by PV (case 1) is not

advised based on the MCDA results.
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ABSTRACT

The utilization of renewable energy requires the implementation of large-scale energy storage technologies. Within
the framework of the CEEGS (CO2-based Electrothermal Energy and Geological Storage) project, a transcritical CO2
Rankine pumped thermal energy storage system is proposed without and with the inclusion of CO2 geological
storage. In the current work, the steady-state performance of the system without CO2 geological storage is analyzed,
using parametric sensitivity analysis, when using hydrate slurries as the cold thermal energy storage medium with
freezing points higher than the corresponding of ice. The results are compared against cases found in literature, of
the same system using ice or ethyl-alcohol water solution with the latter having freezing points lower than ice. Results
indicate that, in terms of the round-trip efficiency the maximum value of 46.90 % is reported for the system using ice,
while for higher (hydrate slurries) or lower (ethyl-alcohol water solution) freezing temperatures the round-trip
efficiency decreases to a minimum value of 45.41 % and 44.90 % respectively. The presented outcome, can help
understand the effect that the cold thermal energy storage media have on the round-trip efficiency and identify the
operating conditions leading to its optimal value.

Keywords: Energy storage, transcritical COz2, steady-state modeling, hydrate slurries

INTRODUCTION

The use of renewable energy (RE) within the global energy mixture based on recent estimates, by the International
Energy Agency (IEA), is projected to increase significantly [1]. In contrast, fossil fuel utilization is expected to drop by
2050 to 58 % [1]. Widespread RE utilization, and mainly solar or wind energy, will require the expansion of energy
storage (ES) solutions to tackle the issue of RE intermittency, as well as seasonality. Currently, there are various ES
technologies developed and implemented, at different levels of maturity, with pumped hydro energy storage (PHES)
and compressed air energy storage (CAES) focusing on large-scale ES applications [2]. Recently, another large-
scale ES method that has been the focus of increased interest, the Rankine pumped thermal energy storage (PTES)
method, otherwise referred to as electrothermal energy storage (EES), is based on transcritical CO2 (TCOz) cycles
namely, a heat pump (HP) vapor compression cycle and a heat engine (HE) power cycle. In this concept, first
presented by Mercang6z et al. [3], TCO: is used as the working fluid of the HP and HE cycles, while water is used
as the hot thermal energy storage (TES) medium and ice as the cold TES one with reported round trip efficiency (dr-
1) between 51 % and 65 %. More recently, the scope of the TCO2 Rankine PTES system, has been expanded to
encompass the geological storage of CO2 with identified dr-t of 39.1 % and 49.6 % in the cases without and with the
inclusion of CO2 geological storage respectively [4]. The latter novel concept, has been the central point of the
research conducted within the CEEGS project, a European Union Horizon research project [5]. Within the framework
of this project, Kyriakides et al. [6] developed the steady-state mathematical model of the CEEGS system without the
inclusion of CO:2 geological storage implementing a parametric sensitivity analysis (SA) methodology to study and
analyze its performance (max dr-t - 46.90 %). Furthermore, different cold TES media instead of ice with reduced
freezing points wer e us erd Theoesudts shodvgd prodressively loavér flrer caluestowards h e g
lower freezing points. Stoikos et al. [7], investigated the performance of the system under both formats, without and
with the inclusion of CO:2 geological storage, applying a steady-state optimization methodology to identify the
geological storage conditions that lead to the optimal dr-t. In the latter CEEGS format, under the optimal conditions
an dr-t of 67.39 % was found. The current work, broadening the scope of the research conducted by Kyriakides et
al. [6], will focus on the study of alternative cold TES media with freezing points higher than the ones of ice. Namely,
we examine hydrate slurries (HS), and evaluate the performance of the system in comparison to: (i) the base case
using ice and, (ii) the one with freezing points lower than that of ice. As a result, useful conclusions on the choice of
alternative cold TES media and the operation conditions of the system will be made which will enhance the
understanding of the performance of the system. In the second section, the system and model description will be
provided, while in the third one the methodology that was implemented will be described. Next, the main results will
be shown and analyzed, while in the last section the conclusions will be presented and future work will be discussed.
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SYSTEM AND MODEL DESCRIPTION

The CEEGS system consists of two phases, namely, (i) the charge phase executed through the use of a TCO2 HP cycle
and (ii) the discharge phase, executed through the use of a TCO2 HE cycle. During charging, RE is converted into
thermal energy which is stored in the hot and cold TES media, while during discharging the thermal energy is converted
back into electric to satisfy the demand. TCO: acts as the working fluid for the two cycles, while water and ice (ice slurry)
act as the hot and cold TES media, respectively. The steady-state mathematical model of the system (Fig. 1), has been
developed in Aspen Plus v11 [8] and it can operate under two configurations. Under the first configuration, the HP and
HE cycles operate as closed loops, forming an above surface system, while under the second one the HP and HE
cycles operate as open loops with the inclusion of a below surface CO2 geological storage system. In the latter format,
the CO2 enters the HP cycle from an external source at stream A and exits at stream B entering well A. During the HE
cycle, the CO:2 exits well A, carrying potentially some added geothermal energy, at stream C and flows out of the cycle
at stream D at a secondary well B. In the second configuration, the blocks enclosed by the orange rectangle (see Fig.
1) are not operational. Well A and well B constitute part of a porous medium subsurface reservoir [7], however a different
geological formation can be used instead like salt cavities [9].

0] (it)
Fig. 1. Flowsheet of the CEEGS model: (i) Charge phase (HP), (ii) Discharge phase (HE) [6]

METHODOLOGY

In the current work, the CEEGS system without the inclusion of CO2 geological storage will be studied and its
performance will be analysed, when operating with different cold TES media. Kyriakides et al. [6], implemented
parametric SA methodology to identify the operating conditions of the CEEGS system which lead to the optimal dr-T,
using ice and an ethyl-alcohol water solution in the form of ice slurry. The latter was studied for three different
compositions of the additive, leading to progressively lower freezing points than the one of ice. Now, the same
methodology will be applied, to study the effect of cold TES media, namely HS, with higher freezing points than the one
of ice. Then, the results will be analyzed and compared with the ones presented by Kyriakides et al. [6], and useful
conclusions will be derived in terms of the operation conditions that lead to higher dr-t, as well as, the selection of the
optimal cold secondary fluid. The steady-state mathematical model that was developed was validated against the one
by Kyriakides et al. [6]. The decisions variables selected for the SA are the maximum pressures of the HP and HE
cycles (Php High/PHE High), With boundaries from 160 bar to 220 bar, with the minimum pressures of the two cycles
(PHp.Low/PHE Low) remaining fixed. The minimum pressures are fixed since the phase change temperature at EVA1 and
CONBZ2 respectively, needs to remain stable to match the one of the cold TES medium. Finally, the temperature of the
CO: at stream 3 of the HP cycle and the temperature of the cold water at stream LTW1 remain fixed at 32 °C and 23
°C respectively since the former needs to remain at supercritical state while for the latter that is an approximate
temperature at standard atmospheric conditions. The performance of the system is evaluated using efficiency of the HP
cycle, due (Eg. (1)), the efficiency of the HE cycle, due (Eq. (2)) and the dr-1(EQ. (3)).

- 0 0 7o @ (1)
- ) ) 70 0 2)
- & o To & Q TQ 3)
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RESULTS AND DISCUSSION

Hydrates are ice-like, crystalline, inclusion compounds consisting of a hydrogen-bonded network of water molecules
that form three dimensional cages inside which guest molecules (e.g., CO2, CHa) of appropriate size can be encaged.
Hydrate formation occurs under appropriate thermodynamic conditions (i.e., high pressures and/or low temperatures)
[10]. Three different groups of HS were chosen for evaluation with progressively higher freezing points than the one
of ice (0 °C). The results of the parametric SA are presented in Table 1. At the same table, the main results of the
parametric SA conducted by Kyriakides et al. [6], with regards to the evaluation of the system when ice and ethyl-
alcohol water solutions are used as cold TES media are presented. With regards to optimal dr-t of the system, with HS
as the cold TES medium, it is observed that moving towards higher points of freezing temperature, the dr-t decreases
from 46.02 % at 1 °C, to 45.8 % at 2 °C and finally to 45.41 % at 3 °C. Similarly, the same pattern is observed for the
dre, starting from 0.082 to 0.078 and finally 0.073 respectively. In contrast, the d4er moves towards an opposite direction
starting from 6.1 to 6.36 and then to 6.73 respectively. In terms of the maximum and minimum pressures of the cycles
moving from lower to higher dr-t, the low pressures (Pup Low/PHELow) decrease while the high pressure (Pup High/PHE High)
increase.

Comparing the results with the ones of the other cold TES media by Kyriakides et al. [6], a clear pattern emerges with
the maximum dr-t reported with ice as the cold TES medium at O °C, where as moving either towards lower or higher
freezing points the dr-t decreases. dur and due, move to opposite directions. The dup starting at 6.73 at 3 °C
progressively decreases with decreasing freezing point achieving a value of 4.41 at -20.19 °C while the dre starting
at 0.073 at 3 °C progressively increases achieving a value of 0.116 at -20.19 °C. The aforementioned reported
behavior for the three efficiency metrics can more clearly be depicted in Fig. 2. Finally, in terms of the minimum and
maximum pressures, the former retain the same pattern as previously mentioned both moving towards lower values
with decreasing freezing temperature, while the latter achieve their highest values for the optimal dr-t of 46.90 %.
For Pup,High, for either an increase or decrease of the freezing point compared to 0 °C, its value reduces while for
PHe High for freezing points lower than 0 °C, its value remains stable at 220 bar.

Table 1. Parametric SA results (i) HS (current work) (ii) ice and ethyl-alcohol water solution [6]

No. Cold TES Medium FIEad T | P | oo | Prrwin | Breron | e | due | dor 0)
1 3 34 42 160 160 6.73 | 0.073 4541
2 HS 2 33 41 172 172 6.36 | 0.078 45.8
3 1 32 40 180 186 6.1 0.082 46.02
4 Ice 0 30 37 214 220 5.45 | 0.095 46.90
5 -4.47 26 33 202 220 5.16 | 0.100 46.51
6 Ethyl-alcohol water solution -11.04 22 29 194 220 482 | 0.107 45.99
7 -20.19 16 23 168 220 4.41 | 0.116 44.90

CONCLUSIONS

In the current work, parametric SA was conducted on the steady-state mathematical model of the CEEGS system
without the inclusion of CO:2 geological storage using HS as cold TES media. The results were then analysed and
compared against the results by Kyriakides et al. [6], where a similar analysis was conducted using instead ice and
ethyl-alcohol water solutions as cold TES media. The purpose of the work was to understand how the use of cold
TES media with freezing points higher (HS) and lower (ethyl-alcohol water solutions) than ice (0 °C) affect the
performance of the system, with the main focus being on the dr-t evaluation metric. The results showed, that the
maximum dr-1, iS achieved using ice as the cold TES medium (46.90 %), while moving to higher (HS) or lower (ethyl-
alcohol water solutions) freezing points, the dr-r decreases, from 46.02 % to 45.41 % and from 46.51 % to 44.90 %
respectively. With regards to the dne and the dre, the two metrics move to opposite directions from 4.41 at -20.19 °C
to 6.73 at 3 °C and from 0.073 at 3 °C to 0.116 at -20.19 °C respectively. Finally, with regards to the minimum
(PHP,Low/PHE Low) @and maximum (Pp High/PHe High) pressures for which the optimal dr-t is achieved for each cold TES
medium, the former move to lower values as the freezing point decreases while for the latter they achieve their
maximum value for ice. In conclusion, the results presented, can help understand how the selection of the cold TES
medi um based on its fr eezdArwofghe systempaadwhdt are tbe opefafiop aonditions fore
each case that lead to the optimal dr-1. Future work, will seek to understand and explain in depth why the dr.t achieves
a maximum value for a cold TES medium with a freezing point of 0 °C, under the specified system input conditions
and how these conditions might affect it.
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ABSTRACT

Aluminum alloy complex structures were hereby tested as internal fins for encapsulated phase change materials in
terms of thermal performance. These cast heat transfer enhancers were meant to be utilized to facilitate both heating
and solidification stages. Firstly, polylactide patterns were 3D-printed by fused deposition modeling and then replicated
with the chosen metal alloy by investment casting. Charging-discharging curves were compared for branched solid fin
and the one with lower mass due to the addition of fine perforations within the structure. Tests revealed that these

orfces di dnét affect melting in a negative manner, |ightwe

should be taken into account for precise manufacturing, as well as potential protective coatings for increased durability,
especially in more harsh PCM enivronments.

Keywords: latent heat storage, heat transfer enhancers, tree-like structures, investment casting, phase change
materials

INTRODUCTION

Researchers worldwide [1-6] pointed out multiple heat transfer enhancement techniques in phase change materials
(PCMs) in latent thermal energy storage (LTES) units, such as: variously shaped fins, honeycombs, metal foams,
heat pipes, metal or carbon fillers, encapsulation of PCMs or using them in a cascade way and double combinations
(e.g. fins and nanopatrticles, fins and metal foam, metal foam and heat pipe, metal foam and nanopatrticles).

Metal structures immersed in PCMs can significantly facilitate phase transition, mainly due to the conduction-driven
heat transfer mechanism. Among possible shapes, tree-like structures were proven to be more efficient for thermal
cycling than regular rectangular fins of equal mass, dissipating heat more evenly and additionally enhancing
convection [7-10]. Various geometrical factors can be considered during topological optimization of branched shapes
(e.g. bifurcation angle, scale, material, width-to thickness ratio, fin length ratio, branch levels, number of branches [7,
8, 11]. Application of these metal structures as heat transfer enhancers within LTES units can improve both the
solidification and melting rate resulting in shortened working cycles. Combining this solution with PCMs encapsulation
with metallic shells is believed to lead to the synergy effect.

Thi s wor kos mai n aim is t o -likeevcast inserts e(solid rel perfordted)uoa iPCM
macrocapsul esd ther mal performance. Two designs of Ti
with and without additional perforations. Moreover, it applies to a method for precise manufacturing of such heat

transfer enhancers with speci al emphasis on the casti

MATERIALS AND METHODS

Two techniques were hereby jointly utilized to fabricate cast Al-based internal fins for PCM macrocapsules: 3D-printing
(FDM, fused deposition modelling) followed by investment casting from AIMg3 alloy. Prusa i3 MK3S was used as 3D-
printer for Fiberlogy Easy PLA (polylactide) filament. In this process, polymer pattern is firstly prepared, allowing for the
creation of plaster mould on its basis. Afterwards, such mould is being subjected to the burn-out cycle with the maximum

temperature surpassing 700AC. Pol ymer model is removed f

with the chosen casting alloy. For macroencapsulation, commercial Al cans were used as shells. A favourable tree-like
cross-section, chosen among others in the previous studies by the means of numerical simulation in FLOW 3D
programme, was further adjusted by adding fine orifices within the outer branches, thus lightweighting the enhancer.
These solutions were compared experimentally during charging-discharging cycles. Microscopic observations were
conducted with the microscope NIKON Eclipse MA 200. Test stand for thermal cycling was composed of a thermally
insulated cylindrical tank in which 2 Al macrocapsules were immersed (composite PCM with internal fins: tree-like or
perforated tree-like ones). Unit was filled with water and charged by heating from below by a plate electric heater. Tests
were realized in the temperature range of 25-90°C. According to its high stability and safety, paraffin RT-82 (Rubitherm)
was chosen as the PCM filling macrocapsules. Temperature in each of the macrocapsules was measured with type T
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thermocouples (one per each capsule, located in a previously identified coldspot). Dimensional accuracy of the
manufacturing process will be further assessed in relation to the design by 3D-scanning method (SHINING 3D® Einscan
SP V2 3D scanner and e.g. GOM Inspect software).

RESULTS AND DISCUSSION

Base shape, further adjusted with perforations of outer fins, was previously established by comparative numerical
simulation for different conditions (AlSi7Mg for fins alloy and TBAB (tetra-butyl ammonium bromide) as PCM). PC M6 s
coldspot was identified as a point directly between branches and therefore it was used to reveal the most optimal
geometry. Among 5 tested shapes, insert type 4 exhibited good melting performance and allowed to eliminate the
cold spots faster that other considered structures (see Fig. 1). The finally selected structure possesses a branch level

of 3 with inner branches of the lowest length with sufficient fins thickness ensuring proper manufacturing (avoiding
misruns) without a redundant increase of the volume of the metal structure within the PCM deposit.

FLOW:30

o 12 B B Y
Pa B B o P

L. insert_1 L insert_2 L insert_3 L insert_4 insert_5

Fig. 1. Comparative simulation of temperature distribution after 800 s of heating of enhanced LTES unit with five
types of inserts (AlSi7Mg for fins alloy and TBAB (tetra-butyl ammonium bromide)

For proper casting, special protrusions had to be added to the inserts to allow for an easy connection with the gating
system and at the same time to facilitate cutting of the final part after casting. 3D-printing was performed correctly,
with only some more stringing present mainly for the perforated tree-like structure (further removed with hot air).
Although investment casting offers very high precision during replication of patterns (see Fig. 2), it has to be also
taken into account that melting of the material occurs two times during the production, resulting in a noticeable
shrinkage. 3D-scanning can be proposed as one of the techniques to amend this issue and will be further considered.
To obtain a more accurate part, design should be adequately rescaled before further printing to compensate for the
shrinkage. Proper fitting of internal fins to the shell is crucial, as too big of a gap limits the heat transfer severely.
Layered texture originating from the 3D-printing method can be seen in Figure 3, being directly transferred from the
polymer model to the metal part. Such surface development can be also beneficial for heat transfer as it greatly
increases the specific surface area.

