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Abstract. The decarbonization of industrial heat supply requires advanced thermal energy
storage technologies capable of operating beyond the temperature limits of conventional sen-
sible heat storage systems. Adsorption-based heat storage offers significantly higher energy
density, negligible self-discharge, and the ability to provide process heat at temperature levels
exceeding 100 °C. Within the German research project Adsorptive Heat Storage Systems for
the Industrial Heat Transition (AdWaeWe), systematic laboratory-scale experiments were con-
ducted using binder-free zeolite Kdstrolith NaYBFK (NaY) in an open adsorption system. The
investigations covered adsorption inlet temperatures ranging from 40 to 90 °C at water vapor
partial pressures of 20 and 50 mbar, with regeneration temperatures of 100 and 180 °C. De-
pending on the operating conditions, the system achieved a temperature lift of up to 107 K at
an adsorption inlet temperature of 40 °C, a volumetric energy density of up to 150 kWh m™3,
and a peak outlet temperature exceeding 180 °C at an adsorption inlet temperature of 90 °C.
In addition to the performance evaluation, the long-term hydrothermal stability of the adsorbent
material was investigated under two aging methods and compared with zeolite Kdstrolith
13XBFK (NaX) as a reference. Under severe hydrothermal aging conditions, NaX exhibited a
gradual reduction in adsorption capacity of approximately 25% over 100 cycles, whereas NaY
maintained nearly constant water uptake, heat release, and outlet temperature throughout the
same cycling period. The results demonstrate the high potential of binder-free zeolite NaY as
a robust adsorbent material for industrial adsorption heat storage applications.

Keywords: Adsorption Heat Storage Systems, Industrial Decarbonization, Zeolite,
Hydrothermal Stability, Energy Density.

1. Introduction

The decarbonization of industrial heat supply represents a central challenge in the ongoing
energy transition. A substantial share of industrial energy demand is associated with thermal
processes requiring temperatures above 100 °C, accounting for approximately 37 % of indus-
trial process heat demand in Europe [1]. The integration of renewable energy sources into
industrial applications therefore requires thermal energy storage technologies capable of op-
erating at elevated temperature levels. Conventional sensible heat storage systems, such as
hot water storages, are typically limited to temperatures of approximately 90 °C. As a result,
alternative storage concepts that enable higher temperature levels are required for industrial
applications.

Adsorption-based thermal energy storage systems offer higher storage densities, negligi-
ble heat losses, and the capability to deliver heat at elevated temperature levels [2], [3], [4].
These systems are based on the reversible adsorption of water vapor on porous materials,
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where the exothermic process releases heat for heating applications [5]. Among available ad-
sorbent materials, zeolites are particularly suitable due to their high affinity for water, high water
sorption capacities, high heat adsorption, and good thermal stability [6], [7].

Extensive research on zeolite-based sorption storage has been conducted in the context
of low-temperature applications, including the Monosorp [8] and SolSpaces [9] projects. Mette
et al. [10] investigated the adsorption characteristics of binderless zeolite Késtrolith 13XBFK
and demonstrated its high water uptake and fast kinetics [10]. Rénsch et al. [11] conducted
laboratory-scale experiments with binder-free NaY zeolites and highlighted their favorable
sorption properties for heat storage upscaling. Risti¢ et al. [12] showed that NaY exhibits con-
siderably higher energy storage densities than the currently used NaMSX. Geilful3 et al. [13]
reported that NaY is one of the most stable zeolites against hydrothermal cycling, with its ap-
plication becoming particularly promising above 150 °C.