Fig. 2. Polymer (PLA) patterné of the left andAIMgS castings on the right i solid and perforated options
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= ==

p— |
Fig. 3. Visible layered texture of the pattern originating from FDM 3D printing i a) side view, b) top view

Figure 4 presents thermal cycling curves for the tested options. No significant deviations between temperature vs
time dependences for the analyzed macrocapsules were observed, with only a difference of 2 min in time to full
melting of the PCM (~2%). Beneficial influence of metallic internal fins on thermal performance of PCM-based units
lies mainly in conduction-driven heat transfer mechanism. Presence of fine orifices located inside the outer branches
of the tree-like structures is believed not only to lightweight the casting but additionally to promote also the convection
within the PCM deposit enhancing its mixing and facilitating phase transition. Increased heating and solidification
rate may adapt the TES unités efficiency to the possible
with waste or renewable heat. Analyzing dT/dt, it can be concluded that these rates are comparable, with maximum
increase of 0.15 °C/s for solid branched fin and decrease of 0.37 °C/s for the perforated option. It should be added,
that If a more corrosive PCM is used then application of protective coatings such as PEO (plasma electrolytic
oxidation) layers should be considered to ensure the desired durability.

——water ——branched fin ——perforated branched fin
100
90
80
70
60
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40
30

Temperature [°C]

20
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0
00:00:00 03:00:00 06:00:00 09:00:00 12:00:00

Time [hh:mm:ss]

Fig. 4. Exemplary charging-discharging cycle for Al macrocapsules with solid or perforated branched cast internal
fins

CONCLUSIONS

The main conclusions drawn are listed in the following points:

1 Two combined manufacturing methods (FDM 3D printing and investment casting) allow one for creation of
complex shaped, easily customized, thermal enhancers for PCM macrocapsules, although these structures
should be topologically optimized (e.g. by CFD analysis) in terms of heat transfer and rescaled to meet the
assumed dimensions after processing shrinkage,
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1 Additional perforations in branched inserts may be added to the fins to reduce the weight of the structure and
presumably allow for convection mixing without impairing the heating rate during cyclic work in relation to solid
tree-like inserts that usually increase the efficiency of PCM deposits mainly by conductive heat transfer through

metal fins.
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ABSTRACT

Accelerating climate change and rising greenhouse gas emissions demand clean energy pathways to carbon
neutrality. Hydrogen is a carbon free energy carrier, and alkaline water electrolysis(AWE) is promising for large scale
production due to technological maturity and cost. But, gas evolution bubbles accumulate on electrodes, shrinking
the effective active area and degrading performance. We develop a physics based framework for predicting AWE
performance at the design stage. The model decomposes cell voltage into open circuit, activation, ohmic and
concentration terms; incorporates temperature, electrolyte saturation and charge transfer coefficients. Bubble effects
are quantified by mapping CFD resolved bubble coverage to a reduction of effective active area within a Simulink

electrochemical model. Validation against polarization data at 35~53.5 AC shows the framework reproduces the near

linear ohmic region, high current behavior where bubbles elevate voltage with small residuals at the highest current
densities. The framework yields realistic, provides a coherent basis for optimizing materials, operating conditions and
geometry while explicitly accounting for multiphase effects.

Keywords: Alkaline water electrolysis, CFD, Bubble coverage

INTRODUCTION

The world is facing a serious environmental crisis due to climate change and increased greenhouse gas emissions,
and accordingly, it is urgent to convert clean energy to realize carbon neutrality. Hydrogen is attracting attention as
a representative carbon-free energy source that can replace fossil fuels, and alkaline water electrolysis (AWE) in
particular is evaluated as a promising method for large-scale hydrogen production in terms of technological maturity
and economic feasibility. However, the accumulation of air bubbles on the electrode surface that occurs in the actual
operating environment causes a decrease in the reaction area and a decrease in electrochemical performance, which
is a major cause of efficiency.

Reducing the power intensity of hydrogen production requires a model that can accurately predict the electrochemical
performance of alkaline water electrolysis (AWE) already at the design stage. At a given current density, the cell
voltage directly sets the specific electricity consumption per unit hydrogen produced; accordingly, models must
systematically account for the contributions of activation, ohmic, and concentration overpotentials and their sensitivity
to operating conditions such as temperature, electrolyte composition, and flow conditions. In parallel, gas evolution
generates bubbles that diminish the effective active surface area and introduce nonuniform electrolyte/gas
distributions near the electrodes, adding resistive pathways; bubble dynamics therefore constitute a key multiphase
phenomenon for any realistic AWE performance prediction.

Existing OD/1D electrochemical models offer rapid prediction of polarization (ii V) behavior but cannot adequately
capture spatially heterogeneous effects such as bubble accumulation and coverage in the vicinity of the electrodes.
Conversely, two-dimensional computational fluid dynamics (CFD) can resolve local flow fields and bubble coverage,
yet it is difficult to consistently integrate electrochemical pathways -electrode reaction kinetics and ionic conduction
through the diaphragm/membrane- within such purely fluid-dynamic frameworks. Moreover, the quantitative impacts
of physics-based variables on the overpotential terms-separator electrolyte saturation.
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Fig. 1. AWE Cell in Simulator [1]

MODELING

To quantitatively capture real operating behavior of alkaline water electrolysis(AWE), we propose an integrated
simulation framework that couples a MATLAB/Simulink electrochemical sub-model with a two-dimensional
computational fluid dynamics(CFD) sub model. The Simulink model first predicts the cell voltage-current response under
varying operating conditions by accounting for electrode kinetics, ionic transport and ohmic losses. The CFD analysis
then resolves the near electrode multiphase flow to compute local bubble accumulation and the resulting bubble
coverage distribution on the electrode surface. The computed coverage is translated into a reduction of the effective
active area and fed back to the Simulink model, thereby quantitatively incorporating bubble induced performance losses
into the voltage prediction. This loosely coupled workflow enables more realistic AWE cell behavior prediction in the
presence of gas evolution and supports design variable optimization and operating strategy development.

%10

Nvge w Cm 107 m
Fig. 2. AWE model in Simulink Fig. 3. Bubble dispersion phase of cell
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EQUATIONS AND PARAMETERS

The cell voltage are as follows
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The following is the AWE parameter, which was used to calculate the equation within simulink.
Table 1. AWE Parameters [2]
Value Signification
Ae 300 cm? Active surface area of electrode
lan/cat-s 0.125 cm Electrode-Separator gap

Ue 0.2cm Thickness of electrode

G 3.65 Tortuosity of electrode

G 0.3 Porosity of electrode

dunrcat 0.045 cm Thickness of bubble zone
gGc,an, 4G cat 80,510 kJ/mol Activation energy

As 300 cm? Active surface area of electrode

Us 0.05cm Thickness of separator

a 2.18 Tortuosity of separator

G 0.42 Porosity of separator
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RESULTS AND DISCUSSION
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Fig. 4. Comparison of model and Experimental values [3]

[Fig. 4.] compares experimental polarization data with model predictions at 35°C, 45°C, 53.5°C. At a fixed current
density the voltage follows 35°C > 45°C > 53.5°C, evidencing a clear voltage reduction with increasing temperature.
Thos trend is consistent with enhanced kinetics and higher ionic conductivity, which lower activation and ohmic
overpotentials. Beyond roughly 50 mA/cm? , the curves become near linear, and the slope (dV/dj) decreases with
temperature, indicative of an ohmic dominated regime with temperature dependent conductivity. The model
trajectories closely track the experimental markers over the full range; a minor under prediction (model voltage <
experiment) emerges toward the high current end, plausibly due to residual uncertainty in bubble induced active area
loss and temperature dependent diaphragm conductivity. Collectively, the framework captures the temperature
sensitivity and regime transitions of the I-V response, supporting reliable performance prediction under high current
operation

CONCLUSIONS

This study presents a physics-based model that incorporates key design variables to predict the electrochemical
performance of Alkaline water electrolyzers at the design stage. At a given current density, a higher cell voltage implies
greater electrical energy consumption per unit hydrogen produced, thus lowering system efficiency. In constract,
increasing temperature improves reaction kinetics and ionic conductivity, thereby reducing activation and ohmic
overpotentials and increasing cell efficiency. The membrane electrolyte saturation(wets) -the fraction of separator pores
filled with electrolyte- expands ionic conduction pathways as it increases and therefore mitigates the ohmic

overpotential. Furthermore, larger charge-transfer coefficients(san, 5cat) lower the effective kinetic barrier and reduce

overpotential, an effect that becomes especially pronounced at intermediate to high current densities. The proposed
model provides a coherent framework to quantify how these variables shape the performance of alkaline water
electrolysis.

ACKNOWLEDGEMENT

This research was supported by the Korea Institute of Energy Technology Evaluation and Planning (KETEP) and the
Ministry of Trade, Industry and Energy (MOTIE) of the Republic of Korea (Project No. RS-2024-00432233).

REFERENCES

1. Zarghami.A, Deen.N.G, Vreman .A.W. 2020. CFD modeling of multiphase flow in an alkaline water electrolyzer

2. Niroula.S, Chaudhary.C, Subedi.A, Thapa.B.S. 2023. Parametric Modelling and Optimization of Alkaline Electrolyzer for the
Production of Green Hydrogen

3. Henao Christian, Agbossou* Kodjo, Hammoudi Mhamed, Dubé Yves, Cardenas Alben. 2014. Simulation tool based on a
physics model and an electrical analogy for an alkaline electrolyser

54



The World Energy Stor2@®8 Conf
Yildiz TechniTaaki Yei v

DYNAMIC OPERATION OF A TRANSCRITICAL CO2 CYCLE FOR A THERMAL
ENERGY STORAGE SYSTEM

1" Sebastian Unger, * Stefan Fogel, 22 Aristeidis Stoikos, 2 Alexios-Spyridon Kyriakides, 2 loannis N. Tsimpanogiannis, * Andrés
Carro, 4 Ricardo Chacartegui
1 Helmholtz-Zentrum Dresden-Rossendorf, Institute of Fluid Dynamics, Bautzner Landstr. 400, 01328 Dresden, Germany
2 Centre for Research and Technology-Hellas, Chemical Process and Energy Resources Institute, Thermi, 57001 Thessaloniki,
Greece
3 Aristotle University of Thessaloniki, Department of Mechanical Engineering, 54124 Thessaloniki, Greece
4 Universidad de Sevilla, Energy Engineering Department, Avda de los Descubrimientos, 41007 Sevilla, Spain

*Corresponding author e-mail: s.unger@hzdr.de

ABSTRACT

As electricity production from renewable energy sources is set to increase significantly over the next few decades,
reliable energy storage technologies are required for large-scale applications to prevent grid instability. The project
CEEGS (Novel COFbased Electrothermal Energy and Geological Storage system) aims to develop an efficient,
scalable energy storage technology using transcritical COF. To advance the technology readiness level to 4, an
experimental transcritical COFfacility was designed, constructed, and operated to perform specific procedures such as
start-up and shut-down. The fluid pressure was increased to 240 bar and then decreased to initial conditions in two
different regimes: stepwise and in a single step. The stepwise pressure ramp-up took approximately 50 minutes, while
the single-step ramp-up took around 25 minutes. Steady state was not reached for the temperature values, as the
temperature was strongly influenced by the thermal energy of the facility's piping and equipment.

Keywords: Transcritical CO2, Thermal energy storage system, Dynamic operation, Experimental investigation

INTRODUCTION

Electricity production from renewable energy sources is set to increase rapidly over the next few decades, as this is
a key strategy for reducing greenhouse gas emissions. In fact, the European Commission aims to reach net-zero
greenhouse gas emissions by 2050. However, the intermittent nature of renewable electricity production may lead to
a mismatch between supply and demand. Therefore, energy storage technologies are essential for preventing grid
instability and ensuring reliability. Thermal energy storage technologies are an attractive solution in this regard, as
excess electricity can be converted into thermal energy, stored, and then converted back into electricity if demand
exceeds renewable energy production. The EU-funded project CEEGS (COFbased Electrothermal Energy and
Geological Storage) aims to develop efficient, cost-effective and scalable energy storage technology using
transcritical COF (tCOR) as the working fluid, with COF storage and recovery in underground geological formations
[1]. Garcia et al. [2] initially presented the concept of a CO2-based energy storage system operating as both a heat
pump and a heat engine. The high-temperature side of the cycle enables the efficient integration of the Carnot battery
concept with geological storage. The tCOF cycle operates in two distinct phases: a charge phase involving a heat
pump cycle (11 21 31 4), and a discharge phase involving a thermal engine cycle (51 61 77 8), as displayed in the
schematic of the CEEGS system in Fig. 1 a).
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facility for the energy storage cycle.

In this concept, water acts as an environmentally friendly and cost-effective storage medium for sensible, hot storage
(pressurised) and latent, ice storage [3]. Geological storage includes scenarios such as porous formations, e.g. saline
aquifers [4], or salt cavities [5]. COFfrom a capture plant is injected directly into the subsurface during charging and
released during discharge. The CEEGS concept is currently at a low Technology Readiness Level (TRL) of 2. Thus,
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the present investigation aims to advance towards a higher TRL of 4 by experimentally investigating specific operational
procedures.

EXPERIMENTAL AND NUMERICAL MATERIAL AND METHODS

Start-up and shut-down procedures need to be developed and tested for the discharge cycle of the CEEGS energy
storage concept. The present investigation, therefore, aims to prove the feasibility to reach the required operational
pressure. Initial conditions prior to operation include the hot and cold storage being charged, and the tCOF cycle
pressure being at a storage level of approximately 67 bar. The supercritical COF(sCOF) turbine is designed for a specific
inlet pressure, and the pressure is ramped up to 240 bar via a bypass valve. The discharge cycle is then operated over
the required period. When the hot or cold storage is discharged, the pressure is reduced stepwise through the bypass
valve, resulting in a reduction in pressure to the initial level of 67 bar. These operations were performed experimentally
at the CEEGS facility at different hot water temperatures in order to investigate the performance of the COFpump, the
high temperature (HT) and low temperature (LT) heat exchangers (hx), the expansion device and the other components,
piping and measurement system.

Experimental Methods

The experimental CEEGS facility has a total dimension of approximately 6.0 m x 4.3 m x 4.4 m. All equipment and
piping operated at high temperatures are thermal insulated and can be seen in Fig. 1 b). More detailed information on
the CEEGS facility can be found in [6]. The hot and cold water for the HT-hx and LT-hx is supplied from a hot water
and cold water circuit. The water mass flow rate can be adjusted by regulating the rotational speed of the water pump,
with maximum flow rates of 1.5 kg/s and 3 kg/s for the hot and cold sides, respectively. The hot water supply was
operated at high pressure (up to 69 bar and 286 °C), to avoid evaporation. The COz: is extracted from a separation
vessel in liquid phase by a pump, which conveys up to 180 kg/h, and the pressure is increased. The pump exit pressure
depends on the pressure drop in the cycle, which is determined by the closing position of the valve in the expansion
device. The high-pressure and low-temperature CO2 enter the HT-HX and increases the temperature to between
130 °C and 200 °C. The HT-HX is a printed circuit heat exchanger (PCHE) composed of approximately 3,000
semicircular channels which alternately guide CO2 and water in a countercurrent flow configuration. Downstream of
the HT-HX, the expansion device is located, where the sCO. expands, representing a potential turbine, and thus
reduces pressure and temperature. This expansion device consists of a stainless steel DN 25 PN400 control valve.
Finally, the low-pressure CO: is cooled and/or condensed by the cold water in the LT-HX before entering the separation
vessel. The LT-HX is a rod bundle heat exchanger comprising 61 tubes. Water flows through the shell side, equipped
with buffer plates, while CO: flows through the tube side. A schematic of the operated discharge cycle is shown in Fig.
2 a). The pressure and temperature were measured before and after each component by pressure transducers with a
measurement range of 0 to 600 bar and an accuracy of 0.1% of the full-scale range, as well as by 1.5 mm thick type-K
thermocouples with a measurement accuracy of +0.3 K. Differential pressure transmitters with a range of 0 to 1.5 bar
and an accuracy of 0.01% of the full-scale range were installed to determine the pressure drop for each component.
Finally, Coriolis flowmeters with a measurement range of up to 2.26 kg/s and an accuracy of 0.10% of the full-scale
range were installed after the COF pump and between the cooler and the tank. Once a steady-state condition was
achieved, measurements were recorded for 100 seconds at a rate of 1 Hz for each sensor.

Numerical methods

The numerical model of the experimental operation, start-up and shut-down procedure, of the discharge cycle was
developed in gPROMS Process (Fig. 2b) [7]. The development process included (i) the steady-state model
development and design and (ii) the dynamic model development. In the first step, the steady-state modelling and
design were conducted when the system is operating at full capacity (maximum expansion valve inlet pressure). This
step also involved calculating the heat transfer area of the two heat exchangers, HT-hx - EVAPORATOR and LT-hx
- CONDENSER, based on their individual design characteristics. In the second step, a dynamic model was developed
to simulate start-up and shut-down operations. For this purpose, the characteristic curve of the expansion valve and
the performance curve of the pump were designed using the experimental data. For this, initial version of the model,
the separator vessel was not simulated. Finally, the numerical model was validated against the experimental data
using parameter estimation (LT-hx - Heat transfer coefficient).
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Fig. 2. Schematic of the operated discharge cycle, a) experimental unit and b) numerical model.
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RESULTS AND DISCUSSION

Experimental Methods Results

Fig. 3 shows the increasing and decreasing pressure and temperature ramps for temperatures between 150 °C and
178 °C. These operations represent the start-up and shut-down processes of the energy storage cycle during
discharge. The pressure was increased in five steps by closing the expansion device valve. The valve position was
then maintained at a constant level for a specified period. Then, the valve was opened in five steps, using the same
valve positions as during the closing process. Each change in valve position was timed, and once steady state was
reached, the stationary conditions were maintained for 100 seconds before applying the next valve position. As can
be seen, the pressure variation differs significantly between ramping up and ramping down. The time taken to reach
steady state depends on the pressure ratio and whether the process is ramping up or down. In general, higher
pressure ratios and ramp-ups require more time compared to smaller pressure ratios and ramp-downs. Furthermore,
it becomes clear that pressure equilibrium does not correspond to temperature equilibrium. For all steps, it takes
longer for the temperature to reach steady state, and the total time taken to reach maximum pressure (from step 1
to the steady state after step 4) was approximately 50 minutes.

b) ., (1 2)(3 a)(s) (6)7X8) (9)(10

Pressure in bar
Temperatur in °C
. .

0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time in seconds Time in seconds

Fig. 3. Pressure ramps for start-up and shut-down operation of the tCO2 facility, a) pressure and b) temperature.

To shorten the start-up and shut-down of the CEEGS facility's discharge cycle, the control valve was opened and
closed to the desired final position in one step. It should be noted that such an operation may present challenges, as
a rapid increase in pressure may put stress on the equipment and pose a challenge to the COF pump in real
applications. Fig. 4 shows the pressure and temperature ramp. Increasing the maximum system pressure from
approximately 67 bar to over 250 bar took around 25 minutes, which is half the time required for a stepwise increase.
The pressure reduction, representing a shutdown, was achieved in less than 4 minutes. As with the stepwise
increase, the pressure ramp down required less time.
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Fig. 4. Single ramp of pressure for start-up and shut-down operation of the tCO: facility at 150 °C.

Experimental and Numerical Model Comparison

Parameter estimation was conducted using the numerical model, implementing the same steps (closing/opening of the
expansion valve) as those executed in the experiment. The results (predicted values from simulation) are presented in
Fig. 5a and Fig. 5b, alongside the measured values from the experiment, for the inlet pressure of the expansion valve
and the CO2 mass flow rate, respectively. The results indicate a good alignment between the predicted and measured
values, especially during the first phase of the experiment, specifically during the valve closure until step 5. During the
opening of the valve, some deviation is observed, especially between steps 6/7, 7/8 and 9/10. The variation between
the predicted and measured values for the two variables could be due to the absence of the separator vessel and piping,
which are not included in this first version of the numerical model. These devices are expected to contribute to the
systemds dynamic r es p o nsteesnitial\Blaaiendf the numeribabneodel of tlee slischarge cycle
is completed. Future work will implement the additional devices in the model to study their effect on the predicted values
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of both pressure and mass flow rate, as well as other variables (e.g., the expansion valve inlet temperature and round-
trip efficiency).
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Fig. 5. Comparison of experimental results and numerical results for a) pressure change and b) CO2 mass flow rate change.

CONCLUSIONS

An experimental transcritical COFfacility representing the CEEGS concept facility was designed and constructed. The
present study investigated the discharge cycle of the energy storage concept, assuming fully charged hot and cold
storage as initial conditions. The COF pressure was increased to between 240 and 250 bar, and two regimes were
investigated: a stepwise increase and a single-step increase. The single-step pressure ramp-up and ramp-down took
less time than the stepwise process (25 minutes compared to 50 minutes for the ramp-up). However, this could cause
high stress on the equipment and system in a real application. It took longer to reach steady state temperature in all
cases due to the thermal capacity of the piping and equipment. Further experiments focusing on the thermal equilibrium
of the cycle temperature will therefore be performed in future. The numerical model of the cycle was also developed,
and the multiple-step start-up and shut-down operation was simulated. Parameter estimation was implemented to
validate the model against the experimental data. The results show good convergence between the two methods,
proving the validity of the model, with larger deviations observed during the ramping down attributed to the effect that
the separator vessel and piping equipment might have on the dynamic response of the system. In the future, additional
simulations will be conducted considering the aforementioned factors, and additional variables will be tested against
the experimental data to enhance the validity of the model.
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ABSTRACT

During the refueling of fuel cell electric vehicles (FCEVs), the temperature rise of compressed hydrogen gas affects
both the thermal stability and refueling efficiency of the storage tank. Accurate prediction of this phenomenon requir
es proper estimation of the internal convective heat transfer coefficient, which is typically calculated using the Nuss
elt (Nu) number. However, the predicted results can vary depending on the correlation applied. In this study, severa
I Nu correlations reported in previous literature were examined, and a hydrogen storage tank fueling model was dev
eloped in the MATLAB/Simulink environment. The model calculates the Nu based on filling conditions such as pres
sure, temperature, and mass flow rate, determines the internal heat transfer coefficient, and predicts the transient te
mperature variation inside the tank. In addition, the applicability of each correlation under hydrogen refueling conditi
ons was evaluated through comparative analysis. The developed model can be utilized for heat transfer analysis un
der various fueling scenarios and serves as a fundamental reference for the thermal design and validation of hydrog
en storage systems.

Keywords: Heat Transfer Characteristics Analysis, Nusselt Correlation, Internal Convective Heat Transfer
Coefficient, Temperature Rise Prediction, Refueling Technology Development

INTRODUCTION

In response to the escalating issues of global climate change and greenhouse gas emissions, the transition toward a
sustainable energy system is accelerating worldwide. Hydrogen energy gas emerged as a promising clean alternative
due to its high energy density and zero carbon emissions, leading to extensive research and technologies [1]. In the
transportation sector, the growing adoption of FECEVs highlights the necessity for reliable and efficient hydrogen
storage and high-pressure refueling technologies.

Hydrogen storage tanks typically operate under high-pressure conditions exceeding 70 MPa, and during the refueling
process, the compression of gaseous hydrogen leads to an increase in the internal temperature. This temperature rise
not only affects storage efficiency and filing rate but also has a direct impact on the safety of the tank. Therefore,
accurately predicting the heat transfer phenomena that occur during fueling is a critical factor in the design, optimization
of operating conditions, and safety evaluation of hydrogen refueling systems [2].

During the refueling process, the convective characteristics of the internal flow have a significant influence on the
temperature variation, and accurate estimation of the internal convective heat transfer coefficient is required for
quantitative analysis. The internal heat transfer coefficient is generally calculated using the Nu number, and selecting
an appropriate correlation is essential for accurately predicting Nu under actual fueling conditions [3].

The hydrogen refueling process is an unsteady process in which pressure rises, mass inflow, and temperature varia
tion occur simultaneously. To accurately describe the transient thermal response, the interactions among density, p
ressure, and temperature must be considered. In this study, the tank was simplified as a single control volume, and
a one-dimensional, time-dependent thermodynamic model based on the conservation of mass and energy was dev
eloped to dynamically calculate the variations in pressure and temperature under different fueling conditions.

The developed model was implemented in the MATLAB/Simulink environment. It calculates the Nu number based o
n the given filing conditions, including pressure, temperature, and mass flow rate, and determines the internal conve
ctive heat transfer coefficient. Various Nu correlations [4~8] from previous studies were applied to the model to com
pare and analyze the predicted results, evaluating their applicability under hydrogen refueling conditions and their in
fluence on the heat transfer behavior.
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THEORY
Governing equation

The mass and energy conservation equations were applied to calculate the variations in hydrogen density, pressure,
and temperature inside the tank. The mass conservation equation represents the change in density resulting from
hydrogen inflow during the refueling process and is expressed as follows.

— 4 A

The energy conservation equation represents the balance of energy within the tank, accounting for the accumulation,
inflow, and outflow of energy, and is expressed as follows.

— 4 9 — & Q© — 0 @)

The density of hydrogen varies with temperature and pressure, and in this study, it is calculated using a newly developed
equation of state (EOS) [9].

"B B &Y ®

Heat transfer

The hydrogen storage tank consists of a solid-later structure surrounding the internal flow region, composed of a liner
and a Carbon Fiber Reinforced Plastic (CFRP) layer. Heat transfer occurs sequentially through internal convection,
conduction in the liner, conduction in the CFRP, and external convection. The overall heat transfer rate is expressed as
follows.

0 6°YY Y 4
Yo — (5)
Y (6)

The internal convective heat transfer coefficient is calculated using the Nu correlation, and in this work, various Nu
correlations were investigated, as presented in Table 1 [4~8]. The external convective heat transfer coefficient is fixed
at 10 W/(m2X) [10], and the conductive thermal resistances of the liner and CFRP layers are determined by the thermal
conductivities of their respective materials

66 —— 7)

Table 1. Summary of investigated heat-transfer coefficient correlations considered in this study

Correlation Expression
QRPYQO i
Petukhov (Eq. -
etukhov (Eq. 8) 0Blx p& QI 2517 p
Dittusi Boelter (Eqg. 9) 66 TMrcdYPDid
McAdams (Eq. 10) 6o 6pIYQ Wi”
"Q 'Y:Q SORERY
Gnielinski (Eq. 11) 6 0 T p It T

P P& T OIT p
Woodfield (Eq. 12) 600 ™ @OYPF 1 nMIY P

MODEL

The configuration of the model developed is shown in Fig. 1. The model was implemented in MATLAB/Simulink and is
designed to calculate the Nu number based on the given refueling conditions such as pressure, temperature, and mass
flow rate. Using the calculated Nu, the model determines the internal convective heat transfer coefficient, which is then
applied to the energy balance to predict the temporal variation of the gas temperature inside the tank during the filling
process. This framework enables dynamic analysis of the coupled effects of pressure rise, heat transfer, and mass
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inflow, allowing a more accurate representation of the thermodynamic behavior occurring inside the hydrogen storage
tank.

Ambient

n
Transfer

o
[ ] i
Hydrogen Storage Tank

Inlet

GH2 Property

Fig. 1. Hydrogen storage tank refueling model applying Nu correlations in MATLAB/Simulink

RESULTS AND DISCUSSION

In this study, a heat transfer model employing various Nu correlations was used to calculate the temperature rise
inside a hydrogen storage tank during refueling, and the predicted results were compared with experimental data.
The experimental conditions can be found in the literature [11]. When applying Eq. (8) T (11), the predicted final
temperatures deviated by up to approximately 30 °C from the experimental values, as shown in Fig. 2(a), indicating
that these correlations do not adequately represent the heat transfer characteristics during hydrogen filling. The
results obtained using Eqg. (12) and a fixed internal convective heat transfer coefficient are presented in Fig. 2(b).
The final temperature deviation was within 1 °C, showing good agreement with the measurements. However, they
failed to accurately describe the transient heat transfer behavior during the early and middle stages of the fueling
process.
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Fig. 2. Comparison of temperature variation during hydrogen storage tank refueling: (a) results applying Eqg. (8) i (11), and (b)
results applying Eqg. (12) and the fixed internal heat transfer coefficient

To reproduce the temperature distribution observed in the experiment, the Nu number corresponding to the measured
temperatures was inversely calculated through the model, and its relationship with the Reynolds (Re) number is
presented in Fig. 3(a). The proposed Eg. (13) was developed through exponential regression based on the inversely
calculated experimental data, and additional experimental data were required to verify the validity of the developed
correlation. The conditions of the second experiment dataset can be found in the literature [12]. When the new
correlation was applied, the predicted final temperature differed from the experimental value by 1.2 °C, corresponding
to an error rate of 1.77%, as shown in Fig. 3(b). For comparison, Eq. (12) was also evaluated under the same
conditions, and both correlations showed lower accuracy in temperature prediction than the newly proposed one,
confirming that the developed correlation more precisely predicts the heat transfer behavior during the hydrogen
storage tank refueling process.

66 ¢pHoonmiAc ° (13)
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Fig. 3 (a) Inverse Rei Nu correlation derived from experimental data [11], (b) comparison of predicted temperatures from Eq.
(12) and (13) with experimental data under new conditions [12]

CONCLUSIONS

In this study, a heat transfer model applying various Nu correlations was developed to quantitatively predict the
temperature rise during the hydrogen storage tank refueling process, and the results were compared with experimental
data. The conventional correlations of Eqg. (8) i (11) overestimated the temperature rise by up to 30 °C, while Eq. (12)
and the fixed internal heat transfer coefficient reproduced the final temperature but showed deviations in the early and
middle stages. To enhance prediction accuracy, a new correlation Eq. (13) was derived through exponential regression
based on inversely calculated experimental data, and its validity was verified by comparison with additional experimental
results. The proposed correlation achieved a final temperature prediction error of only 1.77%, demonstrating its
capability to more precisely describe the heat transfer behavior during hydrogen tank filling and its potential as a practical
tool for thermal management design and safety evaluation.
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ABSTRACT

Today, the need for clean energy is increasing due to climate change issues. The most important measure
that can be taken against climate change is to reduce emissions from internal combustion engines and
increase combustion efficiency. Efforts to reduce these problems have led to increased interest in hydrogen-
based technologies, which are one of the clean energy sources. One of the methods of producing hydrogen,
a clean energy source, is electrolysis. Hydrogen gas (HHO) can be produced from water using the electrolysis
method. The amount of HHO gas produced is determined by the catalyst concentration, catalyst type, distance
between plates, and the applied current. In this study, a different hexagonal plate design was created, and the
plates were arranged not side by side but stacked with 6 positive and 6 negative plates. The distance between
the electrolysis plates was increased starting from 4 mm. Different amounts of current (5, 10, 15, 20, 25, 30,
35, 40, 45, and 50 A) were applied to the plates, and different catalysts (KOH, NaCl) were used at different
ratios (5, 10, 15, and 20 g/l). The amount of HHO produced increased with the increase in current.

Keywords: HHO. KOH, NaCl, HHO generator, Current

INTRODUCTION

Hydrocarbons are the primary source of conventional energy supply. When hydrocarbons are burned, they produce
gases such as carbon dioxide (CO2), carbon monoxide (CO), unburned hydrocarbon (UHC), and nitrogen oxides
(NOx), which raise global concern for reducing pollution and shifting energy dependency to renewable energy
sources. The primary source of hydrocarbons is used by power generation systems as well as automobiles (internal
combustion engines). Various alternative fuels are being investigated and tested by the research community to
reduce emissions produced by combustion. The development of engine technologies such as dual fuel, Reactivity
Controlled Compression Ignition (RCCI), and Homogeneous Charge Compression Ignition (HCCI) is mainly focused
on reducing emissions and improving engine performance.

Adding hydrogen to an IC engine results in increased performance and reduced emissions. Hydrogen gas is mainly
produced by steam reforming of hydrocarbons and electrolysis of water. Electrolysis is carried out by means of an
electrolyzer, where the anode and cathode are immersed in an electrolyte solution.

During the electrolysis process, direct current is passed through the electrodes and electrolyte, resulting in the
production of hydrogen and oxygen. Hydrogen and oxygen are produced at the cathode and anode, respectively.
The electrolytes commonly used in alkaline electrolysis are NaOH, NaCl and KOH solution due to their highly reactive
nature. Other effective parameters for the production of HHO gas are electrode surface area, electrolyte
concentration, operating pressure, operating temperature and power source.

The reactions at the cathode and anode are given in (1) and (2), respectively. [ [1],[2], [3], [4] ]-

Cathode :2H20+2e'Y 2 OH (1)
Anode 40H +2H20 Y -4e )
Overall Reaction (2H20 Y 22#0:

The gas produced in the electrolysis of water is called by different names such as HHO gas, oxyhydrogen, hydroxyl,
browns gas, hydrogen rich gas water electrolysis gas etc. Considering its fuel properties, HHO gas is thought to have
similar properties to hydrogen gas. The claims regarding the existence of HHO gas have been discussed by
Subramanian B and Ismail S [ 5 ]. HHO gas is used for purposes such as additional fuel for welding and engine
applications.

Stainless steel has been used predominantly as an electrode by the research community due to its less corrosive
and cost-effective nature. Another important aspect of the electrolyzer is the electrolyte solution; alkaline solutions
are generally preferred over acidic solutions due to their reactivity and corrosive nature. The use of other metals with
similar properties to SS for alkaline electrolysis will be analyzed. The idea of this research was to include HHO gas
production system in the automobile. A different electrolysis unit design was made for this research work. It used 316
SS plate as electrode and KOH solution as electrolyte. The effect of parameters such as current concentration and
time was studied.
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MATERIALS AND METHODS

Desing of the HHO Generator

The HHO generator design required the selection of high-quality components and meticulous planning to ensure
seamless integration and optimal performance. Modeling software was used to visualize and optimize each
component prior to production. Assembly was carried out with precision, followed by rigorous testing to verify
functionality and performance. Unlike other generators, the HHO generator's electrodes are designed as hexagonal.
The electrodes are cut into a hexagonal shape from a 125 mm diameter, 2 mm thick circle. Two holes, each 10 mm
and 30 mm in diameter, are drilled into the hexagonal plates. These holes are connected by a spindle. The shape of
the electrode plate is shown in Figure 1. The HHO generator contains a total of 12 hexagonal electrodes: six cathodes
and six anodes, each made of 316 stainless steel. An exploded view of the HHO generator is shown in Figure 2.

Fig. 1. HHO generator plate Fig. 2. Designed generator: exploded view.
Experimental Setup

This study aims to investigate the effects of current changes on a different electrolyte design. It aims to find the best
conditions for the effects of current changes on the HHO production amount. This study will help to understand how
these changes affect the hydrogen production efficiency.

Prototype of the Designed HHO Generator

The HHO generator's assembly was carefully planned to ensure efficient operation, long service life, and easy
maintenance. First, stainless steel 316L electrode plates were prepared by laser cutting and polishing to increase
conductivity and prevent rust. These plates were then placed in a specific order within the electrolysis chamber, with
nuts placed between them to prevent short circuits and ensure smooth operation. The HHO generator was designed
as a single cell with 12 electrodes. The electrodes were arranged as an anode and a cathode, the distance between
the electrodes was 4 mm, and the nuts were adjusted to prevent short circuits. It was filled with a mixed solution to
produce hydrogen and oxygen gas. A total of 2 L of water was used for the solution, and catalyst was added to the
water in different proportions. A variable power supply was used as the energy source. The current to the electrolysis
unit was applied by 5 amperes, increasing from 5 A to 50 A.

Experimental Kit

Figure 3 shows the basic components of the experimental setup. HHO Generator: This is an electrolysis chamber
constructed from non-conductive materials such as acrylic, polypropylene, or PVC. These materials ensure safety
and efficiency by preventing electrical conduction outside the chamber. The energy required for electrolysis is
provided by an adjustable power supply (0-30 V, 0-50 A). The HHO gas exiting the unit is measured with an Alicat
flow meter, and the data is recorded on a computer.

HHO gas exiting the unit travels to the HHO tank, where it is passed through water. The amount of HHO gas passing
through an Alicat flow meter is determined, and the data is recorded in a computer.
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Fig. 3. Flow chart explaining the experimental setup.