Regarding the long-term stability of zeolite-based systems, Janchen et al. [14] demon-
strated the improved adsorption capacity and hydrothermal stability of binderless zeolite beads
compared to binder-containing materials. Fischer et al. [15] examined the hydrothermal deg-
radation of zeolite NaX and found crystalline-to-amorphous phase transformation under all in-
vestigated conditions. Storch et al. [16] reported that pelletized zeolite NaX retained only 79 %
of its water uptake after 3500 cycles, with the most stable sample being produced by a binder-
free method. Auer and Ronsch [17] found that binder-free NaY and NaX age differently under
extreme hydrothermal conditions. Schmit et al. [18] recently conducted 140 cycles with binder-
free 13XBFK and NaYBFK under industrially relevant conditions. However, these studies have
been conducted at relatively low adsorption inlet temperatures (< 50 °C), under simplified con-
ditions, and mostly with small sample quantities. The performance of adsorption systems at
elevated adsorption inlet temperatures above 70 °C and high water vapor partial pressures
above 40 mbar remains insufficiently understood, and systematic investigations combining
thermal performance evaluation with long-term hydrothermal stability assessment under dif-
ferent severity levels are missing so far. In particular, it remains unclear whether adsorption
systems based on zeolites can reliably deliver outlet temperatures above 100 °C, whether
sufficient volumetric energy densities can be achieved at such temperature levels, and whether
the adsorbent materials remain stable under the corresponding hydrothermal stress. Further-
more, no previous study has conducted a combined investigation that systematically evaluates
both the thermal performance of a zeolite-based adsorption system at elevated adsorption inlet
temperatures and high water vapor pressures and the hydrothermal stability of the adsorbent
under aging conditions of varying severity, including direct exposure to liquid water.

To address these open questions, the present study, conducted within the German re-
search project Adsorptive Heat Storage Systems for the Industrial Heat Transition (Ad-
WaeWe), evaluates a zeolite-based adsorption heat storage system under conditions repre-
sentative of industrial processes requiring heat supply at temperatures of 100 °C and above.
The objective is twofold: first, to evaluate the thermal performance of binder-free zeolite Késtro-
lith NaYBFK in terms of temperature lift, outlet temperature, and volumetric energy density
under systematically varied operating conditions, including elevated adsorption inlet tempera-
tures and high water vapor partial pressures as required for industrial heat supply with temper-
atures above 100 °C; and second, to assess the hydrothermal stability of this material under
cyclic operation using two complementary aging methods that reflect the increased hydrother-
mal stress associated with high-temperature operation, and to compare it with Kdstrolith
13XBFK as a reference material.

2. Experimental setup and procedure

This section describes the experimental setup, operating conditions, and test procedures used
to evaluate the thermal performance and hydrothermal stability of the investigated zeolite ma-
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terials. First, the laboratory-scale open adsorption test rig is presented. Subsequently, the ex-
perimental methodology for the performance evaluation of NaY under different operating con-
ditions and for the hydrothermal aging experiments of NaY and NaX under different severity
levels is outlined.

2.1 Laboratory-scale open adsorption test rig

The experimental investigations were conducted using a laboratory-scale test rig operating as
an open adsorption system (see Fig. 1). The setup allows controlled adjustment of air humidity,
temperature, and mass flow with water vapor partial pressure up to 50 mbar, temperature up
to 200 °C, and air mass flow rate up to 2 kg h™.

The adsorbent material was placed in a vertically mounted, double-walled glass reactor
with vacuum insulation. To further minimize heat losses, the reactor was externally insulated
with a 3 cm thick layer of mineral wool. The reactor has a length of 170 mm and an inner
diameter of 46 mm. Compressed air supplied from the laboratory network was first dried using
a zeolite-based drying unit. The air mass flow was controlled by a mass flow controller (Bronk-
horst F-202AV) and subsequently divided into two streams. One stream was directed through
a heated humidification unit, where the air mass flow was saturated with water vapor. The air
mass flow in the second stream remained dry. Both streams were then mixed downstream to
achieve the desired humidity level.
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Figure 1. Test rig in open-system operation

The resulting air humidity was measured using a capacitive humidity and temperature
sensor (Belimo 22DTH-11Q). The air temperature was adjusted using an electric heater (H,),
enabling inlet temperatures of up to 200 °C. Temperature measurements at the heater and
reactor inlet were performed using K-type thermocouples. After passing through the zeolite
bed, the outlet air temperature and humidity were measured in order to characterize the ad-
sorption process. Process control and data acquisition were carried out using a Python-based
control system in combination with an Agilent 34970A data acquisition unit.

2.2 Experimental conditions and methodology

The experimental investigations were divided into two parts. The first part focused on the ther-
mal performance evaluation of the adsorption heat storage system under systematically varied
operating conditions, with the aim of characterizing the achievable temperature lift, maximum
outlet temperature, water uptake, and volumetric energy density. The second part addressed
the long-term hydrothermal stability of the adsorbent materials under repeated adsorption—
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desorption cycling at different severity levels, using the evolution of adsorption capacity as the
primary indicator of material degradation. In both cases, the water uptake was determined from
the time-integrated difference in absolute humidity between the outlet and inlet air streams (Eq.