RESULTS AND DISCUSSION

The amount of HHO produced was determined by applying variable currents to the experimental setup. 5 g/l KOH
was added to the electrolyte liquid. A total of 12 hexagonal plates were used, 6 cathodes and 6 anodes. The surface
area of a plate is 9363.4375 mm2 and the total is 18726.875 mm2. The total area of the electrolysis unit is 0.2247
m2. The plates were placed on top of each other, not side by side. A current was applied from the variable power
supply in 5 Alincrements from 5 A to 50 A. HHO production did not occur up to 9 A current. Measurement was carried
out for 2 minutes. HHO production depending on the current is given in Figure 4. The change in HHO production
amounts showed similar characteristics. When the averages of HHO production amounts at all current values were
taken, they were compared with the measurement results in 30 seconds. The amount of HHO production in 60
seconds was 7%, the amount of HHO production in 90 seconds was 10% and the amount of HHO production in 120
seconds was 13% more. The amount of HHO production increased with the increase in the current value. The amount
of HHO increased with the increase in time, and the increase in the temperature of the electrolyte liquid increased
the amount of HHO. The voltage change depending on the current is given in Figure 5. The voltage value increased
as the current value increased.
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Fig. 4. Current dependent HHO production Fig. 5. Voltage change depending on current

The power consumed for the electrolysis unit, the amount of HHO production per minute, the power consumed in
one minute to produce 1 liter of HHO and the power consumed in joules per minute are given. With the increase in
current values, the power values increased and the HHO production amounts also increased. However, as the current
value increased, the power value and energy value required to produce 1 liter of HHO decreased. The increase in
current increased the efficiency.
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CONCLUSIONS

This study highlights significant advances made through the design, development, and experimental evaluation of
an optimized oxyhydrogen (HHO) generator. HHO production was achieved at variable currents at constant
potassium hydroxide (KOH) concentration.

The experimental results highlight the following key points:

A Increasing the current applied to the electrolysis un
conductivity, providing the highest hydrogen concentration at 50 A.

Il ncreasing the current increased the efficiency of 't he
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ABSTRACT

Liquid hydrogen (LHF) has gained considerable attention as a promising option for hydrogen energy storage because
it offers high volumetric energy density and suitability for large-scale applications. However, since it is stored and
transported at cryogenic temperatures, maintaining both thermal and structural stability is critically important. During
transportation, oscillatory motion of cryogenic liquid, known as sloshing, can generate repeated dynamic loads on
the tank walls, potentially causing structural deformation and leakage [1]. Such leakage may trigger rapid evaporation
and dispersion of hydrogen, thereby increasing the likelihood of fire or explosion. The objective of this study is to
explore the transient flow characteristics of liquid hydrogen under sloshing excitation and assess its implications for
storage-tank safety. To this end, three-dimensional computational fluid dynamics (CFD) simulations were conducted
to examine variations in internal pressure, flow velocity, and overall fluid motion inside the tank. The results show
that sloshing leads to nonlinear fluctuations in both pressure and velocity fields, resulting in localized dynamic
stresses on the inner surface of the tank. The findings offer valuable insights into sloshing-induced instability and can
serve as a technical foundation for developing safer and more reliable liquid hydrogen storage systems.

Keywords: Liquid hydrogen, Sloshing behavior, Computational fluid dynamics

INTRODUCTION

Hydrogen energy has emerged as a major clean energy carrier for addressing global warming and climate change
[2]. It can exist ineither gaseous or liquid form, and liquid hydrogen (LHF) offers a higher volumetric energy density,
making it more efficient for large-scale storage and long-distance transport. However, since LHFmust be maintained
at cryogenic temperatures of approximately 20 K, it is highly sensitive to external vibrations and accelerations. During
transportation, sloshing of the liquid phase can generate irregular free-surface motion inside the tank, imposing
repetitive impact loads and stress concentrations on the tank walls [3]. Such dynamic effects may compromise the
structural integrity of the storage tank and, in extreme cases, lead to hydrogen leakage followed by rapid evaporation
and dispersion, thereby increasing the risk of fire or explosion. Therefore, it is essential to quantitatively evaluate the
flow dynamics and heat transfer characteristics of liquid hydrogen under sloshing conditions, as well as the resulting
pressuredistribution acting on the tank walls.In this study, a three-dimensional CFD approach was applied to examine
the flow behavior, heat transfer, and pressure fluctuations of liquid hydrogen under sloshing excitation, with the goal
of providing fundamental insights into thestability of cryogenic hydrogen storage tanks.

MATERIALS AND NUMERICAL METHODS
Model Description

The geometry and computational mesh of the fluid domainused in this study are shown in Fig. 1. The simulation
domain, with a total volume of approximately 75[L], was modeled as a cylindrical fluid region consisting of gas
hydrogenand liquid hydrogenzones.
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Fig. 1. Geometry and mesh of the fluid domain used in the simulation.

The simulation domain, modeled as a cylindrical fluid region with a width of 0.73 m and a height of 0.4 m, was meshed
using the automatic meshing procedure in COMSOL Multiphysics. The total number of mesh elements generated
was 70,957.

In this study, a three-dimensional computational fluid dynamics analysis was conducted to investigate the pressure
fluctuations, velocity distribution, and dynamic behavior of liquid hydrogen [4]. The internal geometry of the fuel
storage vessel was modeled as an elliptical-shaped domain, and the sloshing-induced variations in free-surface
motion, pressure, and velocity were quantitatively evaluated through numerical simulation. The initial conditions were
set to a temperature of 20 K and a pressure of 1 atm, and the tank was subjected to a horizontal motion of 0.5 m/s
in the x-direction to represent external excitation.

Model Equations and Boundary Conditions

In this study, a Phase-Field multiphysics modelwas applied to analyze the sloshing behavior inside a liquid hydrogen
storage tank. The model incorporates the conservation equations of mass, momentum, and energy, along with the
Phase-Field equation, enabling a continuous representation of the dynamic interactions between the gaseous and
liquid hydrogen phases [5].

First, the coupling of the momentum and continuity equations was applied to analyze the fluid flow, thereby defining
the velocity and pressure distributions of the fluid. In addition, the viscous stress equation was employed to describe
the internal frictional forces generated during fluid motion. These relationships are represented by Eqgs. (1-1)i (1-3).

00 0 ok Lk 5 7] (1-1)
S T 1 (1-2)
L « 9 0 (1-3)

Second, the Phase-Field equation represents the interface between the two phases as a continuous function,
allowing the effects of phase transition, curvature, contact angle, and surface tension to be numerically modeled in a
stable manner [6]. The Phase-Field function defines a stable interface through initialization and wall boundary
conditions. First, the distance functionwas defined as shown in Eq. (2-1) to determine the position of the interface.

0 pfO pX¥oO (2-1)
Next, the equilibrium interface was initialized using a hyperbolic tangent distribution, as expressed in Eq. (2-2), to
ensure a smooth and continuous transition between the liquid and gas  phases.

In addition, the wall correction relationin Eqg. (2-3) was applied to impose the specified contact angle condition,
allowing the interface to exhibit physically consistent wetting behavior along the wall boundary.

n O A®O M) (2-2)
"000 , 020 p ¢ )O (2-3)

Finally, the energy conservation equation accounts for the effects of convection and conduction within the fluid, as
well as the influence of internal heat sources. It was introduced to evaluate how the temperature gradient and viscous
dissipation affect the flow and interfacial characteristics. The general governing equation is expressed in Eq. (3-1).

"660°Y {0 O O (3-1)
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The left-hand side of the equation represents the convectiveand conductiveterms, while the right-hand side denotes

the internal heat generation. In other words, it describes how the temperature fieldwithin the fluid varies as a result

of velocity, thermal conduction, and internal heatsources. The heat fl uxis defined by Foul
as expressed in Eq. (3-2), where Eq. (3-3) represents the thermal conductivity.

Aoy (3-2)
. (3-3)

RESULTS AND DISCUSSION

As shown in Figs. 2i 4, the simulation results revealed that the behavior of the fluid at the free surface exhibited
distinct variations depending on parameters such as temperature differenceand filling level. As shown in Figs. 2i 4,
the simulation results demonstrated that the fluid behavior at the free surface exhibited distinct differences depending
on the filling condition and temperature difference. In Case 1, the relatively low liquid level caused excessive free-
surface motion. Immediately after the initial velocity was applied, the liquid collided with the tank wall, generating
irregular waves and splashing. In contrast, Case 2exhibited the largest amplitude of free-surface oscillation among
all conditions, and the periodicity of the displacement was clearly observed. In Case 3, the free-surface motion was
relatively suppressed, resulting in smaller overall displacements; however, periodic oscillations were still observed
near the upper free surface. Therefore, it can be concluded that the sloshing stabilityin liquid hydrogen storage tanks
is highly dependent on operating parameters such as filling ratioand temperature difference, with the medium filling
condition posing the greatest risk of resonance and structural fatigue.

;;;;;

uuuuu

Fig. 2 - 4. Temperature distribution of liquid hydrogen under the Case 1,2,3

Figs. 5-7 present the three-dimensional distributions of temperature, pressure, and velocity in Case 1 over time.
Through these time-dependent simulation results, the transient behavior of liquid hydrogen inside the tank was clearly
observed.
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Fig. 5. Time-dependent temperature variation of liquid hydrogen in Case 1.

Fig. 7. Time-dependent pressure variation of liquid hydrogen in Case 1.

Simulations were conducted for all three cases (Case 1, 2, 3), and the corresponding results were obtained. The
analysis of the simulation results showed that no temperature variation sufficient to cause boil-off gas (BOG) was
observed. However, it was confirmed that BOG could potentially occur due to the flow dynamics and pressure
fluctuations inside the tank. Therefore, additional studies and safety measures are required to prevent such
phenomena.

CONCLUSIONS

In this study, the effect of sloshing in an elliptical liquid hydrogen storage vessel on the pressure distribution and velocity
behavior of the fluid was quantitatively evaluated using three-dimensional computational fluid dynamics. The simulation
results revealed that the unsteady flow induced by sloshing caused localized pressure concentrations at specific
regions, while the streamlines exhibited local flow convergence along the tank wall. This study contributes to elucidating
the influence of sloshing on the thermal and structural stability of liquid hydrogen storage tanks, and the findings are
expected to provide a theoretical foundation for the safe design of cryogenic hydrogen storage systems.
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ABSTRACT

This paper presents a mathematical model of heat transport and storage in a thermal energy storage tank containing
a phase change material reinforced with a metallic structure. The analytical modeling precedes time-consuming CFD
calculations and serves as a tool for quickly identifying thermal issues that occur in such a latent thermal energy
storage system. The study identifies regions of low stored heat flux, explains the influence of geometric parameters
on the transported and stored heat flux, and demonstrates a method for enhancing these parameters. The results
clearly show that the drastic decrease in stored heat flux accompanying the progression of the PCM phase change
front should not be mitigated by altering the thickness of the metallic structure. An effective approach is to optimize
PCM-containing cells by standardizing the length of the phase change front along the metallic structure.

Keywords: Heat transfer enhancement, Heat storage, Thermal conductivity, PCM

INTRODUCTION

The low thermal conductivity of phase change materials (PCMs) limits their broader application. Consequently,
extensive research focuses on enhancing heat transfer in latent thermal energy storage systems. Studies have shown
that metallic structures with complex geometries-such as flat fins [1,2], pin fins [3], metal foams [4], and biomimetic
fractal designs like tree crowns, snowflakes [5-8], and honeycomb structures [9,10]-significantly improve heat transfer
within PCM storage units.

As illustrated in Fig. 1, tree-like structures can penetrate the interior of the storage tank due to their intricate geometry.
Their high thermal conductivity enhances heat distribution throughout the PCM volume. However, effective charging

Me

requires uniform heat distribution; therefore, optimizin

(d)

Fig. 1. Geometry of the tree structure [11]

ANALYTICAL MODEL

The development of the mathematical model begins with defining the initial shape of the metallic structure, shown in
Fig. 2a. The structure fills a small container with PCM, and heat transfer during charging occurs through the branches
from the outer surfacetowar d t he structureds axis. Due to symmetry,
in Fig. 2b.

Only the charging phase of the storage tank was analyzed. The boundary conditions assumed a PCM with a phase
change temperature of 10°C (also the initial temperature), while the outer wall was maintained at 30°C.

To describe the occurring phenomena mathematically, three processes were considered: heat conduction in the
metallic structure, heat transfer from its surface, and heat storage in the PCM.

The tree-like structure was modeled as interconnected flat bars with three levels: level 1-closest to the cylindrical
outer surface; level 2-in the central part; and level 3-linking level 2 with the symmetry axis. Each lower level connects
to two rods of the higher level, and heat transfer occurs as illustrated in Fig. 2c.
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Fig. 2. Tree structure: a) geometry of the analyzed structure, b) section used to create the model, c) tree structure with thermal
parameters

In the given geometry, it is possible to distinguish three different areas in which the PCM is located (Fig. 2c), to which
heat is supplied by the tree branches. The PCM phase change begins on the branch wall and progresses to the
interior of the solid. In order to express the changing phase change front in terms of the amount of accumulated heat,
the accumulated heat flux 0 ~ through each of the surfaces was introduced, described as Eq. (1),

o s A

where @ represent the corresponding heat absorbed over time in each area. The total amount of heat accumulated
during the phase change 0 ~ for each area can be represented by Eg. (2).

o a4  ¥Q (2)

The temperature distribution along the first row of branches is described separately for the branch giving off heat to
the areas Al and A3 and to Al and A2 is expressed by Eq. (3).

Y'Y - Y Y ——— Q - Y Y ——— 0 3)

Thermal conductivity in the PCM is assumed, and the heat fluxes emitted from both surfaces do not have to be the
same. Based on Fourier's law, it can be written that the heat fluxes supplied to each of the branches of level 1, as
presented by Eq. (4),

Y Y - Y Y — Q - Y Y — Q 4)
where the temperature coefficient m is described by Eq. (5).
a E— ©)

The temperature at the beginning of the second-level branch “Y results from the energy balance for each of the two
first-level branches and complements the energy balance for level 2. Therefore, it can be written as Eq. (6).

VY, -y vy 0 _ oy oy

Q (6)

The result of the described temperature excesses affects the heat balance, which can be written as Eq. (7).

0 0 _dda - Yy Q - Y Y Q 7

The temperature at the end of the level 3 branch and the heat flux transferred at this section can be represented by
Eqg. (8) and Eq. (9).

oy oy wy @®
O Y Y _b64 0040 9)

The distance of the phase change front from the side surface of the rod] was described for each surface based on
the energy balance for heat accumulated in individual areas as Eq. (10).
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(10)

By writing out the above equations for all branches, 24 equations and 24 unknowns were obtained, which were solved

numerically.

RESULTS AND DISCUSSION

Only the surface distribution was analyzed because the heat flux transferred to the PCM is constant along the third
dimension (depth) and does not affect the temperature distribution in the analyzed geometry. The most important
parameters providing knowledge about the dynamics of the process include: the mass fraction of the mass fraction
of the liquid phase and the linear heat flux. These parameters were analyzed and the results are shown in Fig. 3-6.
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As shown in Fig. 3b, the PCM in area Al underwent transformation rapidly, indicating that the phase change front
and thermal resistance reached their maximum values in a short time. Fig. 3c presents area A2 and its two
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subregions, where the PCM transformation time is similar. Fig. 3d shows the mass fraction for area A3, which exhibits
significant variation in melting time depending on the location-one of the subregions melts much more slowly.
Differences among the analyzed areas confirm that the PCM melts the slowest in the largest regions: the longest in
A3a, followed by A2b. Although Al, A2a, and A3a have the same surface area, the total melting time differs, which
may result from variations in temperature excess-the highest in A1 and the lowest in A3a.

Subsequent analysis examined the influence of branch length while maintaining a constant total structure length. A
comparison of Figs. 3 and 4 reveals that shortening the level 1 branch reduces the melting time in area Al. In area
A2, which receives heat from both level 1 and level 2 branches, the same trend is observed. The effect of branch
length is most evident for area A3-in two cases, the PCM did not melt completely. The shortest melting time was
obtained for the configuration L1=0.015m, L>=0.01m, L3=0.005m, where A3 had the smallest surface area. In this
configuration, complete melting occurred in all regions within the analyzed period.

Fig. 5 illustrates the influence of the metallic structure thickness (0.5, 1, 2, and 3 mm). In area Al, the differences are
minor, likely due to the high temperature of the structure. In area A2, increasing the thickness above 1 mm has only
a slight effect on the melting time, and the differences between 2 and 3 mm are almost negligible. Analysis of heat
fluxes confirms these observations: for level 1, the results are similar, while for level 2 a higher initial heat flux is
observed for 2 and 3 mm, though this temporary effect does not significantly affect the melting time.

CONCLUSIONS

In summary, the thermal analysis indicates that:

9 individual regions of a complex structure should be analyzed separately, even though heat transfer and storage
occur throughout the entire domain;

1 within the examined temperature range, structural thickness has little effect on process dynamics, although a
substantial increase in thickness can enhance total heat transfer;

9 regions where PCM melts more slowly are associated with larger surface areas, and thus greater volume and mass.
Reducing the size of such regions shortens melting time. Therefore, to minimize the overall melting duration, the
geometry should be designed so that PCM regions are as uniform as possible and the maximum phase change
front is minimized in each.
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ABSTRACT

The present paper concentrates on the implementation of an absorption cooling system in the MIL OIL biofuels plantin
Central Macedonia, Greece, aiming to meet the cooling needs of the biodiesel production line and the digester. At the
design point, the low-temperature cooling load, the high-temperature cooling load, and the coefficient of performance
are equal to 200 kW¢, 240 kW¢, and 0.84, respectively. Furthermore, a digital twin tool will be developed to simulate,
control, and optimize the performance of the absorption chiller. Finally, it is highlighted that the utilization of a cold
water storage tank volume of 30 m3 improves the digester cooling performance, enhancing the cooling coverage
from 68.81% to 79.33%, during the summer period.

Keywords: Waste heat recovery, biofuels, industry, absorption cooling, thermal energy storage

INTRODUCTION

Industrial activities represent a major share of global energy consumption, primarily due to their intensive demand
for heat, cooling, and electricity. Due to environmental concerns, the development of innovative and sustainable
solutions to cover the industrial energy needs is vital. The utilization of waste heat from industrial processes, as well
as the integration of renewable energy technologies and energy storage systems, can increase overall energy
efficiency, promote the decarbonization of the industries, enhance process flexibility, and lower greenhouse gas
emissions [1].