1):

Am,, = YN mg; - Ax,; - At (1)

where Ax,,; is the difference in absolute humidity (kg,,, kg;fw Lir) between outlet and inlet at

time step i, my; is the air mass flow rate, and Af; is the corresponding time interval. The heat
released during adsorption was calculated as:

Q=N mg; - cpp AT; At; (2)

where ¢, ¢ is the specific heat capacity of humid air and At; is the temperature difference be-

tween outlet and inlet air at time step i. The test conditions and procedures for both parts are
described in the following subsections.

2.2.1 Methodology for thermal performance evaluation

The performance evaluation aimed at characterizing the thermal output of the adsorption heat
storage system in terms of maximum outlet temperature, temperature lift, water uptake, and
volumetric energy density under different operating conditions. The performance evaluation
was carried out with the adsorbent material Késtrolith NaYBFK, with a particle diameter of
1.6 — 2.5 mm, supplied by Chemiewerk Bad Kdstritz GmbH (CWK). The zeolite mass used in
the reactor was m.e, = 154 g. Each experimental cycle consisted of four consecutive phases:
adsorption, bypass, desorption, and cooling. During the adsorption phase, humid air with con-
trolled temperature and water vapor partial pressure was passed through the packed bed. The
adsorption phase was considered complete when the outlet humidity approached the inlet hu-
midity and the temperature profile converged toward the inlet temperature. After adsorption,
the air stream was redirected through a bypass line for 30 minutes to ensure stable boundary
conditions prior to regeneration. During the desorption phase, the adsorbent was regenerated
by passing a heated air stream through the zeolite bed. Finally, the zeolite was cooled using
dry air to reduce the zeolite bed temperature for the subsequent cycle.

Two regeneration conditions were investigated to represent different practical scenarios.
High-temperature regeneration at Tinges = 180 °C under dry conditions (0 mbar) corresponds
to the use of a high-grade heat source and provides a reference for maximum achievable
performance. Low-temperature regeneration at Ti,q4es = 100 °C at a water vapor partial pres-
sure of 10 mbar represents conditions compatible with multiple practically relevant heat
sources, including low-grade industrial waste heat and solar thermal collectors, which can
readily supply temperatures in this range. The low vapor pressure of 10 mbar further corre-
sponds to ambient conditions, enabling an assessment of system performance under less fa-
vorable but realistic regeneration scenarios. During the adsorption phase, two water vapor
partial pressures were considered (pinags = 20 and 50 mbar) in order to evaluate the influence
of increasing humidity levels on the adsorption behavior and thermal performance of the zeo-
lite. A higher water vapor partial pressure provides a greater driving force for adsorption and
increases the equilibrium loading of the adsorbent material, thereby promoting water uptake
and heat release. The two selected values thus represent a moderate and a high humidity
scenario, respectively. The adsorption inlet temperature Tinass Was varied at 40, 70, and 90 °C
to systematically assess the effect of elevated adsorption inlet temperatures on the key per-
formance indicators. In particular, adsorption inlet temperatures as high as 90 °C have rarely
been investigated in previous studies, yet they are essential for evaluating the system's capa-
bility to deliver process heat at industrially relevant temperature levels above 100 °C. A con-
stant air mass flow rate of m = 670 g h™ was maintained throughout all experiments. The se-
lected parameter ranges cover adsorption conditions representative of industrial heat supply
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applications, where process temperatures above 100 °C and correspondingly high water vapor
partial pressures are required. An overview of the investigated operating conditions is provided
in Table 1.

Table 1. Test conditions for performance evaluation experiments.

Desorption Adsorption
Dlar?rentrenli NaY pin,des [mbar] Tin,des [OC] pin,ads [mbar] Tin,ads [OC]
0 180 50, 20
1,6-25 10 100 50, 20 40, 70, 90

2.2.2 Methodology for hydrothermal aging experiments

Operating adsorption heat storage systems at temperatures above 100 °C requires elevated
water vapor partial pressures during adsorption, which in turn exposes the adsorbent material
to increased hydrothermal stress. Assessing the long-term stability of the zeolite under such
conditions is therefore essential for evaluating the practical viability of the system. To this end,
hydrothermal aging experiments were conducted using two complementary methods with dif-
ferent levels of severity in order to systematically investigate the degradation behavior of the
adsorbent materials under repeated hydrothermal stress. A schematic overview of both aging
procedures is shown in Figure 2. Two zeolite materials were investigated: Kostrolith NaYBFK
and Késtrolith 13XBFK, both consisting of spherical particles with diameters of 1.6 — 2.5 mm,
supplied by CWK. The samples were subjected to 100 repeated adsorption—desorption cycles,
and the evolution of adsorption capacity was monitored as an indicator of material degradation.

In the first method (Automated Humid—Hot Air Cycling), aging was performed directly in
the test rig. Each cycle included desorption at 200 °C with 50 mbar, cooling to 50 °C, and ad-
sorption at 50 °C with 50 mbar. Water uptake was continuously monitored based on measure-
ment of the inlet and outlet humidity. Since the continuous humidity-based determination of
water uptake requires high measurement accuracy, additional gravimetric reference measure-
ments were performed after every 25 cycles to provide an independent verification of the ad-
sorption capacity and to ensure the reliability of the recorded data.

The second method (Spray and Oven-Dry Cycling) represented a more severe hydrother-
mal stress scenario. The samples were manually sprayed with liquid water to induce adsorp-
tion under saturated conditions, followed by desorption in an oven at 290 °C with an open
water container placed inside to create a steam-rich environment. After cooling to ambient
temperature, the procedure was repeated for a total of 100 cycles. Reference measurements
were conducted after 1, 25, 50, 75, and 100 cycles under standardized conditions in the test
rig. An overview of the test conditions for both aging methods is provided in Table 2.
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Figure 2. Schematic comparison of two hydrothermal cycling methods.

Table 2. Overview of test conditions for both aging methods.

Parameter

Automated Humid-Hot

Spray and Oven-Dry

Air Cycle Cycle (Manual)
Zeolites 13XBFK, NaYBFK 13XBFK, NaYBFK
Dry weight (NaY / NaX) 73g/81¢g 1539/ 1759
Adsorption air inlet temper- 50 °C ~20°C
ature

Adsorption conditions

50 mbar (approx. 32.3 g/kg)

Liquid water (spray bottle)

Desorption air inlet temper-
ature

200°C

290°C

Desorption humidity

50 mbar, controlled

steam-rich environments

Measurements during cycle

Continuous humidity and
temperature monitoring

No measurement during
oven operation

Reference measurements

After 1, 25, 50, 75, and 100
cycles in test rig (140 -
30 °C, 0 - 20 mbar),

3. Results and discussion

This section presents the experimental results obtained from both parts of the investigation.
First, the thermal performance of the adsorption heat storage system is analyzed for the dif-
ferent operating conditions listed in Table 1, with focus on the temperature profiles, maximum
outlet temperatures, temperature lifts, and volumetric energy densities. Subsequently, the hy-
drothermal stability of both zeolite materials is evaluated based on the two aging methods

described in Section 2.2.2.
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3.1 Performance of NaY under varied operating conditions

This section presents the performance evaluation of the zeolite under the operating conditions
summarized in Table 1. A total of twelve parameter combinations were investigated, resulting
from two desorption inlet temperatures (Tinges = 100 and 180 °C), two adsorption water vapor
partial pressures (pinass =20 and 50 mbar), and three adsorption inlet temperatures
(Tinags = 40, 70, and 90 °C). The effects of these parameters are analyzed with respect to the
temperature profiles during adsorption and the resulting key performance indicators: maximum
outlet temperature, temperature lift, and volumetric energy density. Figure 3 shows the outlet
temperature profiles of the zeolite bed during the adsorption and desorption phases for differ-
ent adsorption inlet temperatures, Tinads, and water vapor partial pressures, pinags. In the ex-
periments conducted at adsorption inlet temperatures of 70 and 90 °C, the zeolite bed temper-
ature at the beginning of the adsorption phase remained slightly below the nominal inlet air
temperature despite prior preheating with dry air. This initial offset is visible in Figure 3, where
the fixed-bed temperatures at t = 0 are still lower than the corresponding inlet temperatures.
Nonetheless, once humid air enters the bed, a rapid increase in the outlet temperature is ob-
served as the adsorption front begins to propagate. This temperature rise results from the
exothermic adsorption of water vapor within the mass transfer zone. As the adsorption front
moves through the bed, the outlet temperature reaches a maximum and, depending on the
operating conditions, forms a plateau before gradually decreasing as the adsorbent ap-
proaches saturation.