Absorption chiller is one of the most predominant cooling technologies in the field of waste heat recovery and
renewable energy sources. Indicatively, Cui et al. [2] examined a triple-stage LiBr-H20 absorption chiller, driven by
waste heat coming from a data center at a temperature of about 50°C. The design cooling load was 50 kW.. The
implementation of that system reduced the mechanical cooling load by 80.5 % and the electricity consumption by
78.0 MWhe. Additionally, Sow and Grosu [3] investigated energetically and exegetically a single-effect LiBr-H20
absorption cooling system, using climate data from France and Senegal. The maximum values of the coefficient of
performance (COP) and the exergy efficiency were determined at 0.76 and 56%, respectively. Furthermore, the
absorption cooling cycles can be integrated into multiple energy production installations in the industrial sector. More
specifically, Mahmoudkhani et al. [4] analyzed a combined cooling, heat, and power (CCHP) unit thermodynamically,
economically, and environmentally, which was powered by waste heat in a cement plant. The configuration included
a Rankine cycle and an absorption chiller. According to the final results, the overall energy efficiency was determined
to be 30.2%, the overall exergy efficiency was 28.7%, the capital cost was 661 k$, the payback period was 6.18
years, and the sustainability index was 0.1216.

According to the existing literature review, the research community has focused on the integration of absorption chillers
into industrial facilities, coupling them with industrial processes and other energy production systems. The current work
presents an absorption cooling system powered by waste and solar heat in a biofuels plant in Northern Greece. The
operation of the proposed cooling unit will be supported by a Digital Twin (DT) tool. Moreover, the novelty of the present
study is enhanced by the investigation of the integration of a cooling storage tank, coupled with the absorption chiller,
to improve the digester cooling performance during the summer months.

PLANT DESCRIPTION

The MIL OIL plant is located in the industrial zone of Serres in Central Macedonia, Greece, and produces biodiesel
and biogas. The produced biogas is burned in three combined heat and power (CHP) units, two with an electrical
load of 1067 kWe and another larger one with a power output of 1562 kWel. It's worth noting that significant amounts
of heat are generated from the cooling circuit and the exhaust gases of the CHP units. With all 3 CHP units
operational, the hot water stream available for utilization is at a temperature level of 99-100°C, with a maximum
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theoretical heat recovery load of 3698 kW. The biodiesel units require both heating and cooling. Additionally, the
digester, which is necessary for biogas production, has significant cooling requirements.

MIL OIL has installed an Organic Rankine Cycle (ORC) unit, which is fed with a hot water stream to produce electrical
energy. The ORC unit is designed to be supplied with a maximum thermal load of 2390 kW, and the nominal power
capacity is 150 kWe. Under the RE-WITCH project, the implementation of an absorption cooling system has been
proposed, which utilizes the available waste heat in the form of hot water to cover the cooling loads of the biodiesel
reactors and the digester. The low-temperature (LT) cooling load is designed to be 200 kW, with a cold water supply
temperature of 10/15°C, aiming to cover the biodiesel cooling needs. The design value of the high-temperature (HT)
cooling load is 240 kW. with a cold water supply temperature of 20/25°C. The HT cooling load regards the digester
cooling load, with a nominal value of 166 kW¢, and other cooling needs of the factory, such as for the post-digester.
Moreover, in the framework of the RE-WITCH project, the installation of a solar field of high-vacuum flat plate
collectors with an aperture area of about 141.12 m? is proposed to provide additional useful heat in the form of hot
water, with a peak thermal capacity of 97 kWw. Notably, if the heat produced by the CHP units does not feed the
ORC and the absorption chiller, the largest portion of this heat will be rejected as waste. A schematic representation
of all the processes at the MIL OIL plant is shown in Fig. 1.
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Fig. 1. Overall schematic representation of the industrial processes, solar thermal collectors, and all the integrated systems (ORC,
absorption chiller, and biodiesel units) in parallel operation at the MIL OIL plant.

MODELING

The total COP of the absorption chiller is defined as the ratio of the sum of the LT cooling load (0 ), and the HT
cooling load (0 ), to the generator load (U ):

6000

@

Additionally, the cooling storage tank is modeled through mixing zone modeling [5]. The cooling storage tank stores
cooling capacity in the form of chilled water during nighttime hours. The stored cold energy is subsequently utilized

during daytime periods. This strategy mitigates the performance degradation of the absorption chiller under high
ambient temperature conditions, thereby ensuring a more stable and reliable fulfilment of the di gest er 6s
requirements. The energy balance of the cooling storage tank is described as below:

" QfF — 0 0 0 2)
where (" ) is the density of chilled water, (& ) is the storage tank volume, (@ ) is the specific heat of chilled
water, ('Y ) is the storage tank temperature, (0 ) is the digester cooling load, (0 ) is the evaporator thermal load,
and (0 ) is the thermal loss to the ambient. The modeling of the cooling storage tank is illustrated in Fig. 2.
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Fig. 2. Cooling storage tank modeling.
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The cooling coverage (CC) is defined as the ratio of the actual cooling production (& ) to the theoretical cooling
production under nominal conditions (& ):

06 — ®3)

h
All the integrated systems, including the absorption chiller and the storage tanks, are modelled in MATLAB software.
The ambient temperature data is coming from the Photovoltaic Geographical Information System (PVGIS).

RESULTS OF THE ABSORPTION CHILLER DESIGN POINT

At the design point of the absorption chiller, the three main input parameters of the system, which are the hot water
inlet temperature, the hot water volume flow rate, and the ambient temperature, are equal to 100°C, 22.5 m?h, and
20°C, respectively. According to the results, the generator heat input is calculated at 524 kW, the LT cooling load
at 200 kWc¢, the HT cooling load at 240 kW¢, the COP of the chiller at 0.84, the absorber thermal load at 502 kW1n,
the condenser thermal load at 452 kW, and the generator temperature at 90°C.

OPERATIONAL MAP-DIGITAL TWIN

A DT tool will be developed to optimize the operation of the absorption chiller. This tool will be fed with real-time input
data from the plantds SCADA [/ EMS. The input data wil/
Things (IoT) devices. The outputs of the DT tool, such as the cooling production and the COP, will be also monitored
to assess the cooling production process. The inputs of the DT tool include: i) hot water inlet temperature from the
CHP units and the solar thermal panels, ii) hot water volume flow rate from the CHP units and the solar thermal
panels, and iii) ambientte mper at ure. ¢he DT will be trained considerin
the training set, the input parameters lie within specific ranges, i.e., the hot water inlet temperature ranges from 90
to 100°C, the hot water volume flow rate from 20 to 25 m3/h, and the ambient temperature from -5 to 40°C. The
calculated outputs are the LT cooling load in [kW¢], the HT cooling load in [kWc], and the COP. All the outputs of the
training set of the input parameters are used to create an operational map for the absorption chiller. The operational
map, along with multi-dimensional regression strategies, will be used to develop the DT tool. Indicatively, the results
of the cooling load, and the COP for different hot water inlet and ambient temperature levels when the hot water
volume flow rate is equal to 22.5 m3/h (nominal value) are depicted in Fig. 3. The operational map can determine the
cooling production and the COP values for all the testing sets of input parameters in the examined ranges.

(a) (b)
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Fig. 3. Results of the cooling loads (a), and the COP (b) for different hot water inlet and ambient temperature levels when the
hot water volume flow rate is equal to 22.5 m3/h (nominal value).

To ensure that the absorption chiller operatesinahighl y ef fi ci ent way and meets the p
forecasted cooling needs and hot water properties, various quantities, such as flow rates, temperatures, and pressure

levels, are properly controlled, receiving appropriate signals and actuation suggestions from the DT. For instance,

the mass flow rate of the chilled water, the cooling water, and the LiBr solution can be controlled through the rotational

speed of the respective pumps.

RESULTS OF THE INTEGRATION OF COOLING STORAGE

A cooling storage tank to improve the digester cooling performance is investigated in this section. As shown in Fig.
4a, the COP decreases significantly when the ambient temperature increases, especially in daylight hours. According
to the final results, which can be found in Table 1, the utilization of a 30 m?3 tank provides high coverage of the cooling
needs, which is found at 79.33% during the summer period. Additionally, the proposed storage system avoids
unnecessary capital cost and space requirements of larger tanks, and offers a good balance between technical
performance and investment feasibility, making it the most suitable choice. This storage solution can provide the
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nominal digester cooling load for additional hours during the day, in comparison with a typical configuration without
any storage system, as illustrated in Fig. 4b.

Table 1. Results of the integration of a cooling storage tank, along with the tank costs, during the summer period (June-August).

Cooling storage tank volume (m3) - 10 20 30 40 50
Digester cooling production (MWh) 252,19 | 272.43 | 283.90 | 290.75 | 293.49 | 294.75
Digester cooling coverage 68.81% | 74.33% | 77.46% | 79.33% | 80.07% | 80.47%
Storage tank cost (0) - 13,000 | 18,200 | 22,000 | 26,000 | 29,900
(@) (b)
180
160 A
= 140 1
-_%_ 120
E 100 -
Elel
5 60 4
Q
© 40 4
20
0 ||||||||||||||||||| - T T T

01234567 8 9101112131415161718192021222324

012345678 9101112131415161718192021222324 Hours
Hours Digester cooling load - Without cooling storage tank
cop Ambient temperature Digester cooling load - Cooling storage tank 30 m?

Fig. 4. Ambient temperature and COP (a), and a comparative diagram of digester cooling load when the cooling storage tank is
not used and when a cooling storage tank volume of 30 m3is integrated (b) on the 215t of July.
CONCLUSIONS

The main conclusions are listed below:

1 A low-temperature cooling load of 200 kW¢, a high-temperature cooling load of 240 kW¢, and a coefficient of
performance of 0.84 are computed at the design point.
1 The digital twin tool will provide real-time monitoring of the system operation, as well as control and operational
strategies, supporting the plant operator.
1 The implementation of a cold water storage tank volume of 30 m?3 enhances the digester cooling coverage
from 68.81% to 79.33% during the summer months.
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ABSTRACT

Thermal energy storage systems with phase change materials integrated with solar power are one of the effective
solutions for decarbonising the tomato industry. The designing this type of thermal storage for this application remains
a challenge, as this technology has only been developed for temperatures below 100°C. As part of the STomSun
project, adipic acid was selected as the most suitable PCM for this purpose. This experimental study has
characterised the thermal properties of adipic acid, revealing a promising latent heat of 254 J-guy and melting point
of 153.2 °C and high stability after several cycles. Additionally, the macro-encapsulation of adipic acid was carried
out, and a capsule testing experiment was performed to validate the design, performance, and thermal behavior of
the PCM encapsulation developed for the thermal storage tank in the STomSun project. It was found that the
temperature curves remained consistent even after 20 meltingi solidification cycles, confirming the thermal stability
and repeatability of the system. Consequently, it can be concluded that adipic acid exhibits favourable behaviour at
both the micro and macro scales, demonstrating the potential for this type of encapsulation to be employed in the
formation of thermal energy storage systems that could facilitate the increased use of renewable energy in the tomato
industry.

Keywords: Phase Change Materials, Prototyping, Thermal Energy Storage, Solar Energy

INTRODUCTION

The necessity to mitigate climate change and global warming has placed significant emphasis on the development
of efficient energy conservation and storage solutions [1]. In this context, thermal energy storage (TES) systems,
particularly those employing phase change materials, have emerged as a promising technology for enhancing energy
efficiency across various sectors, including industrial processes [2]. These systems offer a high energy storage
density compared to sensible heat storage, making them particularly attractive for applications requiring compact and
effective thermal management [3]. The industrial applications of latent heat thermal energy storage with phase
change materials are extensive, encompassing solar energy utilization, waste heat recovery, and temperature
regulation in manufacturing processes [4]. One notable application involves integrating phase change materials
(PCM) with solar power to decarbonize energy-intensive industries such as the tomato industry, which traditionally
relies heavily on fossil fuels [5]. Specifically, in the region of Extremadura, Spain, the mean consumption is 20 GWh
per day during the campaign, with mean thermal power of 80 MW per fabric, meaning an emission of 14,000 teq
CO.. Furthermore, the tomato production is done only during 60 days per year, and that is the reason of so high
power . I ndeed, taking into consideration the emisszaon ri
price of 1,120, 000 U p emotvylidfarthisaompganiésnTelatentheat TESwlstemd) whicls
utilize the heat absorbed or released during a material's phase transition, are gaining traction due to their ability to
store substantial amounts of thermal energy isothermally [6]. This would enable a continuous process using free
energy with no associated COFcosts. The required temperature range for the tomato processing industry is between
145°C and 155°C. Therefore, the most suitable system for this application is to use PCM-based TES integrated with
Fresnel collectors. [7]

The STomSun project aims to develop a TES system equipped with PCMs for integration with fresnel-type solar
collectors. Among others, significant challenge has been the selection of the PCM, because they are only
commercially developed for the applications requiring temperatures below 100°C. Extensive investigation was done
by the project team and the results of the PCM selection have been published in previous studies [8], alongwith the
results of another computational fluid dynamics (CFD) study investigating the optimal tube diameter for PCM macro-
encapsulation [9]. The selected PCMs possess high latent energy and thermal conductivity, as well as being low
subcooling, chemically stable, non-toxic and non-flammable. This present study presents the results of laboratory
experiments of the selected PCM by enclosing into macro-encapsulation. It is to validate result of CFD simulation
studies and to ensure the replicability of the results during demonstration of using this PCM in the large scale
prototype.
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EXPERIMENTAL PROCEDURE

The design of experiment for this study was implemented through the following steps: 1) Characterization of adipic acid
before thermal cycling. 2) Design and fabrication of a prototype testing capsule using SolidWorks for 3D modeling and
subsequent manufacturing. 3) Conducting laboratory experiment with PCM filled capsule prototype. 4) Characterization
of adipic acid after thermal cycling (in progress).

Previous study [8] highlighted that the most suitable PCM for this application was adipic acid, primarily due to
significant thermal behavior and cost-effectiveness. The thermal characterization of adipic acid, acquired from Sigma
Aldrich, allows to get to know the thermal characteristics such latent heat, melting temperature, specific heat capacity
and thermal conductivity. These parameters have been obtained in the CIIAE laboratory using differential scanning
calorimetry (DSC), using DSC25 of TA Instrument, the instrument TGA/DSC 3+ from Mettler and LFA 467 HyperFlash
from Netzsch.

The subsequent step involved examining the material at the macro level, which closely reflected the actual
environmental conditions. Consequently, a PCM capsule was conceptualized in SolidWorks - Fig. , with consideration
given to the PCM simulation conducted in prior studies [9] for various diameters. Therefore, for experimental
validation, a nominal diameter of DN50 (2") was selected for the capsule. The capsule's external diameter was 60.33
mm, while its thickness was 2.77 mm. Moreover, the capsule length was kept upto 500 mm to respect the dimensional
limits of LBX OVF Force Air Drying Oven. Furthermore, the capsule's closing mechanism was designed to avert the
occurrence of leakage and the bottom end have welded DN50 cap. The upper portion of the capsule was designed
to allow for flexibility in opening, inserting, and closing the PCM. Consequently, a slip-on flange was welded to the
upper portion of the capsule, and a second flat flange was securely fastened with bolts. To prevent PCM leakage, a
sealing of expanded PTFE was used between both flanges. The flange was also equipped with a thermowell in order
to accommodate a temperature sensor.

Fig. 1. Macro-encapsulation of adipic acid for capsule experiment

Subsequent to the manufacturing stage, the third step was to conduct the laboratory experiment, which involved
filling the capsule with adipic acid in powder form, in this case acquired from Rebain. Following the filling and closure
of the capsule with flanges, the capsule was introduced into the oven, thereby initiating the cycling process. The
cycling process commenced at an oven temperature of 133°C and was subsequently elevated to 165°C, a
temperature at which the PCM underwent a phase change from a solid to a liquid state, thereby completing the
charging process. After this, the oven was decreased to 133°C, which resulted in a phase transition from liquid to
solid for the PCM, thereby completing the discharging process. A four-channel K-type thermometer data logger was
used, with two thermocouples: one inside the capsule housed in a thermowell to record the PCM temperature, and
one outside to record the oven temperature.

RESULTS AND DISCUSSION

The results of the adipic acid characterisation are presented in Table 1. It should be noted that the melting and
solidification temperatures are valid not only for the process but also demonstrate minimal subcooling (4.1 + 0.1 °C),
which is essential for PCMs. Furthermore, the latent heat value is notable. Seven charging and discharging cycles
with isothermal steps have been completed. During charging, the heating step was 10 °C/min with an isothermal step
of 240 min at 165°C. During discharging, the cooling step was 10 °C/min with an isothermal step of 360 min, at 133°C.
The results highlighted that the temperature curves remain consistent throughout the seven cycles, demonstrating
no loss of properties during cycling. Fig. 2 signifies that 600 heating and cooling cycles of adipic acid were carried
out at a rate of 8 °C per minute between the temperature range of 130 °C and 165 °C, to simulate the energy charging
and discharging of the material over a period of ten years, considering the two-month campaign of the tomato
concentrate industry. Regarding the melting temperature, there was only a change of 0.6 °C i.e. 0.37 %. The latent
heat changed by 2.2 %, which confirms that the material retains its calorific properties for over ten years.
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Table 1. Adipic acid thermal characterization

Parameter Value Parameter Value
Fusion | at ef@tg)heat, 254.1+4.2 Solidificati onc(lgd)t ent 2543+49
Melting temperature, Tt (°C) 153.2+0.2 Solidification temperature, Tc (°C) 149.1+0.1
Subcooling temperature, Tsub (°C) 4.1+0.1 Specific heat capacity 130°C, cp (J-g-1-°C- 2.0+£0.0

)

Specific heat capacity 160°C, ¢p (J-g~ 2.7+0.1 Apparent specific heat capacity, cp® 322.3t1.4
1_oc-1) (J _g —l_oc-l)
Volume expansion, Y (%) 20.7+2.8 Thermal conductivity 140°C, (W-m-1.cC1) 0.362+0.011

Thermal conductivity 160°C, (W-m-1.°C-1) 0.171+0.01

Regarding the results of the capsule experiment, Fig. 3 illustrates the PCM and oven temperature curves during the
charging cycle. The oven temperature remains at approximately 165 °C during the charging phase, representing the
vapour in contact with the capsule at that temperature. The latent phase, during which the PCM phase change and
energy absorption occur, lasts approximately 265 minutes, at a temperature of 151 °C approximately.