200 Tdes = 100°C, pdeg = 10 mbar, pads = 50 mbal’ Tdes = 1809C, pdes = 0 mbal’, pads = 50 mbal’
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Figure 3. Temperature profiles at the inlet and outlet of the zeolite bed during adsorption and desorp-
tion under different conditions
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The regeneration temperature has a significant influence on the system performance. Ex-
periments conducted at Tinges = 180 °C show substantially higher peak outlet temperatures
compared to those performed at Tinges = 100 °C. This behavior is consistent with improved
regeneration at higher desorption temperatures, which leads to a lower residual loading of the
adsorbent and thus a higher water uptake and heat release during the subsequent adsorption
phase [19]. The adsorption air inlet temperature affects both the absolute outlet temperature
level and the achievable temperature lift. With increasing adsorption air inlet temperature,
Tinags, the outlet temperature shifts to higher absolute values due to the elevated inlet temper-
ature. At the same time, the temperature profiles in Figure 3 indicate that the temperature lift
decreases at higher adsorption inlet temperatures. This is attributed to the smaller difference
in equilibrium loading between the adsorption and desorption conditions at elevated adsorption
temperatures. Consequently, less of the incoming water vapor can be adsorbed by the zeolite,
and less heat is released within the mass transfer zone during adsorption, which limits the
achievable temperature lift despite the increase in absolute outlet temperature. A quantitative
comparison of the temperature lift and further performance indicators across all operating con-
ditions is presented in Figure 4 and Table 3.

The influence of the adsorption water vapor partial pressure is clearly visible in the tem-
perature profiles. Higher vapor pressures promote increased water uptake, resulting in a higher
release of adsorption heat and consequently higher outlet temperatures. This trend is con-
sistent across all investigated conditions and is directly reflected in the measured adsorption
capacities. Table 3 summarizes the total adsorbed water mass for selected operating condi-
tions. The water uptake increases with higher desorption temperatures, as the more complete
regeneration at Tinges = 180 °C results in a lower residual loading and thus a greater available
adsorption capacity. Similarly, higher water vapor partial pressures during adsorption lead to
increased water uptake due to the higher driving force for adsorption. At Tinass = 40 °C, the
maximum water uptake of 47 g was obtained at Tinges = 180 °C and pinass = 50 mbar. At
Tinadgs = 90 °C, the corresponding value decreased to 36 g, reflecting the lower equilibrium
loading at higher adsorption inlet temperatures. The results confirm the strong dependence of
system performance on both the regeneration temperature and the adsorption conditions.

Table 3. Adsorbed water mass, mw,aas [g], @s a function of adsorption inlet temperature, desorption
temperature, and adsorption pressure.

Tin,ads [OC] pin,ads = 20 mbar pin,ads = 50 mbar
Tin,des = 100 oc Tin,des = 180 oc Tin,des = 100 oc Tin,des = 180 oc
40 24 42 26 47
90 12 33 15 36

Based on the measured temperature profiles and water uptake data, the key performance
indicators, maximum outlet temperatures, the corresponding temperature lifts, and the volu-
metric energy densities, for all investigated conditions are compared in Figure 4. The highest
temperature lift of approximately 107 K was achieved at Tinges = 180 °C, Pinadss = 50 mbar, and
Tinadgs = 40 °C (see Fig. 4, left). At the same adsorption air inlet temperature, the corresponding
volumetric energy density reached approximately 150 kWh m™ (see Fig. 4, right).
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Figure 4. (left) Maximum outlet temperature and temperature lift, (right) volumetric energy density

With increasing adsorption inlet temperature, both the temperature lift and the volumetric
energy density decrease significantly. At Tinags = 90 °C, the temperature lift is reduced to ap-
proximately 35 K under the same desorption and pressure conditions, and the energy density
drops to approximately 110 kWh m™. This reduction is attributed to the lower adsorption ca-
pacity at elevated temperatures [19], which limits the amount of water that can be adsorbed
and consequently reduces the released heat.

The peak outlet temperature, in contrast, increases with rising adsorption inlet tempera-
ture. The highest outlet temperature of approximately 183 °C was recorded at Tinads = 90 °C,
Tindes = 180 °C, and pinadgs = 50 mbar. This result demonstrates that the adsorption heat stor-
age system is capable of delivering process heat well above 100 °C, a temperature range
relevant for industrial applications including drying, sterilization, and low-pressure steam gen-
eration. Moreover, the fact that outlet temperatures exceeding 180 °C were achieved even at
elevated adsorption inlet temperatures highlights the potential of zeolite NaY-based systems
to supply heat at temperature levels that are beyond the reach of conventional sensible water-
based storage systems.

At the lower desorption temperature of Tindgs = 100 °C, the system still achieves outlet
temperatures slightly above 100 °C and energy densities of approximately 90 kWh m™ at
Tinads = 40 °C and pinads = 50 mbar. This indicates that even moderate regeneration tempera-
tures, which are compatible with low-grade waste heat sources, can provide useful thermal
output for industrial applications. For comparison, conventional sensible hot water storage sys-
tems with a temperature difference of approximately 50 K achieve volumetric energy densities
of up to 60 kWh m™. The adsorption system thus provides higher volumetric energy densities
than conventional hot water storage systems, while additionally enabling outlet temperatures
beyond their practical limits.

3.2 Hydrothermal stability of NaY and NaX under cyclic aging conditions

The experimental investigations comprised two main parts: the performance evaluation of a
laboratory-scale adsorption heat storage system using the zeolite Kostrolith NaYBFK under
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different operating conditions, and the assessment of the hydrothermal stability of the adsor-
bent materials Kdstrolith NaYBFK and Kdéstrolith 13XBFK.

3.2.1 Stability under automated humid-hot air cycling

The hydrothermal stability of the investigated materials was first evaluated under automated
humid—hot air cycling conditions. Figure 5 presents the evolution of water uptake, released
heat, and outlet temperature for NaX (left) and NaY (right) over 100 adsorption—desorption
cycles.
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Figure 5. Water uptake, released heat, and outlet temperature for NaX and NaY over 100 cycles (au-
tomated cycling).

Over 100 cycles, both materials exhibited stable adsorption behavior without significant
degradation. For NaX, the average water uptake remained at approximately 0.32 g g™, with
only minor cycle-to-cycle fluctuations attributable to slight variations in operating conditions
rather than material degradation. The released heat showed stable values around
267 Wh kg™ over the entire cycling period. NaY exhibited comparable stability, with a slightly
lower average water uptake of approximately 0.29 g g™ and a corresponding heat release of
approximately 233 Wh kg™'. The maximum outlet temperatures during adsorption were on av-
erage 134 °C for NaX and 129 °C for NaY, showing no noticeable change over time.
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The outlet temperature profiles remained consistent over the entire cycling period, indicat-
ing stable thermodynamic performance and reproducible adsorption behavior for both materi-
als under the investigated conditions. These results confirm the high resistance of both NaX
and NaY to hydrothermal aging when subjected to elevated water vapor partial pressures and
moderate desorption temperatures, which is consistent with the observations of Janchen et al.
[14].

3.2.2 Stability under severe conditions (Spray and Oven-Dry Cycling)

Under the more severe spray and oven-dry cycling conditions, significant differences between
the two materials were observed. Figure 6 shows the absolute humidity, water uptake, tem-
perature, and released heat curves for NaX (left) and NaY (right) after 1, 25, 50, 75, and
100 aging cycles.

For NaX, a pronounced reduction in adsorption capacity occurred over the course of
100 cycles. The water uptake decreased by approximately 25%, from 0.33g g™ t00.23g g™',
accompanied by a corresponding reduction in released heat from 297 to 215 Wh kg™. The
breakthrough curves shifted toward shorter adsorption times, indicating a progressive loss of
accessible adsorption capacity. The outlet moisture curves showed minimal deviation between
cycles 1 and 25, suggesting limited initial aging effects. However, starting from cycle 50, a
more pronounced shift was observed, with the overall adsorbed amount decreasing signifi-
cantly. This trend continued at cycle 75, where the reduction in water uptake became even
more evident. Interestingly, by cycle 100, the deviation slightly diminished compared to cycle
75, indicating a potential stabilization of the material’'s degradation.

Despite this reduction in capacity, the maximum temperature lift remained nearly constant
at approximately 75 K. This observation may indicate that hydrothermal aging primarily re-
duced the accessible adsorption capacity, whereas the temperature lift of the remaining ad-
sorption process was largely preserved [15], [19].

The degradation of NaX under severe hydrothermal conditions can be attributed to the
dealumination of the zeolite framework, as reported by Fischer et al. [15]. Zeolite NaX, with a
lower Si/Al ratio compared to NaY, is more susceptible to framework degradation in the pres-
ence of water vapor at elevated temperatures [14], [15]. Direct contact with liquid water, as
applied in the spray method, further accelerates this process by increasing the accessibility of
water molecules to the aluminum sites within the framework.