I Velting temperature (2C)
I solidification temperature (2C)

I Fusion enthalpy (J/g)
I Crystallization enthalpy (J/g)

0 100 200 300 400 500 600
Cycles
Fig. 2. The mean results of the 600 heating and cooling cycles
performed on adipic acid.

After 20 cycles, it is shown that there is no change in temperature behaviour, meaning that the PCM is suitable for
long-term energy storage applications. The DSC results are then validated on a larger scale. The subsequent
discharge phase is initiated by adjusting the oven temperature to 133 °C, as shown in Fig. 44. PCM solidification is
sustained for a period of up to 330 minutes, at a temperature of 151.7 °C. This continues until the phase change
process is complete and the energy is released. The discharge process does not show any significant change over
the 20 cycles, so the PCM is also suitable for discharge. Currently, the material is still being cycled to increase
confidence in the results. Additionally, the thermal characterisation of the adipic acid will be conducted once the
cycling process is complete
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Fig. 3. Charging process of Macro-encapsulated PCM - 20 cycles
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Fig. 4. Discharging process of macro-encapsulated PCM - 20 cycles

CONCLUSIONS

The results of the experiment showed that adipic acid has excellent thermal properties for use as a PCM in industrial
applications requiring temperatures of 150 °C. Furthermore, the capsule experiment showed that the charging and
discharging times are in very good agreement with solar generation. Additionally, after 20 cycles, there was no
significant change in behaviour, meaning that even at a larger scale, the adipic acid maintains its thermal properties.
In concluding words, the results of the study demonstrate that this type of capsule filled with adipic acid is the most
suitable for the application of thermal energy storage system integrated with solar thermal collectors to effectively
decarbonize the tomato industry.
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ABSTRACT

Renewable energy technologies form the core of the solution to global warming and the higher energy demand. In this

study, a multigeneration system based on the sun is proposed and analyzed that includes photovoltaic (PV) panels, a

DC storage battery, and a conventional electrolyser for hydrogen production. The System Advisor Model (SAM)
simul ates the system based on the weather in Kzmir, TurkKk
winter, the PV power plant generates alternating current electricity during the day. With a round-trip efficiency of 90.19%,

the DC battery efficiently stores and delivers energy, ensuring system stability and enabling year-round hydrogen
production. The configuration shows great promise for clean and sustainable energy production.

Keywords: Energy storage, solar energy, battery systems, electrolysis.

INTRODUCTION

Humanity uses more energy as the world population rises, technology advances, and the economy grows. This has
caused contamination of the environment, greenhouses gases, and climatic unpredictability [1]. Renewable energy
systems are reported to be the answer to a sustainable future of energy in a bid to combat these issues. Of all
renewable energy technologies, solar photovoltaic (PV) technology is among the best because it is rich, scalable,
and eco-friendly. However, because of its episodic nature, it must have the constant and consistent integration of
energy storage devices like batteries [2].

Inthe current study, a multigeneration system based on
generation, battery energy storage, and hydrogen production via cylindrical electrolysis. The suggested system can
generate electricity and hydrogen fuel for community-scale uses at the same time. Direct current electricity produced
by PV panels either charges the battery or drives the electrolyser depending on the needed energy. The round-trip
efficiency of the DC battery system is 90.19% with excellent energy distribution and recovery during varying solar
irradiance intervals. SAMs of t war e i s used to model and optimize the s

]

DC to AC Inverter

|
o

PV Panel

Cylindrical Electrolyser

]

e !
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H: Storage
Fig. 1. The proposed system layout.
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SYSTEM AND ANALYSIS
The system to be proposed generates electricity and hydrogen from solar energy. The combined installation is liable to

enable the production of sustainable power and hydrogen at a community level. The system consists of a photovoltaic

(PV) power plant, a DC battery storage system, a standar
for investigation due to its favorable solar radiation and climatic conditions. Solar energy is the primary source of power

and is utilized by the PV system to generate electricity. The produced power is either directed towards the electrolyser

for hydrogen production or towards the battery storage unit for utilization at later times. The stored power is then inverted

and supplied to the local grid when irradiance is low for a continuous supply of power and a stable system performance.

A simplified modeling method is employed to simulate the integrated PVi batteryi electrolyser system and find its
performance according to Kzmir's climatic conditions.

RESULTS AND DISCUSSION
The SAM simulations using Kzmir meteor ol ogi dtygknerdtiart The i n di

PV system produces about 20,000 MWh in June and July and falls to about 5,000 MWh in January. The 4-hour
battery configuration smooths the energy production and consumption, ensuring grid stability and continuous
hydrogen production even in low irradiance periods. The maximum chargei discharge power of the battery was
calculated as 59.9 MW, which is associated with the required support for steady operation of the electrolyser. The
90.19% round-trip efficiency experimentally recorded assures that there is minimal energy loss during storage. The
new structure demonstrates stable and efficient integration of the renewable power with hydrogen production under

Izmir solar conditions.

Il Vionthly AC Energy Output (MWh)|
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Fig. 2. The monthly AC power (MWh) output throughout the year.

CONCLUSIONS

A solar-assisted multigeneration system with a PV power plant, battery energy storage, and a regular electrolyser was
evaluated for Kzmir, Turkey. The system uses solar energ)
operation. The round-trip efficiency of the battery was 90.19%, and its peak chargei discharge power was 59.9 MW.

The results confirm efficient energy storage and stable power supply capability of the system for sustainable and

community-level hydrogen production.
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ABSTRACT

The present paper compares three modelling approaches (developed by the authors) aiming to the sizing of Thermal
Energy Storage solutions coupled to an absorption cooling system in the MIL OIL biofuels plant in Central Macedonia,
Greece, aiming to meet the cooling needs of the biodiesel production line and the digester. The three modelling
approaches had all the goal of sizing the TES to properly cover the local demand and maximise the local waste heat
exploitation, however results are not fully aligned each other, showing the importance (in this type of projects) to carefully
evaluate the design of the integrated plant.

Keywords: thermal energy storage, hot, cold, TES, Waste heat recovery, biofuels, industry, absorption cooling

INTRODUCTION

Industrial activities account for a significant portion of global energy consumption, primarily due to their intensive
requirements for heat, cooling, and electricity [1]. In light of growing environmental and decarbonization concerns,
the development of innovative and sustainable technologies to meet industrial energy demands has become
essential [2].

Among these technologies, waste heat recovery (WHR) plays a key role in improving overall energy efficiency [3].
Recovered heat can be effectively utilized not only for process heating [4] or power generation [5], but also for the
production of cooling through absorption [6] and adsorption [7] refrigeration systems, as investigated in the RE-
WITCH Project [8]. These thermally driven chillers transform low-grade heat into useful cooling energy, enabling
trigeneration schemes (heat, power, and cooling) that enhance plant flexibility and sustainability [9].

In this context, the synergistic combination of waste heat recovery, thermal energy storage (TES), and ab-
/adsorption-based cooling [10] offers a promising pathway to decarbonize industrial energy systems, improve exergy
efficiency, and promote circular use of energy across multiple processes [11]. In this context, coupling TES at different
temperature levels could further maximize the energy efficiency of the trigeneration solutions as analysed by different
researchers. TES coupling, particularly at different temperature levels and for different purposes, has technical and
economic challenges [12], thus developing specific modelling tools [13] [14] and compare their results is crucial. This
work, elaborated in the framework of RE-WITCH Horizon Europe project, presents and compares three modelling
approaches aiming to optimally size TES (hot or cold) coupled to an absorption cooling system powered by waste and
solar heat in a biofuels plant in Northern Greece. The paper has the goal of comparing the modelling tools (highlighting
pros and cons of each of them) and their results and to collect from these modelling approaches relevant insights about
how to properly size TES in this type of industrial plants and for this type of trigeneration purposes.

PLANT DESCRIPTION

The MIL OIL plant is located in the industrial zone of Serres in Central Macedonia, Greece, and produces biodiesel
and biogas. The produced biogas is burned in three combined heat and power (CHP) units, two with an electrical
load of 1067 kWe and another larger one with a power output of 1562 kWel. It's worth noting that significant amounts
of heat are generated from the cooling circuit and the exhaust gases of the CHP units. With all 3 CHP units
operational, the hot water stream available for utilization is at a temperature level of 99-100°C, with a maximum
theoretical heat recovery load of 3698 kWw. The biodiesel units require both heating and cooling. Additionally, the
digester, which is necessary for biogas production, has significant cooling requirements.

MIL OIL has installed an Organic Rankine Cycle (ORC) unit, which is fed with a hot water stream to produce electrical
energy. The ORC unit is designed to be supplied with a maximum thermal load of 2390 kW, and the nominal power
capacity is 150 kWe. Under the RE-WITCH project, the implementation of an absorption cooling system has been
proposed, which utilizes the available waste heat in the form of hot water to cover the cooling loads of the biodiesel
reactors and the digester. The low-temperature (LT) cooling load is designed to be 200 kW, with a cold water supply
temperature of 10/15°C, aiming to cover the biodiesel cooling needs. The design value of the high-temperature (HT)
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cooling load is 240 kW. with a cold water supply temperature of 20/25°C. The HT cooling load regards the digester
cooling load, with a nominal value of 166 kWc, and other cooling needs of the factory, such as for the post-digester.
Moreover, in the framework of the RE-WITCH project, the installation of a solar field of high-vacuum flat plate
collectors with an aperture area of about 141.12 m? is proposed to provide additional useful heat in the form of hot
water, with a peak thermal capacity of 97 kWw. Notably, if the heat produced by the CHP units does not feed the
ORC and the absorption chiller, the largest portion of this heat will be rejected as waste. A schematic representation
of all the processes at the MIL OIL plant is shown in Fig. 1.

Hot water
Waste heat in the collector

form of hot water Thwoncin
from the 3 CHPs. . - -
...... ’
Tt | B Phtonst /
T L™ i
52 Thwme J Hot !
iodiesel - \

Organic Rankine Cycle (ORC)

water

circuit

©- - D 1
Collectors’ Mo A | oy
field (strings) [

i Absorption Cooling
i Cycle (ACC)

Blodiesel & digester |
coolingload

Fig. 1. Overall schematic representation of the industrial processes, solar thermal collectors, and all the integrated systems (ORC,
absorption chiller, and biodiesel units) in parallel operation at the MIL OIL plant.

As it can be seen in Fig.1, the overall plant schematics foresee integration of both hot and cold TES (sensible TES i
water tank). The goal of the modelling approaches proposed by University of Genova (UNIGE), University of
Birmingham (UoB) and CERTH (presented in the following chapters) is to optimally size these TES in order to properly
manage the overall Waste Heat recovery and minimize plant costs (particularly looking at cooling production.

PROPOSED MODELLING APPROACHES

UNIGE WECOMP THERMOECONOMIC MODELLING APPROACH

Thermo-economics establishes a link between thermodynamic performanced particularly energy and exergy flowso

and the economic behavior of an energy system. It relies on the concepts of specific consumption and energy cost of
flows, forming the internal economy of the conversion process. This approach is especially valuable in poly-generative
districts, where energy managers must balance thermal and electrical demands while optimizing grid exchanges. By
combining component parameters (efficiency, nominal power) with local economic data (fuel and electricity prices,
inflation, equipment costs), thermo-economics correlates money and energy flows, revealing where energy or cost
savings are achievable. The allocation of energy costs is straightforward for conventional or renewable-based CHP
units, characterized by a single energy input and output revenue. However, accurate cost tracking becomes crucial
when waste heat or renewable heat is recovered to produce cooling through absorption or adsorption systems instead

of conventional electric compression technologies. In this analysis, UNIGE team used the WECoMP Modelling tool [15],
already used in the past for activities related to absorption solutions [16]. WECoMP is a thermoconomic modelling tool,
aiming to optimize the sizing and the management of energy systems in multi-actors contexts (e.g. polygenerative
districts etc.). Alll the energy systems present in MILOIL plants are modeled using hourly resolution allowing assessment

of opti mal t her mal and electric power flows also once
ficitous costs approachod already presented by the authors i
of electric and thermal storages for such applications. [17]. The layout of MILOIL plant as modelled in WECoMP tool is
presented in Fig.2a.

UOB MODELLING APPROACH

Similarly to UNIGE WECoMP tool, UoB developed a techno-economic optimisation tool to assess and optimise
integrated multi-energy systems. Built in Python 3.12 using Pyomo 6.8.0, it simulates the interactions among electricity,
thermal, and cooling networks, including renewable sources and Thermal Energy Storage (TES). The tool minimises
total operational cost by optimising the hourly dispatch of technologies and storage units. It supports linear programming
and scenario-based analysis, enabling evaluation of system configurations, storage sizing, Levelized Cost of Storage
(LCOS), and detailed visualisation of energy flows and component performance. Based on UoB developed optimization
tool, all the energy systems are modeled using hourly resolution for a selected time period (seasonal or annual), allowing
assessment of optimal energy flows, storage operation, and technology synergies under real market and climatic
conditions. The architecture of the MILOIL Demosite integrated energy system is shown in Fig. 2b. The system is
designed to serve electricity, heating, and cooling demands in an industrial setting, leveraging solar thermal resources,
waste heat recovery, and TES systems. The system is modeled to maintain hourly energy balances across three

-5 O
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domains: electricity, thermal energy, and cooling (HT, LT, or both) levels. These balances ensure that generation,
storage, and conversion units collectively meet the dynamic energy demands of the industrial site. The tool develops a
multi-energy system optimization model capturing interactions among conversion technologies, storage, and variable
electricity, heating, and cooling demands. Implemented in Python 3.12 with Pyomo 6.8.0 and solved via Gurobi 12.0, it
uses hourly resolution for realistic operation planning. The linear programming formulation minimizes total system costs
while ensuring energy balance, equipment performance, and realistic storage behavior. The architecture supports
scenario-based analyses, enabling flexible configurations (e.g., activating TES units or varying demands) for techno-
economic assessments and optimal sizing strategies. TES is modeled as a black box via state-of-charge dynamics with
charging/discharging efficiencies, excluding temperature degradation or long-term losses. Post-optimization routines
compute economic indicators (e.g., LCOS) and visualize component-level performance metrics, as detailed in the
ALCOS calculationd subsection.

CERTH MODELLING APPROACH

CERTH has developed MATLAB Based thermodynamic models to simulate various energy systems under dynamic
conditions. First, non-concentrating solar thermal collectors have been modelled, as these systems will be integrated in
the MILOIL plant. Moreover, TES tanks, which will be coupled with solar thermal collectors, thermal processes, or
cooling processes, are simulated. Furthermore, the modelling of the LiBr/water absorption cooling cycle is presented.
The modelling of an Organic Rankine cycle (ORC) module is also provided. All the components mass and energy
balance equations have been integrated in such MATLAB models together with performance curves/maps as provided
by RE-WITCH technology developers (such values have been integrated in the previous tools too). Looking at TES
models, both Hot and Cold TES models are modeled through mixing zone modeling, which is a common strategy in the
literature [19]. MILOIL Plant modelling via CERTH approach is presented in Fig.2c.

Scenario with 2 TES
tanks, one for the
biodiesel units and
another one for
cooling storage at the s
digester

Fig. 2. Overall schematics of the modelling tools used by UNIGE (a), UoB (b) and CERTH (c).

RESULTS AND COMPARISON OF THE MODELLING APPROACHES

The optimal storage solutions at both hot and cold storage temperatures as provided by CERTH, UNIGE, and UoB
are compared and discussed. In MILOIL Plant, considering: 1) the large amount of WH always available (3698 kW
), 2) the limited heating demand of the biodiesel process production (maximum value of 319 kW1, to be fully covered
by the available WH with no major issues), 3) that a a 440 kW Absorption chiller has been considered for the study
and that cooling demand often goes beyond this amount of cold thermal power needed, UNIGE WECO0oMP tool has

been studied mostly to size a Cold TES (cold glycole+water between 0 and 5°C T CAPEX = 80 0/ k Wh ]

integrated in MILOIL process. Storing excess of WH (always present) in Hot TES is not meaningful indeed, while it
is meaningful to cover cold production of the ABSORPTION CHILLER to cover via the COLD TES peak moments in
which the overall cooling demand is higher than 440 kWth. The theoretical capacity needed (to fully cover the cooling
demand via ABSORPTION CHILLER, thus not relying on the air driven compression chiller at all) is according to
UNIGE calculation 6330,52 kWhin. This value was calculated, imposing to cover the cooling demand via absorption

so utions. As it can be imagined this solution requires
for the H2C system, plus 25000 0 for the solar panel s)
for cooling) savings ( 144894 G4/ yr) in around five years and half.

optimizer, sized the COLD TES up to 1365.75 kWhw covering with an air-water chiller (supposed COP=3) the
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Aimi ssing gapso0 dcodingmpa yelr3IhusBaroknd/B115 kWhe') with an annual cost of the electricity

bill of 591,42 4, thus enabling savings per 144302.76 .
for what it concerns the TES (109 26 enablifiga payback pevidddolver i nv e
than three years. This is mostly due to the fact that (even considering a limited cost of the cold TES i cold water tank
iaround 80 0/ kWh), the extra cost of =electritciarnyourmnsd aFQ
(instead of around 10 kO more).

According to the analysis conducted by CERTH, the scenario with two TES tanks, one hot water tank with a capacity
of 50 m3 for the biodiesel units and another cold-water tank with a capacity of 30 m3 for the cooling storage at the
digester, is considered the optimal solution in terms of thermodynamics. The CERTH tool defines not only optimal
storage capacities but also the positions where these storage solutions should be placed. It is important for the plant
operator to identify the most advantageous locations for installing storage systems in order to enhance the overall
efficiency of plant operations. Moreover, seasonal (3-month) capacities in [kWh] are determined by the UoB
optimisation tool for both the hot and the cold storage systems. The capacities range from 5,559-29,717 kwh and
4,984-16,960 kWh for the hot and the cold storage unit, respectively. Based on these capacities, the determined
average values of volumes are equal to 31.5 m3 and 32.7 m3 for the hot and cold-water storage tank, respectively.
Furthermore, according to the tool of UNIGE, the optimized cold storage capacity is determined at 1,365.75 kWh,
while the hot storage is neglected due to the continuous availability of the waste heat. Based on these calculations,
an average volume of 11.9 m3 is defined for the cold-water storage tank. At this point, the CERTH tool is re-run,
taking into account the storage capacities as defined by the UoB and UNIGE tools and the strategic positions inside
the plant, as defined previously by the CERTH tool. The storage tank volumes, determined for the optimal cases of
the UoB and UNIGE tools, are fully optimised and similar to those defined by the CERTH simulation tool. As a result,
the annual cooling production amount at both the low-temperature (biodiesel), and high-temperature (digester) levels
is quite similar. The optimal scenarios provided by CERTH, UNIGE, and UoB are presented comparatively.