In contrast, NaY demonstrated remarkable stability under the same aging conditions. Only
minor changes in adsorption capacity and temperature profiles were observed over the entire
cycling period. The water uptake remained at approximately 0.25 g g™ and the released heat
at approximately 246 Wh kg™, with deviations falling within experimental variability. The max-
imum temperature lift of 73 K remained unchanged throughout all 100 cycles. The moisture
and temperature breakthrough curves exhibited close overlap across all measured cycles,
confirming that the structural and adsorptive properties of NaY were largely preserved after
prolonged exposure to humid and high-temperature environments.
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Figure 6. Absolute humidity, water uptake, temperature, and released heat curves for NaX (left) and
Nay (right) after 1, 25, 50, 75, and 100 aging cycles under spray and oven-dry cycle (manual) condi-

tions.
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4. Conclusions

This study demonstrated that an adsorption heat storage system based on binder-free zeolite
Kostrolith NaYBFK is suitable for industrial heat supply at temperatures of 100 °C and above.
The system achieved high volumetric energy densities of up to 150 kWh m™ and outlet tem-
peratures exceeding 180 °C, confirming its capability to deliver process heat at industrially
relevant temperature levels. Furthermore, NaYBFK proved to be hydrothermally stable under
cyclic operation, maintaining nearly constant adsorption capacity over 100 cycles even under
severe aging conditions. The thermal performance and long-term stability were evaluated in
comparison with Kdstrolith 13XBFK, which served as a reference material. The system perfor-
mance is strongly influenced by both the regeneration temperature and the adsorption water
vapor partial pressure. The highest temperature lift of approximately 107 K was obtained at
Tindes = 180 °C, pinads = 50 mbar, and Tinags = 40 °C. Increasing the adsorption inlet temper-
ature shifts the absolute outlet temperature to higher levels, reaching up to 183 °C at
Tin,ads =90 °C.

At the same time, the temperature lift decreases because less water is adsorbed at higher
adsorption temperatures, resulting in lower heat release within the mass transfer zone, while
the volumetric energy density declines due to the lower equilibrium adsorption capacity at ele-
vated temperatures. The adsorption system thus provides energy densities that are higher,
while additionally enabling outlet temperatures that exceed the practical limits of hot water
storage. Even at the lower desorption temperature of 100 °C and pin,ass = 50 mbar, energy den-
sities of approximately 90 kWh m™ were obtained while still reaching outlet temperatures
slightly above 100 °C, demonstrating the feasibility of operation with low-grade waste heat
sources. Under automated humid—hot air cycling conditions, both NaX and NaY exhibited sta-
ble adsorption performance over 100 cycles, with consistent water uptake, released heat, and
outlet temperature profiles. Under the more severe spray and oven-dry aging conditions, how-
ever, clear differences in long-term stability were observed. NaX showed progressive degra-
dation, with a reduction of approximately 25 % in water uptake and released heat after 100 cy-
cles. Despite this capacity loss, the maximum temperature lift remained nearly constant, indi-
cating that the adsorption enthalpy per site was preserved while the number of accessible sites
decreased. In contrast, NaY maintained nearly constant adsorption capacity, heat release, and
temperature behavior throughout all 100 aging cycles, demonstrating a significantly higher re-
sistance to hydrothermal degradation. This superior stability can be attributed to the higher
Si/Al ratio of NaY, which reduces the susceptibility to water-induced framework dealumination.
Since the aging conditions investigated, including direct liquid water contact and desorption at
290 °C in a steam-rich environment, represent substantially higher hydrothermal stress than
typical industrial operation, these results provide strong confidence in the long-term reliability
of NaY under practical service conditions.

Overall, the investigations of binder-free zeolite NaYBFK demonstrated that the material
can achieve outlet temperatures above 100 °C, provide sufficiently high volumetric energy
densities, and maintain high hydrothermal stability under severe aging conditions. These find-
ings confirm the suitability of NaYBFK for adsorption heat storage applications in industrial
heat supply above 100 °C. Building on this basis, future work can focus on transferring these
results from material-scale and laboratory-scale investigations to larger-scale, application-ori-
ented systems under realistic operating conditions, thereby extending thermal energy storage
beyond the limits of conventional hot water storage systems.
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