Table 1. Comparative results of optimal scenarios as provided by CERTH, UNIGE, and UoB.

Results CERTH Opti malUNI GE Opti m UoB Opti mal
Hot TEBS (. n 500 - 3 15.
Cold THES ( 300 11.9 32. 7

D|gester_ ( H 1378 4 1362. 9 13779 .
producti on

Coverage of 94 . 8% 93. 7% 9 49%
cooling |

B|0d|ese_l (U 1717 . 3 1717 . 4 17 147 .
producti on

Coverage of 98. 0% 98. 0% 98. 0%
cooling |

CONCLUSIONS

The three modelling tools showed the relevance of cold TES integration (more than hot TES) for a proper management
of absorption chillers in industrial processes like MILOIL ones, aiming to maximise waste heat exploitation and the
optimal operability of heat-to-cold machines. The modelling approaches showed similar results and the paper also
presented how more thermodynamic oriented tools (like CERTH ones) could be more effective (once sizing TES) thanks
to a proper interaction with thermoeconomic tools like UoB/UNIGE ones which can limited objective targets of TES
sizing. This is exactly what RE-WITCH project aims to do, in order to properly size and manage the assets to be installed
in its demosites.
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ABSTRACT

This study focuses on the production of thermochromic and temperature-regulating polyester fabrics. For this
purpose, Poly(methyl methacrylate) (PMMA)-walled nanocapsules containing a thermochromic system (TS)
consisting of three components: 1-tetradecanol, phenolphthalein, and fluoran-type leuco dye were applied to
polyester fabrics via a coating method. The fabrics' morphology was examined using SEM analysis. The
thermochromic and thermoregulatory properties imparted by the thermochromic nanocapsules were investigated
using color measurements, differential scanning calorimetry (DSC), and thermoregulation testing methods,
respectively. According to the results obtained, the nanocapsules are densely distributed in the spaces between the
fibers in the fabric structure while also adhering to the fiber surfaces. The thermochromic property of the fabrics has
been proven with photographs showing that the fabrics are colorless when hot and become green colored when cold.
Furthermore, this finding has been confirmed by the total color difference value calculated based on the spectroscopic
color measurement results of the fabrics in cold and hot conditions. The latent heat storage and release properties
of the fabrics were determined using DSC analysis, and thermoregulation testing revealed that they can provide a
cooling effect in hot environments. In hot environments, fabrics containing nanocapsules heat up to temperatures
approximately 2°C lower than raw fabrics.

Keywords: thermochromic, termoregulation, polyester fabric, DSC, phase change materials

INTRODUCTION

Three-component thermochromic systems, otherwise known as thermochromic phase change materials, are
composed of phase change materials and colour-changing substances, thus combining both thermal energy storage
capability and colour-changing ability (Zhai et al., 2024). Thermochromism is defined as the color change observed
in temperature-sensitive chromic materials. Organic lactone-ring-based dyes, known as leuco-dye, are a widely used
colorant for organic thermochromic materials due to their ability to reversibly switch between two different colors.
Structural changes (i.e., the opening or closing of the lactone ring) are triggered by temperature changes, resulting
in a reversible color change. Examples of leuco-dye include crystal violet lactone (CVL), spirolactones, fluoranes,
spirooxazine, and spiropyran leuco-dyes (Hakami et al., 2022). Leuco-dye-based thermochromic materials consist
of three components: a color generator (leuco-dye), a color developer, and a solvent. The color generator, a pH-
sensitive compound, accepts protons and opens the ring structure of the leuco-dye, forming the colored merocyanine.
The color developer is a weak acid that acts as a proton donor, thereby creating the colored form of the leuco-dye
components. The color formation mechanism of leuco dyes relies on the interaction between the dye and the
developer. The color change temperature of the system is determined by the melting temperature of the solvent,
which is also a phase-change substance (T6zim et al., 2022; T6zim et al., 2020).

Thermochromic PCMs, thanks to their ability to store thermal energy and reversibly change color with temperature
changes, are gaining popularity in a wide range of applications, including thermochromic and thermoregulatory fibers
and textiles, building thermoregulation technologies, thermal sensors, and counterfeit protection technologies. The
chromic function visualizes the phase change process and indicates the state of energy storage or release through
color change. This significantly expands the potential applications of PCMs. For example, textiles with thermal energy
storage and thermochromic properties are attractive candidates for various applications, such as temperature
sensors, camouflage, health monitoring, and photothermal therapy (Aksoy et al., 2025).

In this study, thermochromic and thermal energy storage nanocapsules containing a three-component
thermochromic system were applied to polyester fabric, and the thermochromic and temperature regulation
performance of the fabrics were evaluated. In addition, the same thermochromic system and wall-structured capsules
produced by incorporating a UV absorber into the core material TS and a mixture of light stabilizer and UV absorber
into the wall structure during the production of the nanocapsules were applied to the fabrics. Light fastness tests were
performed on these fabrics.
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MATERIALS AND METHODS

The nanocapsules (PMMA/TSUVA-2-1-9) produced in our previous study were used in this study (Ozkayalar et al.,

2020). The nanocapsules were produced using the emulsion polymerization method. They have a polymethyl
methacrylate wall and a three-component thermochromic system core. The thermochromic system contains 1-
tetradecanol solvent (6.42 g), phe ndbeniamihcad-Neihylamiodldorar d e v
dye (0.055 g). Additionally, a UV absorber, 2,4-Dihydroxybenzophenone (UVA) (0.33 g), was added to the TS

content. Nanocapsules applied to improve fabric light fastness were also included in the study. The difference in

these capsules is that while the same amount of UV absorber (UVA) was added to the core, a mixture of 5% (w/w)

of the UV absorber Tinuvin 360® (benzotriazole UV absorber, BASF) and 0.25% (w/w) of the light stabilizer (Tinuvin®

622 SF HALS, an oligomeric hindered amine light stabilizer, BASF) was added to the wall structure. In addition, a

light stabilizer (RUCO-SHIELD RAY containing titanium dioxide, Rudolf Duraner) was impregnated into the fabrics.

Fabric coating and characterization

For the nanocapsule coating on fabrics, 70% by weight of nanocapsules were added to distilled water and sonicated

at 25 W for 2 hours in an ultrasonic mixer. Then, 5% of the nanocapsule amount of sodium dodecy! sulfate (SDS,

Alfa Aesar) was added and thickened to prepare the coating solution. The prepared coating pastes were coated onto

fabrics using the stripping knife (doctor knife) coating method on top of a cylinder with an Ata¢c brand RGK-40
laboratory-type coating device. During the coating process, the drag speed was set to 2 m/s and the blade angle was
positioned at 90°. The coated fabricswer e dr i ed at 80 AC for 8 minutes. Thi
fabric. o A UV | i g3HIELDsRAY) bwiad imagregnated( ildJtBeDsame coated fabric at 50 g/l
concentration as a post-treatment after the nanocapsule application to provide resistance against UV light. The

i mpregnated fabric was fixed at 140 AC for 3 minutes. Tt

The fabrics were subjected to morphological characterization via SEM (Scanning electron microscopy). The fabrics'
visual inspection and color measurements under both hot and cold conditions were also conducted (T6zim et al.,
2021). The colorimetric measurements of the fabrics were performed using the Datacolor CHECK 3
spectrophotometer. Subsequently, the parameters were calculated using the CIELAB color space under D65
illumination and a 10° standard observer. Values representing the color values L* (lightness index), a* (red-green
index), b* (yellow-blue index), C* (color index), and h* (hue index) were recorded. Measurements were performed at
25AC and 50AC. The color values measured on the fabric
indicated that the color of the compared sample was darker than the reference, while a positive value indicated that
it was lighter than the reference. Additionally, to prove that the temperature-dependent color change in the fabrics

was significant, the total color difference (m@E) was det
a large color difference. Commercia | | vy , a @&®E value Il ess than 1 indicates t|
limits.

AE = V[(Lx* - LO*)2 + (ax*- a0*)? + (bx* - b0*)?], (Equation1)

Here: LO*, a0*, and bO* represent the L*, a*, and b* values of the fabric samples in their colored (cold) state.

The lightfastness of fabrics was tested using the Prowhite Brand Model K018 lightfastness testing device, simulating
natural daylight. The tests were conducted in accordance with the TS EN ISO 105 B02 standard.

Thermal characterization of the fabric was carried out via DSC (differential scanning calorimeter). DSC analysis was
carried out in nitrogen (N2) atmosphere at a heating/cooling rate of 5 °C/d between temperatures of -5 °C and 65
°C.The temperature regulation function of fabrics under variable temperature conditions was investigated through
thermoregulation testing. For this purpose, the surface temperature change of a fabric with latent heat storage during
heat absorption was measured using a thermal camera (Fluke TX 500), and the effect of the absorbed heat on the
fabric's surface temperature was investigated. Before measurement, both the reference fabric (without nanocapsule)
and the sample fabrics (with nanocapsule) were conditioned at 0 °C for 24 hours. The conditioned fabrics were placed
in a box with an internal temperature set at 40+3 °C, and their surface temperatures were recorded with a thermal
camera. Thus, the TS in the nanocapsule structure was allowed to melt in the measurement environment, and how
the heat absorbed from the environment during melting affected the fabric surface temperature was determined. The
surface temperature of the fabric within the heat measurement system was measured and recorded with a thermal
camera every 30 seconds for an average of 45 minutes (Alay Aksoy et al., 2017).

RESULTS AND DISCUSSION

Figure 1(a) and Figure 1(b) show SEM images of the reference coating fabric and the coating fabric, respectively.
According to the images, the fabric morphologies are similar, and the nanocapsules are densely distributed in the
spaces between the fibers while also adhering to the fiber surfaces. Furthermore, despite the coating paste containing
capsules being mixed, it is seen that agglomeration cannot be completely prevented and capsule clusters appear in
places. Figure 1(c) and Figure 1(d) show images of the reference coated fabric and coated fabrics, respectively,
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when colored (green color) at cold temperatures and colorless at hot temperatures (heated to 50°C, above the
thermochromic system's color-changing temperature). Photographs demonstrate that all fabrics undergo reversible
color change in response to temperature variation. However, when UV protectant is applied as a post-treatment to
the coated fabrics (named as coated fabric), the color in the cold state becomes lighter.

Fig. 1. SEM images of the fabric (a: reference coated fabric, b: coated fabric) and colorless photograph of the fabrics in hot and
color photograph in cold (c: reference coated fabric, d: coated fabric)

According to the color measurement results given in Table 1, the total color differencevalue ( ®@E) , whi ch e
the difference between the cold and warm color values of all fabrics, is greater than 1, revealing that the fabrics
change color significantly when the temperature changes. Furthermore, the total color difference value of the
reference coated fabric is higher than that of the coated fabric impregnated with a light stabilizer that protects against
UV light. This result indicates that the fabric color lightens after UV protection impregnation and is consistent with the

findings from the colored fabric photographs (Figure 1 (d)).

Table 1. values obtained from
spectrophotometer color measurements

of nanocapsule-coated fabrics Table 2. DSC results of the fabrics

Mean values Fabric Melting Melting Liquid-solid Solid-solid Total
Fabric int enthal crystallization | crystallization | crystallization
Test| aL | &a | &b | &E 0) o | ot e it (G nthalpy (i
Reference coated |1 23,62 12,16 |-2,17 |[16,32 ( ) (Jg) pomt( ) p0|nt( ) enthalpy (J g)
fabric 2 12627 (1232 1471 1624 Reference | 33.7 7,53 36.5 17.8 7.61
3 |2449 (1262 |-1,91 | 16,73 coated
Mean 2479 (12,36 1,03 |1643 fabric
Coated fabric 1 [1572 [844 [134 [918
2 [1633 [967 [085 [10,72 Coated 56.3 121 No peak was observed within the measurement
3 [1259 (753 [095 812 fabric range (up to 70 °C).
Mean 1488 [854 (1,04 934

The lightfastness test result for the fabrics was determined to be 1, and it was determined that the fabrics did not
have sufficient and acceptable lightfastness according to the TS EN ISO 105 B02 lightfastness test. This result
indicates that the addition of UV absorber to the core material, the addition of light stabilizer to the wall structure, and
the application of after-light fastness enhancer to the fabric are insufficient to improve the light fastness of the fabrics.

The DSC analysis results for the fabrics are presented in Table 2. According to the results in the table, the reference
coated fabric was able to store 7.53 J/g of heat energy at 33.7 °C and released a total of 7.61 J/g of heat energy for
the liquid-solid and solid-solid phase transitions, which appeared as two separate peaks at 17.8 °C and 36.5 °C,
respectively (Figure 2). The peaks observed at higher temperatures in the DSC curve of the fabric were considered
to belong to other substances in the fabric structure. No evidence was found in the DSC analysis of the coating fabric
impregnated with UV resistance-enhancing substance after nanocapsule application that the fabric could absorb and
release latent heat energy.

Figure 3 shows the time-dependent surface temperature change (T-History) curves obtained after the
thermoregulation test of fabrics treated with nanocapsules. The surface temperature of the untreated fabric is lower
than that of the thermochromic fabrics. The surface temperature of the raw fabric rapidly rose to 37.6°C in
approximately 2.5 minutes and then slowly heated up, reaching a maximum of 42.9°C at the end of the measurement
period (45 minutes). The surface temperatures of the nanocapsule-coated fabrics rose rapidly until the 4th minute,
after which the rate of temperature increase slowed down. Approximately 20 minutes later, the surface temperatures
of the coated fabrics approached the surface temperature of the raw fabric. At the end of the test period, while the
surface temperature of the raw fabric was 42.9°C, the surface temperatures of the coated fabrics had almost reached
the surface temperature of the raw fabric. Throughout the test period, the differences between the surface
temperatures of the raw fabric and the coated fabric reached a maximum of 2°C. These results indicate that the
nanocapsulated PCM content imparts a cooling effect to fabrics when the temperature rises suddenly. It should be
noted here that the coating fabric, for which enthalpy was not measured in the DSC analysis, exhibited similar
temperature regulation performance to the reference coating fabric. This contradictory finding has been attributed to
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the low PCM content within the total sample weight of 5 mg-6 mg used during the DSC analysis and the non-
homogeneous distribution of nanocapsules within the fabric structure.

Flow /gmimen,

= Reference coated fabric
s Lintreated fabric

sample coated fabric

ime (minute)

Fig. 2. DSC curve of reference coated fabric Fig. 3. Termoregulation test result

CONCLUSIONS

In this study, PMMA-walled nanocapsules containing a three-component thermochromic system were applied to
polyester fabric using a coating method. In addition to the thermochromic and thermal energy storage properties of
the fabrics, their light fastness and temperature regulation functions were also investigated. The results of the study
demonstrated that the nanocapsules could be successfully applied to the fabrics using the coating method, as
evidenced by both SEM analysis and spectroscopic measurements. The fabrics were dark green in color when cold,
but lost their color when heated above the melting temperature of the thermochromic system contained in the
nanocapsules. According to DSC analysis, the fabrics have a latent heat storage property and can provide a cooling
function due to the heat absorbed during the melting of the PCM in their structure. Another important result that must
be noted is that the titanium dioxide-containing UV light stabilizer coating on the nanocapsule-coated fabric has a
negative effect on both the thermochromic and thermal energy storage properties of the fabrics. Furthermore,
lightfastness test results revealed that the UV absorber added to the thermochromic system's nanocapsule core
material, the light stabilizer added to both the core and wall of the capsule, and the light stabilizer applied to the fabric
in a subsequent process did not improve the fabric's lightfastness.
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ABSTRACT

Research on surplus exchange materials continues to focus on developing hybrid properties for these particles to
increase their usability. These hybrid properties generally include solar heat harvesting, flame retardancy, and
antibacterial properties. Cost-effective particle production is also one of the most important features to consider for
their usability. In this study, n-octadecane, an organic phase change material used in applications such as cooling
and anti-icing, was evaluated in conjunction with boric acid in a melamine-formaldehyde resin to achieve cost-
effective production and to exhibit hybrid properties such as flame retardancy. By depositing TiO2 on the patrticles,
the particles were enabled to produce heat with photothermal effect and to gain antibacterial properties.
Microencapsulated phase change materials are characterized using a DSC instrument for their physicochemical
properties, which are fundamental to thermal energy storage and usability. Studies have shown that the produced
particles have a heat storage capacity exceeding 50% of the core material and are stable within their potential
application range, based on thermal cycling analysis. Additionally, the particles produced are monodisperse and
spherical in structure, ranging from 100 to 110 micrometers. According to TGA analysis, they can withstand
temperatures of up to 110 degrees Celsius without decomposing, a level currently available for plastic materials.

Keywords: n-tetradecane, microcapsulated PCMs, thermal energy storage

INTRODUCTION

Recent studies on the production of PCM-containing microcapsules show that research has focused on the
development of microencapsulated PCMs that can offer different functional properties and have improved thermal
and mechanical durability rather than on studies on the production of microcapsules with high heat storage capacity.
When the existing studies in the literature are examined, it has been determined that functional properties such as
antibacterial activity, photothermal conversion, hydrophobic character, and UV absorption are imparted by adding
various inorganic materials to the structure of microcapsules. Microencapsulated phase change materials (MEPCMSs)
have found extensive applications in various fields, including building materials (e.g., wall panels, insulation layers,
and thermal mass additives), textiles (thermo-regulating clothing and upholstery), electronics and battery thermal
management, as well as solar thermal systems and waste heat recovery. Numerous studies have demonstrated that
encapsulation provides significant advantages in thermal energy storage systems by addressing issues such as
leakage, shape stability, and material compatibility [1-2]. In addition, micro- and nanoreinforcements are increasingly
employed to enhance thermal conductivity and improve cycling durability. Despite these advantages, MEPCM-based
technologies continue to face challenges such as inherently low thermal conductivity, mechanical and thermal fatigue
of the capsule shell, high manufacturing costs, and reduced heat transfer efficiency during large-scale integration.
Consequently, current research efforts are directed toward the development of nano-reinforced PCMs, advanced
surface engineering strategies, precise capsule fabrication using microfluidic techniques, and application-specific
hybrid systems to optimize performance and reliability [3]. In the medical field, MEPCMs have demonstrated
considerable potential for controlled thermal regulation in drug delivery systems, cryopreservation, and hyperthermia
treatments. For instance, n-tetradecane, a paraffinic PCM with a melting point suitable for physiological applications,
has been successfully microencapsulated to maintain localized temperatures without damaging surrounding tissues.
Additionally, incorporation of boron and melamine-formaldehyde as shell materials has been reported to enhance
mechanical robustness, thermal stability, and chemical resistance of the microcapsules, which is critical for repeated
thermal cycling and sterilization [4]. These advances not only improve encapsulation efficiency and reduce PCM
leakage but also enable integration into biomedical devices, such as thermally responsive wound dressings and
implantable heat modulators, highlighting the translational relevance of MEPCMs in clinical settings.

In this study, n-tetradecane-loaded melaminei boroni formaldehyde microcapsules coated with TiOF were
successfully synthesized, and their physical and chemical properties were comprehensively characterized using FT-
IR, DSC, TGA, PSD, and SEM analyses. The results demonstrated that the produced microcapsules possess a
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robust and stable structure, indicating their potential suitability for medical applications. The combination of TIOF
coating and melaminei boroni formaldehyde shells not only enhances thermal stability and encapsulation efficiency
but also provides the mechanical resilience necessary for repeated thermal cycling and sterilization processes,
highlighting the translational relevance of these MEPCMs in clinical settings.

MATERIALS AND METHODS

The study used n-tetradecane (90 % purity material) as the PCM from AESER Company, which operates commercially
in the market. Triethanolamine, Triton X100, and ammonium chloride are also from Merck Company, as Glacial acetic
acid is from Tekkim Company. Melamine and formaldehyde are from Sigma Aldrich Company. Boric acid is from ETI
Maden Company. All the chemicals are used as received.

Synthesis of n-tetradecane@MFB Microcapsules

MFB microcapsules encapsulating n-tetradecane were synthesized using an in situ polymerization method. Initially,
Tween 80 as surfactant, boric acid, and ammonium sulfate were dissolved in deionized water. The solution was
stirred at 70 °C for 15 min to ensure homogeneity. Subsequently, n-tetradecane was introduced into the mixture and
emulsified using a homogenizer for an additional 15 min. Following emulsification, formaldehyde was added to the
reaction system and allowed to polymerize for 2 h under continuous stirring. Upon completion, the reaction mixture
was cooled to room temperature. Finally, the microcapsules were collected by filtration, thoroughly washed with
deionized water at a temperature above the melting point of the phase change material (PCM), and dried to obtain
purified MFB microcapsules.

Synthesis of n-tetradecane@MFB@TiO2 Microcapsules

For the coating procedure, 2 g of microcapsules were dispersed in 30 mL of distilled water in a flask, and
homogenization was achieved using a magnetic stirrer. In a separate flask, 3.70 g of boric acid was dissolved in 120
mL of distilled water under continuous stirring until fully dissolved. The prepared boric acid solution, along with 2.7 g
of ammonium chloride (NH¥CI) and 3.78 g of titanium tetrachloride (TiClW, was subsequently introduced into the
microcapsule suspension. The mixture was then stirred in a sealed vessel for 2 h prior to initiating the coating step.

Characterization of n-tetradecane@MFB microcapsules

The chemical characterization of the MFB-based microcapsules synthesized in this study was performed using
Fourier-transform infrared spectroscopy (FT-IR). Their thermal properties were evaluated by differential scanning
calorimetry (DSC), while particle size distribution and average particle size were determined using a solid particle
size measurement analyzer. The morphological features of the microcapsules were initially examined by polarized
optical microscopy (POM) for preliminary assessment, followed by detailed imaging using scanning electron
microscopy (SEM) and scanning transmission electron microscopy (STEM).

RESULTS AND DISCUSSION

The results of the characterization analyses of n-tetradecane@MFB produced within the scope of this study are
summarized in Fig. 1 and Fig. 2. The FTIR spectrum shown in Fig.1A displays the characteristic NT H and C=N
vibration bands of melamine, along with the O H and Bi O bands of boric acid. The combination of these peaks
confirms the formation of the MFB structure. The aliphatic 1 CHF stretches of n-tetradecane are clearly observed
within the MFB structure, indicating successful encapsulation. Furthermore, new bands appearing in the 5007 700
cmud range indicate Tii O vibrations, demonstrating that TiOF coating has occurred. According to the TGA profile of
n-tetradecane@MFB microcapsules presented in Fig.1B, two distinct thermal degradation stages corresponding to
the shell and core components were observed. The first degradation step, which occurred above 100 °C, was
attributed to the decomposition of the shell material. Repeated DSC measurements demonstrated no appreciable
differences between successive heating (Fig.1C) and cooling (Fig. 1D) cycles, thereby confirming the thermal
reliability and stability of the n-tetradecane@MFB microcapsules. By selecting defined temperature intervals in these
thermograms, the latent heat associated with melting and crystallization can be quantitatively calculated, providing
insight into the energy storage and release capacity of the system. In addition, the well-defined endothermic and
exothermic peaks clearly illustrate the phase transition range, demonstrating that the encapsulated n-tetradecane
maintains its intrinsic thermal properties after microencapsulation. These findings suggest that the MFB microcapsule
structure provides an effective thermal barrier, ensuring phase change stability during repeated heatingi cooling
cycles, which is a critical requirement for long-term thermal energy storage applications. Furthermore, the particle
size distribution of n-tetradecane @MFB microcapsules, illustrated in Fig. 2A, revealed a range between 50 and 120
pm. The monodisperse nature of the distribution indicates that the synthesis process was successfully achieved.
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Fig. 1. Characterization of synthesized MFB based microparticles. FT-IR spectrum of MFB based microparticles (A), TGA and
DTG graphs of n-tetradecane@MFB microcapsules (B), DSC curves of n-tetradecane@MFB microcapsules during the BTC and
ATC heating periods (C), and DSC curves of n-tetradecane@MFB microcapsules during the cooling period of BTC and ATC

).

Table 1. DSC data for n-tetradekan@MFB microparticles before and after thermal cyclings

Heating Cooling

Onset ((C) | Peak (‘C) | aH (J/g)) | Onset ('C) | Peak (‘'C) | aH (J/9))
n-tetradekan 5.1 7.8 -190.7 4.2 2.9 190.1
n-tetradekan@MFB BTC 4.3 8.8 -97.7 2.8 0.3 101.2
100 Cycles 4.1 8.7 -98.6 3.1 0.2 100.7
200 Cycles 4.1 8.7 -98.4 2.9 0.2 100.9
300 Cycles 4.0 8.7 -98.9 2.7 0.2 101.2
400 Cycles 4.0 8.7 -98.4 2.6 0.3 100.6
500 Cycles 4.2 9.1 -98.4 2.3 0.1 100.6
600 Cycles 4.2 9.0 -98.2 24 0.1 100.6
700 Cycles 4.2 9.0 -97.1 1.8 0.1 100.5
800 Cycles 4.1 9.0 -98.0 1.9 0.1 100.2
900 Cycles 4.1 8.9 -98.5 2.4 0.2 100.7
1000 Cycles 4.2 9.0 -101.0 2.0 0.1 100.2

Table 1 presents the DSC analysis results of MFB@n-tetradecane capsules subjected to multiple heatingi cooling
cycles. The results indicate that the thermophysical properties of the prepared capsules remained nearly constant,
confirming their reversible phase change behavior and thermal reliability.

The particles produced are at 100-110 micrometer size interval according to Fig 2A. The DSC graph in Figure 2B
showed that TiO2 coating did not bring any change in the DSC graph form. SEM analysis (in Fig 2 C) shows that
particles with a spherical morphology and a much lower sizes were obtained. The lower sizes are due to coagulation
of particles during particle size analysis. The addition of boric acid to the reaction did not cause a significant change
in spherical morphology or distribution. However, the addition of TiO2 caused a negligible change in particle
morphology due to surface accumulation.
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Fig. 2. PSD graph of n-tetradecane@MFB microcapsules (A), DSC curves of MFB@n-tetradecane@TiO2
microcapsules (B), and SEM images of n-tetradecane@ MFB@TiO2 microcapsules (C).

CONCLUSIONS

The n-tetradecane@MFB microcapsules had the feature of storing heat energy due to core and flame retardancy
due to the shell. The boric acid ingredient imparted flame retardancy revealed by the melamine-formaldehyde. Boron
component is known to increase the flame retardancy property when used with amino compounds. The study enables
the evaluation of this situation on the particle surface. By accumulating TiO2 on the surface of the shell of
micropatrticles, it has become possible for the material to produce heat from the photothermal effect of sunlight and
to gain antimicrobial properties on the surface at the same time. Heat generation from the metal surface and the
antimicrobial properties of silver are also well-known properties in the scientific literature. N-
tetradecane@MFB@TIiO2 particles could be produced with spherical morphology and appropriate particle
distribution, capable of reversibly and isothermally exchanging significant amounts of heat, and their thermal reliability
was proven as a result of thermal cycle analysis.
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ABSTRACT

Research on phase change materials (PCMs) focuses on imparting hybrid properties to increase the applicability of
these materials. These hybrid properties typically encompass solar energy storage, flame retardancy, and similar
functionalities. Furthermore, the development of cost-effective production processes is crucial for the practical
application of these materials. In this study, n-dodecanol, an organic PCM commonly used to enhance energy
efficiency in buildings, was microencapsulated with boric acid in a melamine-formaldehyde resin. This approach aims
to provide both economical production and flame-retardant properties. The produced microencapsulated PCMs were
characterized by DSC analyses for their physicochemical properties, which are decisive for their thermal energy
storage potential and applicability. The findings indicate that the particles maintain their stability after thermal cycling.
Furthermore, the microcapsules were determined to be spherical and monodisperse in a size range of 507 120 um.
TGA results showed that the produced particles could withstand temperatures up to approximately 110 °C without
decomposition.

Keywords: n-dodecanol, microencapsulated PCMs, thermal energy storage, flame-retardant, thermal management
applications

INTRODUCTION

In recent years, research on the development of microencapsulated phase change materials (mMPCMs) has shifted
from focusing solely on achieving high heat storage capacity to also providing these materials with multifunctional
properties. The increasing demand requires PCMs to have more functions in addition to their traditional role as energy
storage [1i 2]. In particular, studies on microcapsule systems with increased thermal stability, mechanical strength,
and environmental resistance properties have attracted attention [3,4]. It has been reported in the literature that
additional functions such as photothermal conversion, UV protection, flame retardancy, and hydrophobicity are
imparted by the addition of various inorganic components (e.g., SiOF, AIFOf, TiOF, and boron compounds) to the
microcapsule shell matrix [5,6]. As a result of these developments, mPCMs are widely evaluated in a wide variety of
engineering applications, such as building materials (wall panels, coatings, cement-based composites), textiles
(thermal regulating clothing and indoor flooring), electronics cooling, battery thermal management, solar energy
systems, and waste heat recovery [7,8]. Furthermore, numerous studies have emphasized the significant
contributions of encapsulation technology in terms of preventing leakage, maintaining shape stability, and enhancing
the environmental compatibility of phase change materials [9, 10]. Recent studies have focused on utilizing micro-
and nano-reinforcements to enhance the thermal performance of mMPCMs. These reinforcements, particularly with
the addition of conductive additives such as carbon nanotubes, graphene oxide, al203, and SiOz, increase thermal
conductivity and improve cycling durability [11-12]. However, despite these advantages, mPCM-based systems still
face limitations such as low thermal conductivity, thermal fatigue of the capsule shell, high manufacturing costs, and
reduced heat transfer efficiency in large-scale applications [13]. Therefore, current research trends in the
development of nano-reinforced PCM composites focus on the application of surface engineering strategies in hybrid
shell systems, such as melamine-formaldehyde and boric acid, precise control of capsule size using microfluidic
techniques, and optimization of application-specific hybrid structures [6]. In the field of building materials, mPCMs
have shown significant potential for enhancing energy efficiency and mitigating temperature fluctuations. For
example, n-octadecane, an organic PCM, has been successfully microencapsulated in cement-based composites.
This regulates heat flows due to ambient temperature changes and reduces energy consumption. Additionally, the
use of boron additives and melamine-formaldehyde resin as shell materials has been reported to enhance the
mechanical strength, thermal stability, and chemical resistance of microcapsules, which are crucial properties for
maintaining stability under harsh service conditions, such as freeze-thaw cycles and high-temperature exposure [14].
These advances not only increase encapsulation efficiency and prevent PCM leakage but also enable the
development of innovative building materials such as wall panels, thermal insulation plasters, self-regulating floor
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coverings, and building elements with integrated energy storage. Thus, mPCMs are becoming increasingly important
in sustainable building design and energy management.

N-dodecanol-core melamine-boron-formaldehyde-shelled (n-dodecanol@MFB) microcapsules in this work were
expected to show hydrid functionality of thermal energy storage and flame retardancy.

MATERIALS AND METHODS

N-dodecanol (98% purity material), triethanolamine, Triton X-100, and ammonium chloride are from Merck Company.
Glacial acetic acid is from Tekkim Company. Melamine and formaldehyde are from Sigma Aldrich Company. Boric acid
is from ETI Maden Company. All the chemicals are used as received.

MFB microcapsules encapsulating n-dodecanol were synthesized using an in-situ polymerization method. Initially,
Tween 80 as surfactant, boric acid, and ammonium sulfate were dissolved in deionized water. The solution was
stirred at 70 °C for 15 min to ensure homogeneity. Subsequently, n-dodecanol was added to the mixture and
emulsified using a homogenizer for an additional 15 minutes. Following emulsification, formaldehyde was added to
the reaction system and allowed to polymerize for 2 h under continuous stirring. Upon completion, the reaction
mixture was cooled to room temperature filtrated and washed with deionized water at a temperature and dried.

The chemical characterizations of the MFB-based microcapsules were performed using Fourier Transform Infrared
Spectroscopy (FT-IR) as the thermal properties were assessed by differential scanning calorimetry (DSC) and
thermogravimetric analyzer (TGA). Particle size distribution and average particle size were determined using a solid
particle size analyzer and monitored using a scanning electron microscope (SEM).

RESULTS AND DISCUSSION

The ftir spectra of all ingredients and the microparticles are shown in figure 1A. The characteristic Ni H and C=N
vibration bands of melamine, along with the O H and BT O peaks of boric acid. The combined observation of these
bands confirms the successful formation of the mfb shell structure. Furthermore, the clear appearance of the aliphatic
i CHF extensions of n-dodecanol in the spectrum proves that the core material has been effectively encapsulated.
According to the results of TGA (figure 1B), the microcapsules exhibit two distinct thermal decomposition steps for
the shell, and the core. Consecutive dsc measurements (figures 1c and 1d) showed no significant difference between
the heating and cooling cycles demonstrating thermal stability and reliability of the particles. The melting and
crystallization temperature ranges determined in the DSC thermograms enable the quantitative calculation of the
system's latent heat and thermal reliability, providing information about its energy storage and release capacity as
shown in Table 1. Furthermore, the presence of well-defined endothermic and exothermic peaks confirms that the
encapsulated n-dodecanol retains its unique thermal properties after microencapsulation. The findings indicate that
the MFB shell structure acts as an effective thermal barrier, maintaining phase transition stability during repeated
heating and cooling cycles. The obtained data reveal that the thermophysical properties of the prepared capsules
remained constant throughout the thermal cycles, thus exhibiting reversible phase transition behavior. In addition, as
seen in Figure 2A, the produced microcapsules were approximately 1007 110 um average size diameter, exhibiting
a homogeneous distribution and spherical morphology. The total enthalpy plot in Figure 2B is given to show effect of
energy gain and release during heating and cooling for a time period. Besides, the particle size distribution in figure
2A revealed a monodisperse morphology between 50 and 120 um.

Table 1. DSC data for n-dodecanol@MFB microparticles before and after thermal cyclings

Heating Cooling

Onset (‘C) | Peak ('C) | aH (J/g)) | Onset ('C) | Peak (‘'C) | aH (J/g))
n-dodecanol 20.2 23.0 169.1 20.7 18.8 163.9
n-dodecanol@MFB/ BTC 10.0 14.8 91.4 8.8 5.0 98.1
100 Cycles 9.0 14.1 98.7 8.8 4.8 98.5
200 Cycles 8.9 14.1 99.1 8.8 4.8 98.3
300 Cycles 8.9 14.0 97.4 8.7 4.7 98.5
400 Cycles 8.9 14.0 98.4 8.7 4.6 98.6
500 Cycles 8.9 14.0 98.3 8.7 4.8 98.3
600 Cycles 8.8 14.1 98.7 8.7 4.9 98.4
700 Cycles 8.9 13.9 99.0 8.7 4.9 98.4
800 Cycles 8.9 13.9 98.6 8.6 5.1 98.7
900 Cycles 9.0 14.1 97.9 8.7 4.9 98.4
1000 Cycles 8.9 13.9 98.3 8.6 4.8 98.3
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Fig. 1. Characterization of synthesized MFB-based microparticles. FT-IR spectrum of MFB-based microparticles (A), TGA and
DTG graphs of n-dodecanol@MFB microcapsules (B), DSC curves of n-dodecanol@MFB microcapsules during the BTC and
ATC heating periods (C), and DSC curves of n-dodecanol@MFB microcapsules during the cooling period of BTC and ATC (D).

Fig. 2. PSD graph of MFB@n-dodecanol microcapsules (A), total enthalpy of n-dodecanol@MFB microcapsules (B), and SEM
images of n-dodecanol@MFB microcapsules (C).

SEM analysis (Figure 2C) reveals that the produced particles have a spherical morphology and are significantly
smaller in dimension. The observed size reduction is attributed to the coagulation effect that occurred during particle
size analysis. Furthermore, the addition of boric acid to the reaction medium did not cause any significant changes
in the particle morphology or distribution characteristics.
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